

  sensors-20-03517




sensors-20-03517







Sensors 2020, 20(12), 3517; doi:10.3390/s20123517




Review



Enzyme-Based Biosensors: Tackling Electron Transfer Issues



Paolo Bollella *[image: Orcid] and Evgeny Katz





Department of Chemistry and Biomolecular Science, Clarkson University, Potsdam, New York, NY 13699-5810, USA









*



Correspondence: pbollell@clarkson.edu







Received: 30 May 2020 / Accepted: 19 June 2020 / Published: 21 June 2020



Abstract

:

This review summarizes the fundamentals of the phenomenon of electron transfer (ET) reactions occurring in redox enzymes that were widely employed for the development of electroanalytical devices, like biosensors, and enzymatic fuel cells (EFCs). A brief introduction on the ET observed in proteins/enzymes and its paradigms (e.g., classification of ET mechanisms, maximal distance at which is observed direct electron transfer, etc.) are given. Moreover, the theoretical aspects related to direct electron transfer (DET) are resumed as a guideline for newcomers to the field. Snapshots on the ET theory formulated by Rudolph A. Marcus and on the mathematical model used to calculate the ET rate constant formulated by Laviron are provided. Particular attention is devoted to the case of glucose oxidase (GOx) that has been erroneously classified as an enzyme able to transfer electrons directly. Thereafter, all tools available to investigate ET issues are reported addressing the discussions toward the development of new methodology to tackle ET issues. In conclusion, the trends toward upcoming practical applications are suggested as well as some directions in fundamental studies of bioelectrochemistry.
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1. Introduction


Redox enzymes are defined as proteins that facilitate biological electron transfer (ET) processes, acquitting for multiple essential biological functions like photosynthesis, respiration, nucleic acid biosynthesis, etc. [1,2,3]. Redox cofactors within the enzymes exhibit different ET thermodynamics and kinetics [4,5,6]. Moreover, redox cofactors exhibit different formal potentials (E°) spread over a potential window of approximately 1.5 V [3,7,8,9,10,11,12,13,14,15], which is wider, especially compared to the water thermodynamic stability window, Figure 1, considering hydrogen ions reduction to molecular hydrogen (E0’2H+/H2 = −0.41 V vs. standard hydrogen electrode (SHE) at pH 7) and oxygen reduction to water (E0’O2/H2O = +0.82 V vs. SHE at pH 7) normally occurring in biological systems [16,17]. Recently, it was demonstrated how the potential of redox cofactors is affected by the redox center architecture and the surrounding protein structure [18,19,20].



The driving force in the investigation of biological redox molecules is mainly related to understanding the biochemical reactions being molecular bases of life [21]. Redox enzymes are extensively employed in the production of biofuels (e.g., hydrogen, methane, cellulose breakdown, etc.) [22,23,24]. However, they have also been used to develop new biocatalysts to solve challenging synthetic problems, to capture atmospheric CO2 [25]. Despite the great achievements in synthetic biology and green energy production, redox enzymes, being able to convert biological stimuli into electronic signals, are widely exploited in the development of electrochemical biosensors [26,27,28]. Among different sensing applications, the most famous example is certainly about blood glucose sensing, which greatly improved the life of billions of people worldwide [29,30,31].



In this research frame, most of bioelectrochemists have focused their attention on possible solutions to tackle direct electron transfer (DET) issues mainly for the development of sensitive, selective and stable biosensors [32,33,34]. The electronic coupling between redox enzymes and electrodes for the development of biosensors and biofuel cells can be accomplished according to three mechanisms, denoted as first-, second-, and third-generation biosensors. [35,36] Notably, first-generation biosensors are based on the electroactivity of a substrate or product of the enzymatic reaction [37] (Figure 2A). Second-generation biosensors based on mediated electron transfer (MET) use redox mediators (relays), which are small electroactive molecules shuttling electrons between the enzyme active sites and an electrode [38], Figure 2B. These can be freely diffusing mediators or bound to side chains of flexible redox polymers. In this class, we certainly include all enzymes that are using freely diffusing nicotinamide dinucleotide (NAD+) as primary electron acceptor, which later needs an immobilized catalyst (e.g., phenothiazines or quinones, particularly including pyrroloquinoline quinone (PQQ) [39], etc.) to reoxidize (recycle) NADH [40,41], Figure 2C.



The mediated ET has been achieved in systems of different complexity [1], ranging from very simple diffusion-operating soluble electron transfer mediators to very sophisticated molecular “machines” shuttling electrons between redox active centers of immobilized enzymes and a conductive electrode support [42]. A very efficient and at the same time simple construct was based on a redox enzyme (e.g., glucose oxidase, GOx) immobilized in a polymer matrix with pendant redox mediator units [43,44]. The enzyme was physically entrapped into the polymer matrix (Figure 3A) or covalently bound to the polymer chain (Figure 3B). The electrocatalytic (ET) current [44] (Figure 3C) has been achieved with random electron hopping from a mediator site to another site, finally reaching an electrode surface. This approach, pioneered by Adam Heller (Figure 3D), was one of the first effective electronic coupling of redox enzymes with electrodes. Another approach has been developed using redox groups tethered to an enzyme backbone, then operating as electron-transporting stations through quasi-diffusional conformational changes in the linker, if the linker was long enough to provide flexibility and mobility of the bound redox mediator [45]. Importantly, the location of the linker should be close to the catalytically active enzyme center. When amino groups of lysine residues are used for the covalent binding of the mediator, their position in different enzymes is important [46] (Figure 4A–C). The mediator-functionalized enzymes first operated in a solution [45] (Figure 4D,E) and then were immobilized at an electrode surface [47]. The tethered mediator facilitated ET from oxidizing enzymes to electrodes (providing anodic current) [20,45] (Figure 4D,F) or to reducing enzymes (providing cathodic flow of electrons) [48,49] (Figure 4E,G), depending on the type of the enzyme and appropriate redox potential of the bound mediator.



Third generation biosensors or DET-based biosensors are realized with the direct electronic connection between the redox center of the enzyme and the electrode surface, which is working as a signal transducer [50], Figure 2D.



From the perspective of biosensing application, the third-generation electrode platform based on DET mechanism shows important advantages compared to MET, considering both soluble and immobilized mediator, and first generation. First of all, the absence of mediators and electroactive substrates/products allows a higher selectivity because the biosensor can operate at a potential closer to the E° of the redox enzyme, thus reducing possible interfering reactions. Second, both soluble/immobilized mediators and electroactive substrates/products may also facilitate unspecific reactions. Next, the absence of a reagent in the reaction sequence makes the device easier to realize. However, as mentioned above adsorbed/immobilized mediators allow the realization of reagentless biosensors (no freely diffusing mediator in solution), which is an obvious advantage compared to other second-generation biosensors that rely on the addition of mediators to sensing solution [2,34].



Today, an efficient ET connection between a variety of electrodes and a wide range of redox enzymes has been accomplished for many redox enzymes (e.g., flavin adenine dinucleotide (FAD), nicotinamide dinucleotide (NAD+), pyrroloquinoline quinone (PQQ), or heme-based redox enzymes) [51]. The chemical structures of their cofactors are shown in Figure 2E–H.



Based on the previous literature, electrostatic compatibility between an electrode and protein surface (part of the surface responsible for ET) seems to play a key role in order to establish an efficient DET, thus showing fully reversible or quasi-reversible cyclic voltammograms in non-turnover conditions (in the absence of an enzyme substrate) [52,53,54]. Thereafter, the reversibility of non-turnover cyclic voltammograms (depending on the ET rate) will affect the catalytic current produced in the presence of an enzyme substrate. Moreover, the polarity of redox enzyme/electrode interfaces is dramatically affecting the enzyme molecules adsorption and orientation onto the electrode, thus sometimes not facilitating DET processes or even hindering their adsorption, which impedes any biological ET without relying on redox mediators [55,56] (Figure 5A). In this regard, another important aspect, that has been deeply investigated about the enzyme–enzyme and enzyme–interface interactions, is the ability of small multivalent cations to promote the ET between negatively charged proteins and electrodes (e.g., Mg2+ or Ca2+, which are ubiquitous in nature) [57]. In this regard, Schulz and his co-workers have been able to increase the catalytic activity of cellobiose dehydrogenase (CDH) by the addition of CaCl2 to the buffer [58,59] (Figure 6). Cellobiose dehydrogenase (CDH, EC 1.1.99.18) is an extracellular monomeric redox enzyme that consists of a catalytically active dehydrogenase domain (CDHDH), connected through a flexible linker region to a cytochrome domain (CDHCYT). During the catalytic process, carbohydrates (e.g., cellobiose, lactose or glucose) undergo two electrons oxidation at the FAD cofactor (CDHDH) subsequently transferring electrons from CDHDH to CDHCYT by an internal electron transfer (IET) process. The reduced CDHCYT further transfers electrons to one-electron molecule acceptors, like cytochrome c (Cyt c), in a biological process or to a macroscopic electrode in a bioelectrochemical process [60,61,62]. The observed effects of especially divalent Ca2+ on the catalytic currents (increased up to five times) can be ascribed to a modified interaction between CDHCYT and the electrode and/or between CDHCYT and CDHDH. Regarding the IET, most probably Ca2+ ions are complexed by the carboxyl groups of aspartic and glutamic acid at the interface of the CDHDH and CDHCYT domains, thus resulting in a closer domain interaction and a higher IET rate. This concept has been recently demonstrated also for fructose dehydrogenase (FDH), which exhibits a similar structure compared to CDH [63].



Electrostatic interactions or hydrogen bond formation between redox proteins (e.g., cytochrome c) and monolayer-functionalized electrode surfaces have been used to align proteins at an electrode surface providing a short distance between the redox cofactor and conducting interface (Figure 5B), thus allowing reversible electron transfer [64,65], which was impossible without the orientation effect for the protein molecules (Figure 5C).



In addition to the electrostatic forces that are affecting the enzyme orientation, DET efficiency is also affected by the internal electron tunneling distances. On this specific aspect, Harry Gray and his co-workers demonstrated that electron tunneling distances play a key role in the ET between electron-donor and electron-acceptor partner redox-active centers, thus affecting the ET rate [66,67,68]. According to Guo and Hill theory [69], the enzymes can be classified in intrinsic enzymes, in which there are no pathways for the electron tunneling because of the absence of appropriate redox sites, and extrinsic enzymes, in which there is a redox acceptor allowing the electron tunneling toward the electrode. Moreover, Dutton et al. established a simple and practical rule that within metalloenzyme structures, high ET rates are supported by an electron tunneling distance of less than 14 Å between redox active sites and electrodes avoiding limiting steps in the redox catalysis. Ideally, in order to allow efficient ET, all enzyme molecules would adsorb and orient on the electrode with the same sub-14 Å distance between the redox cofactor and the electrode [70].



This review aims at summarizing all findings about DET of redox enzymes with a special focus on theoretical (e.g., Marcus theory) and practical aspects (e.g., electrochemical techniques used to study DET and (bio)engineering approaches used to tackle DET issues). A particular attention will be devoted to the case of glucose oxidase (GOx, E.C. 1.1.3.4) from Aspergillus niger that has been widely and wrongly used to develop DET based biosensors. Despite the huge number of publications on this subject, that unfortunately accounts for thousands of citations, there is no solid evidence to support DET in GOx based on a stunning statement made by George Wilson: “based on recent experimental results, the observed electrochemical signal corresponds to the FAD cofactor non-covalently bound to the enzyme scaffold that comes out from the redox enzyme upon application of potential, getting adsorbed onto the electrode surface” [71].




2. Theoretical Aspects of Electron Transfer (ET) Processes


2.1. Marcus Theory


In 1992, Rudolph A. Marcus was awarded with the Nobel Prize in Chemistry for his contribution to the development of the ET theory in chemical systems [72,73] (Figure 7A). The theory takes into consideration changes in the structure of the reacting molecules and the solvent’s molecules. Based on changes in the energy of the molecular systems, the rate of chemical reactions can be calculated [74].



In an ET reaction, we must first define the electron donor species (D) and the electron accepting ones (A). To enhance the coupling probability of their electronic orbitals, D and A (reactants) should be as close as possible. On the other hand, both vibrational and orientational (affected by surrounding environment) coordinates are varying around the equilibrium values mainly due to charge transfer occurring during the ET process [75]. The potential energy of D and A as reactants and products is expressed as a function of their nuclear coordinates, which can be represented in a multidimensional potential-energy surface (Figure 7B). It should be emphasized that biological ET shares certain features in common with the ET in chemical systems [76]. However, despite the similarities in the ET in chemical and biological systems, we should also consider some substantial differences typical for biochemical reactions—(i) lack of self-exchange reactions, (ii) slightly less available structural information compared to chemical systems, (iii) less homogeneous environment for the ET in biological systems, (iv) lack of free energy (ΔG0) data for biological systems, (v) ΔG0 data are dependent on electric potential across the membrane of biological systems, (vi) protein conformational changes may precede or follow the electron transfer in biological systems, thus the binding free energy might differ between the oxidized and reduced form of redox cofactor, and (vii) hindering the possibility of any contacts between donator and acceptor redox center due to physical constrains (e.g., redox centers should have locked position in biological systems) [77].



In biological systems, the dependence of the ET rate on the distance between D and A has been widely elucidated both theoretically and experimentally. In this regard, the ET theory for biological systems, named afterwards “Marcus Theory”, is able to predict the ET rate constant value as given by Equation (1):
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(1)




where β corresponds to the decay or attenuation factor (about 10 nm−1 for proteins), ΔG0 and λ correspond to the free Gibbs energy and reorganization energy accompanying the ET process; d0 and d are the Van der Waals distance and actual distance between redox active sites; while R and T have their usual meanings [78].



Considering biological D and A reactants similar to those involved in a long range non-biological intramolecular ET, the ET rate constant can be approximated as e−βr, so exponentially dependent on the distance (βr) between D and A (as reactants). In the aforementioned formula, the ET rate constant is also dependent on intrinsic (λ) and thermodynamic (ΔG0) factors as well as dependent from the mutual orientation of the reactants. Although this is the universal rule to study and improve DET connection between redox enzymes and electrodes, other formulas and models have been proposed to calculate the ET rate at an electrode surface.




2.2. Other Theoretical Aspects


Today, many bioelectrochemists are using the model proposed by Laviron to compute the ET rate constant valid for diffusionless (surface-confined) electrochemical systems. The model was derived at first considering linear sweep voltammetry measurements, and it can be applied for any degree of reversibility of the electrochemical reactions [79,80]. However, the main constrain of the model is that both the oxidized and reduced forms of redox species should be strongly adsorbed (immobilized) onto the electrode surface. The first theoretical approximation was derived with the assumption that the adsorbed species do not interact with each other (Langmuir isotherm) [79]. The ET rate constant can be calculated considering the trend between the variation of peak potentials (both anodic and cathodic) toward the logarithm of potential scan rates. The heterogeneous electron transfer rate constant (ks) for adsorbed (and eventually monolayer immobilized) species can be calculated as follows (Equation (2)):
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where α denotes the electron transfer coefficient, ks is the standard rate constant of the surface reaction, ν represents the potential scan rate, n is the number of electrons transferred, RT is the gas constant and absolute temperature (K), and ΔEp is the peak-to-peak separation. The experimentally determined ΔEp (the difference between the anodic and cathodic peaks; ΔEp = Epa − Epc) can be found from linear sweep or cyclic voltammetry experiments. The calculated electron transfer rate constant, ks, can be only a rough estimated value because of many assumptions (mostly assuming Langmuir isotherm for the adsorbed redox species) used in the first theoretical approximation [79]. The second approximation developed by Laviron and Roullier [80] partially solved this problem taking into account possible interactions (attractive or repulsing) of the redox species in the monolayer. However, this theoretical treatment included many parameters which are usually unknown and difficult to find experimentally. Thus, the second Laviron’s approximation was rather useless for practical calculations. Overall, the experimental procedure required for the Laviron’s estimation of the rate constant corresponding to the interfacial electron transfer usually includes cyclic voltammetry performed with different potential scan rates, then finding ΔEp as a function of the logarithm of the potential scan rate. All other parameters can be found from independent experiments, thus allowing use of the Laviron’s equation (Equation (2)).





3. Why Glucose Oxidase (GOx) Cannot Undergo DET?


In 1962, Clark and Lyons reported for the first time the employment of glucose oxidase (GOx) from Aspergillus niger (E.C. 1.1.3.4) for the development of an enzyme-based electrode [81]. This report has always been recognized by the scientific community as the year of birth of biosensors. Afterward, GOx was widely studied as a redox enzyme for many bioelectrochemical applications (e.g., biosensors, enzymatic fuel cells (EFCs), etc.) [31,82,83]. There are several reasons for its popularity [84]. It is commercially available at relatively cheap costs. Moreover, it is highly active, very stable, and robust as an enzyme [85]. However, the most important reason is its ability to oxidize β-D(+)-glucose, thus allowing monitoring of β-D(+)-glucose for clinical applications like the management of diabetes [29,86,87].



Since Clark’s initial paper, an enormous number of papers on electrochemical glucose biosensors have been published [88,89,90,91,92,93]. As earlier reported in this review, also amperometric glucose biosensors can be divided into three classes based on the type of ET mechanism. While the pioneering work of Clark was highly important for development of electrochemical biosensors, much more practically important results have been obtained with the second-generation biosensors based on mediated electron transfer (MET), greatly contributed by Anthony Cass and Adam Heller [43,44,94] who used ferrocene mediating electron transfer from GOx and included enzymes in polymeric redox matrices, respectively [43,44,94,95]. These works are certainly the most significant advancement in the topic of biosensors [96]. About the “third generation” glucose biosensors, there has always been an open debate on the possibility for GOx to transfer electrons directly from its FAD-cofactor to an electrode surface [71,97]. In this regard, Bartlett et al. recently managed to prove experimentally that there is no evidence to support DET of GOx, thus the vast majority of publications in the literature about DET of GOx are claiming misleading results [98]. This paper raised considerable attention of the scientific community, especially after a “strong” statement made by George Wilson (published as editorial of Biosensors and Bioelectronics in 2016 [71]), and today, it has been acknowledged and endorsed by all bioelectrochemists.



The main explanation is based on a deep and comprehensive analysis of the GOx enzymatic structure. The enzyme is a homodimer (composed of two identical units containing flavin adenine dinucleotide (FAD) active sites) highly glycosylated with a molecular weight (MW) of about 160 kDa (the MW is dependent on the level of glycosylation) [99]. The GOx enzyme exhibits high specificity for oxidation of β-anomer of D(+)-glucose and the reaction occurs through a “ping-pong” mechanism, where one of the oxidized FAD in the homodimer reacts with the substrate to give the reduced flavin (FADH2) and the product gluconolactone (which undergoes a subsequent hydrolysis in neutral solution to gluconic acid) [100], as shown in Equations (3a) and (3b).


β-D(+)-glucose + GOx(FAD) → D(+)-glucono-1,5-lactone + GOx(FADH2)



(3a)






D(+)-glucono-1,5-lactone + H2O → gluconic acid



(3b)




when the GOx-catalyzed reaction proceeds in an artificial system (not in a native biological environment) the reduced active centers, GOx(FADH2), in the homodimers are then oxidized by reaction with oxygen, regenerating the initial oxidized form GOx(FAD) and producing H2O2 as a byproduct (Equation (4)).


GOx(FADH2) + O2 → GOx(FAD) + H2O2



(4)







Unfortunately, the majority of the early studies reported on glucose biosensors were performed without any knowledge of the enzyme crystal structure, thus without the knowledge of the distance separating the FAD cofactor and an electrode surface. Notably, the 3D structure of GOx was published by Hecht in 1993 [101,102,103] (Figure 8A). Based on the analysis of the GOx crystal structure, the two flavin active sites are deeply buried within the enzyme body, thus hindering any redox communication between the two dimeric units of the enzyme. From the crystal structure, it is possible to observe a distance of about 17–22 Å between the active sites and the enzyme surface. Actually, this distance was estimated for a deglycosylated enzyme; thus, in reality, distances might be larger considering that the molecular weight and size of the “native” (glycosylated) GOx are higher by 16-25% compared to the deglycosylated species [104,105,106]. Therefore, the DET for GOx is rather unlikely. Moreover, it is possible to observe the presence of a channel at the interface between the GOx homodimers. This structure actually hinders any possibility of non-specific electron transfer to electron acceptors available in biological systems and controls the local environment around the FAD cofactor ensuring high selectivity, not oxidizing any closely related carbohydrates. The turnover rate for the β-anomer of D(+)-glucose is 150 times higher than that for the α-anomer [107].



In most previous papers, GOx has been immobilized on carbon-based nanomaterials (e.g., carbon nanotubes, graphene, graphite, etc.) or metal-based nanomaterials (e.g., gold nanoparticles, porous gold, etc.) [108,109,110,111,112,113,114]. Concerning carbon nanomaterials, the claimed DET of GOx is often attributed to some “special” but not clearly specified, properties of the carbon nanomaterials or possibly some particular interactions of the enzyme and the carbon nanotubes that allow to access the active site, thus enabling the charge transfer between the FAD cofactor and carbon nanotubes [115,116,117,118].



In a typical cyclic voltammogram, the data reported to support these claims of DET for glucose oxidase are (i) a pair of peaks with the shape characteristic of surface-confined redox species at around −0.26 V vs. SHE at pH 7, assumed to be the FAD in the active enzyme center, and (ii) the catalytic current upon addition of glucose that correlates with the glucose concentration. Figure 8B shows the typical results usually considered as evidence for DET of GOx, without taking into account the real scientific meaning of the results. First, the current response shows a reductive “catalytic” current that cannot be considered as oxidation response expected from the enzymatically catalyzed oxidation of glucose. Second, the surface redox peaks around −0.26 V vs. SHE are unchanged by addition of D(+)-glucose with both oxidation and reduction peaks clearly present throughout and simply moving with the changing background. Third, the change in the current upon glucose addition starts at approximately 0 V vs. SHE, which does not match with the thermodynamic potential of FAD. To analyze and understand the results reported in Figure 8B, we should consider the fact that oxygen is dissolved in the solution. Most likely, the reductive “catalytic” wave correlates with the reduction of oxygen on carbon nanotubes electrode that starts at 0 V vs. SHE. The reductive “catalytic” current decreases because oxygen is serving as electron acceptor for the reaction catalyzed by the enzyme, thus being less available for its reduction at the electrode surface upon addition of different concentration of glucose [119]. In other words, the observed effect of glucose originates not from the glucose oxidation but rather from O2 depletion. Next, we should also consider that the reduction of oxygen produces mainly H2O2 in that potential window [120]. Moreover, H2O2 exhibits a large overpotential window on carbon nanotubes being thus unavailable for its further reduction to water. However, the reaction can be easily catalyzed in the presence of metal nanoparticles incorporated into carbon nanotubes on the electrode surface, therefore consuming the H2O2 produced from the enzymatic reaction [121,122,123]. It should be noted that the redox peaks observed (E0’= −0.26 V vs. SHE in pH 6.8) in non-turnover conditions cannot be taken as the evidence for the DET from the flavin in the active site of GOx to the electrode surface. Conversely, they most likely arise from free FAD adsorbed directly on the electrode surface. The free FAD can either be present as impurity of the enzyme sample or dissociate from the enzyme during the incubation of the electrode with the enzyme [98]. These experiments unequivocally prove that GOx immobilized on an electrode surface cannot undergo DET reaction mechanism. Unfortunately, many of these claims were usually supported by the sentence “the data presented are similar to previously reported literature”, without considering the reliability and the “correct” scientific meaning or interpretation of the results.




4. Methods to Investigate DET Issues


For bioelectrochemists, one of the most intriguing and recent challenges has been the construction of an electrode platform based on the DET mechanisms. Notably, to realize the DET mechanism and then to prove it many methods have been developed. Herein, we sort them in two classes: biochemical methods facilitating the DET (e.g., deglycosylation, enzyme mutation, etc.) and electrochemical methods investigating the process and providing the prove of the DET (e.g., cyclic voltammetry, amperometry, protein film voltammetry, etc.) [16,97,124,125].



4.1. Biochemical Methods


This section is resuming the main biochemical methods that have been widely employed to distinguish DET bioelectrocatalysis from other catalytic signals, originating possibly from a dissociated cofactor, like in the case with GOx. At first, we should take into account that small conformational changes in the enzyme may occur upon its immobilization at an electrode, thus, lowering also the enzyme activity. From the biochemical point of view, one control experiment cannot confirm the DET mechanism of the enzyme, thus multiple experiments are indeed required to prove the ET pathway of the enzyme immobilized on the electrode and to support the conclusion on the DET.



For example, as the first experiment, we might consider determining the formation of the expected product, which does not give any confirmation for the ET mechanism, but it only tells that the reaction is actually taking place (it might occur at a dissociated cofactor or other reasons not related to the enzyme activity). Recently, Duca et al. co-immobilized nitrogenase with a noble metal catalyst in order to perform the stepwise reduction of nitrate to ammonia through its intermediate, namely nitrite [126]. Initially, nitrate reduction to nitrite was assayed by using the well-established Griess method [127] to detect nitrite, also confirmed by computing the theoretical nitrite amount produce during the bioelectrocatalytic process (the charge passed through the electrode during the catalytic process was correlated with the concentration of nitrite by using Coulomb’s law). After proving the intermediate, the authors used a fluorescent compound, namely (o-phthalaldehyde), to quantify the ammonia produced during the further reaction step catalyzed by the noble metal catalyst. This method is particularly useful when the whole biocatalytic process proceeds through several intermediate steps [128,129].



Besides the product analysis, we should consider the importance of enzyme tertiary and quaternary structure for its activity. Recently, it has been proved that estimating the activity loss occurring upon denaturation processes (e.g., heating to elevated temperature from 80 °C to 100 °C for a short time or by treating the enzyme with proteases, like trypsin, etc.), it is possible to differentiate between a DET bioelectroctalytic mechanism and a cofactor that dissociates from the enzyme and undergo only electrocatalysis (without any contribution from the enzymatic structure to selectivity and turnover) [130,131]. Additionally, if the enzyme exhibits a complex ET mechanism it is possible to add different inhibitors during bioelectrocatalytic measurements, thus determining all the steps and ET mechanisms contributing to the enzyme turnover [132,133,134].



Although previously reported methods are easy to perform, one of the most appealing method to confirm possible DET still remains the generation of mutated or modified oxidoreductases that exhibit altered catalytic properties, sometimes depending on the orientation and immobilization at the electrode surface [135]. These mutations certainly include single-point mutations, the cleavage of component subunits or even the deglycosylation of enzymes [136]. Consequently, these might alter the apparent kinetics parameters like maximum reaction rate, VMAX, or the Michaelis constant, KM. Mutations can also induce modification of the ET mechanism or internal electron-tunneling pathway. For example, Léger et al., who altered the ligation of the distal [4Fe–4S] cluster in a hydrogenase, by replacing a histidine residue with a glycine residue. The DET bioelectrocatalysis was significantly facilitated as the result of this change in the protein backbone [137]. However, the generation of mutant enzymes is neither straightforward nor trivial in the majority of the cases.



Finally, the potential applied to the electrode may indicate whether direct bioelectrocatalysis of active enzyme is occurring. This assumption is based on the fact that the reduction potential of the enzyme’s cofactor has been predetermined and that its reduction potential is not mildly altered upon any small conformational changes that may occur by the enzyme immobilization.




4.2. Electrochemical Methods


Classical electrochemical methods like cyclic voltammetry, linear sweep voltammetry, differential pulse voltammetry and chronoamperometry have been widely employed to investigate the catalytic properties of many enzyme-modified electrodes giving important insight on their apparent kinetics properties and also on the ET mechanism [138].



However, the main achievements were reported after introduction of a new investigation methodology reported by Fraser Armstrong (Figure 9A) as a protein-film voltammetry (PFV) [139,140,141]. In this technique, redox enzymes are “wired” directly to the electrochemical analyzer, which is able to activate and measure the redox behavior of the enzyme. A redox enzyme can be likened to an intriguing electronic device of which we would like to know all electronic features. To investigate its properties, we would plug the device to an electronic probe to measure all the parameters about its relays, switches, gates, etc., that have their representatives within the complex machinery of multi-centered redox enzymes as redox active sites [142]. The PFV provides a powerful way to investigate how ET processes occurs between active sites and electrodes and how the catalytic ET through an enzyme is controlled. The enzyme is adsorbed on a suitable electrode as a stable mono-/sub-monolayer film of molecules that are oriented to ease ET process [143], Figure 9B. This approach allows to overcome the problems of sluggish protein diffusion and kinetics limitations of the protein at the electrode. Therefore, PFV allows the detection and quantification of the complex and redox coupled chemical reactions that occur at the active sites [144].



Notably, the PFV exhibits several advantages in the investigation of the protein ET mechanism compared to other electrochemical techniques—(i) redox active centers are fully controlled through the electrode potential, thus allowing fine-tuning of the enzyme redox properties; (ii) well-defined curves especially considering the ideal case of a reversible ET mechanism that would give a couple of redox peaks with a Nerstian half-height width 90.6/n mV (where n is a number of electrons in the ET process) (Figure 9C)—by integrating the peak area, it is possible to determine the number of active sites within the protein layer; (iii) little amount of samples is needed to form a monolayer based on the assumption that the electrode surface can accommodate about 10−12–10−11 moles cm−2 of redox protein (other techniques require much bigger samples to get similar information); (iv) high sensitivity, considering the little amount of enzyme deposited onto the electrode; (v) high rate for ET reactions because they are not limited by diffusion. If the ET rate constant determined is at least 500 s−1 or higher, a chemical step with a very short half-life (milliseconds) can be coupled to the main ET reaction [145].



A completely different cyclic voltammogram from the one reported in Figure 9C can be obtained if an ET is followed by a spontaneous chemical process resulting in a product, which is reoxidized in a relatively slow reverse chemical process, showing an irreversible cyclic voltammogram, Figure 9D. Normally, the effect of catalytic turnover on the voltammetry depends primarily on how much mass transport of a substrate is limiting the reaction rate (current). This will be true in case of a macro-electrode coated with a high coverage of a very active enzyme. As the coverage or activity decreases, or if the electrode is a micro-electrode or one that is rotating at high speed, the current will more likely be determined by ET or properties of the enzyme. The catalytic turnover causes the peak-like signal to convert to a sigmoidal wave, where current is directly correlated to turnover rate, Figure 9E. Some of the well-studied examples include cytochrome P450, other heme-containing proteins, like hemoglobin, myoglobin, cytochrome c, and furthermore PS-I and PS-II photosystems, the proteins from the electron transfer chain, several hydrogenases, some Mo-containing proteins and various Fe–S, and other metal-containing proteins (mainly with Ni–Fe, Mn, or Cu as redox centers) [125,139,143].



In the last two decades, the PFV has been largely exploited to investigate the ET of many redox enzymes, that otherwise would remain unknown considering other techniques. Recently, the PFV has been coupled with special spectrophotometric techniques in order to monitor the variation in absorbance of a redox site while applying a specific potential at the electrode [146].





5. Different Approaches to Tackle DET Issues


Considering the advantages of the DET mechanism for the construction of many electrochemical biosensors, multiple different approaches to tackle the DET issues have been proposed over the past thirty years, like apo-enzyme reconstitution at an electrode surface, enzyme bioengineering, deglycosylation, site-oriented immobilization, and electrode nano-structuration [147,148,149,150,151,152,153,154].



Since the distance separating enzyme redox active catalytic centers and electrodes is the main problem for the DET, several approaches have been reported for decreasing this distance and facilitating the ET. One of the methods is based on plugging-in electronically conducting nanospecies, such as small Au nanoparticles or carbon nanotubes. This nano-size conducting bridges electronically connecting enzyme active centers and electrodes represent a nanotechnological approach to the electrical “wiring” of redox enzymes. It should be noted that the ultra-small size of the nano-bridges is critically important to allow their insertion into the protein globule for the efficient electrical contacting with the redox active centers located inside the protein.



Willner et al. proposed reconstitution of an apo-flavoenzyme, namely apo-GOx, on a small gold nanocluster formed by 55 Au atoms (1.4 nm diameter) functionalized with the FAD cofactor [155] (Figure 10A). The gold nanoparticles were immobilized onto a gold electrode using a bifunctional thiol linker, benzene-1,4-dithiol, readily chemisorbed on the gold electrode producing a self-assembled monolayer, then attached to the Au nanoparticles with the second thiol group. The FAD derivative bound to the Au nanoparticles included an additional amino group linked to the cofactor unit through a short spacer (Figure 10C), which allowed the FAD cofactor to be kept separate from the nanoparticle to allow its reconstitution but still at a distance that provided the efficient electron transfer. In a control experiment, when the reconstitution of the apo-GOx with the FAD-functionalized Au nanoparticles was performed in a solution, scanning transmission electron microscopy (STEM) demonstrated a single Au nanoparticle bound to a GOx molecule (Figure 10B). Importantly, the reconstitution method resulted in the specific positioning of the Au nanoparticle near the active center of the reconstituted enzyme being partially embedded into the protein body, thus allowing efficient electron transfer from the FAD active center to the Au nanoparticle and then to the electrode support. Cyclic voltammetry measurements have demonstrated an electrocatalytic current corresponding to the glucose oxidation with the electron transfer through the Au nanoparticle operating as a conducting bridge (Figure 10D). This approach allowed obtaining an ET rate constant of approximately 5000 s−1. Despite the fact that the turnover number for the reconstituted enzyme was impressive and the ET was organized through the conducting bridge, the anodic electrocatalytic current was observed only with a very large overpotential starting at approximately +0.3 V (vs. SCE), while the FAD potential is ca. −0.45V (pH 7.0; SCE), thus requiring at least ca. 750 mV overpotential for the oxidation process (much bigger overpotential for the increased anodic current). A similar approach using carbon nanotubes functionalized with the same amino-FAD derivative for reconstituting apo-GOx has demonstrated an ET over a very long distance [156] (Figure 11). Both systems, where Au nanoparticles or carbon nanotubes have been used as conducting bridges, demonstrated quasi-direct ET transfer from the enzyme active centers to the electrode supports. The ET in these systems was not mediated by chemical redox species but rather provided by electronically conducting nano-wires. The major disadvantages of the reported systems [155,156] are the following: (i) a large overpotential originating from distances separating the nano-bridges and FAD cofactor and between the nano-bridges and the electrode surface and (ii) the use of the artificial (synthetic) FAD derivative (note that its synthesis is extremely complicated [148]). Both disadvantages resulted in low practical importance of the systems despite their scientific novelty. Particularly, the large overpotential for the anodic process did not allow use of these biocatalytic electrodes in biofuel cells.



Banta and Atanassov et al. proposed a different approach to optimize the electrical communication between GOx and an electrode surface [157]. They introduced cysteine residues offering thiol groups into the GOx protein backbone by genetic engineering substituting natural amino acids, Figure 12A. Depending on the position of the newly introduced cysteine, the distance from its thiol group to the FAD cofactor was different ranging from 13.8 Å to 28.5 Å. The orientation of the GOx molecules at the electrode surface was controlled by the position of the artificially introduced cysteine used for the immobilization. Among all prepared GOx mutants, only H447C-mutant showed the DET activity as reported by the cyclic voltammetry that is displaying a small catalysis in the presence of glucose, in turnover conditions, Figure 12C. This might be ascribed to the low surface coverage of the enzyme. For this reason, the authors linked the mutated enzyme to a gold nanoparticle in order to facilitate the DET and increase the enzyme surface coverage. The artificially introduced thiol group was reacted with a maleimide-functionalized Au nanoparticles resulting in their covalent binding to the GOx protein backbone at the specific site, Figure 12B. Then, the Au-GOx mutant conjugate was bound to the electrode surface. The electrode modified with the H447C-Au nanoparticle showed a great catalytic current in the presence of the glucose substrate (Figure 12C). Unfortunately, the published cyclic voltammogram does not show clear redox peaks for FAD (in the absence of glucose, in non-turnover conditions), but the catalytic wave is starting at the potential close to the thermodynamic potential of FAD embedded in GOx, thus proving the DET features of the modified electrode.



Recently, Gorton et al. proposed deglycosylation as a very innovative approach to tackle DET issues, especially based on their promising results previously obtained for horseradish and tobacco peroxidase, where the distance between the prosthetic group (heme b) and the electrode surface was effectively reduced, thus enhancing the DET rate. They proposed the same approach to enhance the ET rate of cellobiose dehydrogenase (CDH) [158]. In particular, they studied the effect of deglycosylation on two of most representative variants of CDH, namely CDH from Phanerochaete chrysosporium (PcCDH) and Ceriporiopsis subvermispora (CsCDH). Note that these enzymes are composed of two covalently linked domains, the catalytic dehydrogenase domain (CDHDH) and electron transfer cytochrome domain (CDHCyt). The electron transfer proceeds as an internal interdomain process. Indeed, the study demonstrated that deglycosylation improves the catalytic current density, Imax, and the sensitivity for lactose, as a substrate, which could be ascribed to a higher number of the electroactive CDH molecules at the electrode surface due to the downsizing of the enzyme’s dimensions and a facilitated DET due to the deglycosylation, which reduces the ET distance. Although the DET rate between CDHCYT and the electrodes was increased, no DET between CDHDH and the electrodes has been observed. The increased current density observed with the deglycosylated CDH-modified electrodes originates certainly from the decreased size of the deglycosylated CDHs. However, deglycosylation was also affecting the intrinsic kinetic parameters of the enzyme. The main drawbacks of this approach are the high cost and the impossibility to scale-up the process to industrial level for the production of very sensitive DET-based biosensors. However, the same approach has been used for pyranose dehydrogenase and other highly glycosylated enzymes [159,160,161].



Nowadays, one of the most used approaches to optimize DET rate or tackle DET issues is the site-oriented immobilization of redox enzymes through site-directed mutagenesis. Different specific protocols have been proposed by different research groups working in bioelectrochemistry. In order to obtain a productive orientation of the enzyme onto the electrode surface, it is needed a deep knowledge on the enzyme structure [162,163,164,165].



For example, Bartlett et al. reported on the covalent coupling between a surface-exposed cysteine residue and maleimide groups to immobilize different variants of Myriococcum thermophilum cellobiose dehydrogenase (MtCDH) at multiwall carbon nanotube electrodes [166,167] (Figure 13E). By placing individual cysteine residues around the surface of the CDHDH domain of the enzyme, they were able to immobilize the different variants with different orientations (Figure 13A–D). Notably, it was shown that DET occurs exclusively through the heme b cofactor and that the redox potential of the cofactor is unaffected by the orientation of the enzyme. This immobilization approach also resulted in an increased amount by 4–5 times of the electrically contacted (active) enzyme immobilized onto the electrode compared to not site-oriented immobilization. The current generated by the enzyme-modified electrodes in the presence of the cellobiose was dependent on the site-specific orientation of the enzyme-mutants (Figure 13F). In a similar approach [168], the same enzyme was immobilized onto a gold electrode by placing cysteine residues only around the CDHDH domain in order to study the influence of CDHCYT domain mobility on the ET rate (Figure 14A,B). For DET, the CDHCYT domain needs to move from the closed-state conformation, where it obtains an electron from the catalytic CDHDH to the open state where it can donate an electron to the electrode. Except for the optimal enzyme orientation (both domains on the side with the CDHCYT in proximity of the electrode), CDH is not able to swing back the closed conformation, thus not allowing an efficient DET (Figure 14C,D). However, this approach does not necessarily require a site-directed mutagenesis as proposed in many papers. In some unique systems, a cysteine residue might be present at the optimum location near a redox active site already in natural structures, as it was the case for oriented immobilization of bacterial photosynthetic reaction centers at a modified electrode surface [169].



Different methods based on non-covalent enzyme binding have been applied for the oriented immobilization of enzymes in order to facilitate the DET. For example, Armstrong and his co-workers proposed the immobilization of laccase through a hydrophobic pocket nearby one of the metal centers included in the enzyme, namely T1 copper (T1Cu), in order to enhance the DET rate [170]. Notably, laccases belong to the family of multicopper oxidases (MCOs), where the ET proceeds through the following three steps: (i) the reduction of the T1Cu site through the electrons transferred from a substrate (or electrode considering the immobilized enzyme), (ii) the internal electron transfer (IET) or tunneling between the T1Cu and trinuclear copper cluster (TNC) proceeding through the Cys-(His)2 bridge over a distance of 13 Å, and (iii) O2 reduction taking place at TNC [171,172]. The authors proposed the electrodeposition of diazonium salts of a wide group of aryl amines, thus producing a highly aromatic electrode surface that would be able to access the hydrophobic pocket of the enzyme (Figure 15A). The cyclic voltammogram for an unmodified carbon electrode with randomly adsorbed laccase showed a very small catalytic wave (Figure 15B, curve a) that was doubled upon electrode incubation with additional amount of the enzyme (Figure 15B, curve b), thus showing a partial coverage of the electrode. On the other hand, using the site-oriented immobilization the DET rate was greatly improved by at least six-fold (Figure 15B, curve c.) Upon further incubation with an additional amount of enzyme, an overlapping cyclic voltammogram was recorded (Figure 15B, curve d), meaning that a full enzyme coverage was achieved. This approach to the enzyme immobilization has been further used mainly for the biofuel cell development because of the minimization of overpotential needed to activate the reduction of O2 at the cathode surface [173,174,175,176,177].



The same approach has been reported by Bollella et al. for the immobilization of a carbohydrate oxidizing enzyme, namely fructose dehydrogenase (FDH) [178]. An efficient DET reaction pathway between FDH and a carbon nanotube-modified electrode further grafted with an aromatic compound has been reported (Figure 15C). Anthracene molecules have been deposited onto single walled carbon nanotubes (SWCNTs) by electrochemical reduction of 2-aminoanthracene diazonium. Cyclic voltammograms measured in the absence of D-fructose with the FDH-modified electrode revealed two couples of redox waves attributed to heme c1 and heme c3 of the cytochrome domain (Figure 15D, curve a). The addition of 10 mM D-fructose, which is a substrate of FDH, resulted in two catalytic waves correlated with heme c1 and heme c3 with a maximum current density of 485 ± 21 μA cm−2 (Figure 15D, curve b). Conversely, only one couple of redox peaks and one catalytic wave in the absence and presence of D-fructose, respectively, were observed for the plain carbon nanotube-modified electrode. The difference has been explained by different orientation of the FDH enzyme molecules at the electrode surface. Indeed, the FDH molecules are randomly adsorbed at the electrode surface in the absence of the anthracene grafted at SWCNTS. On the other hand, the hydrophobic pocket close to the heme groups of the cytochrome domain interact with the grafted anthracene due to the π-π interactions with the aromatic side chains of the amino acids present in the hydrophobic pocket of FDH [179,180]. This interaction results in the oriented deposition of the FDH molecules facilitating redox transformations for both heme groups according to the DET mechanism.



Although the discussed approaches allowed to enhance the DET rate for many enzymes, they exhibit as main drawbacks the high cost and complexity of the modified electrode preparation, which do not allow them to scale-up to an industrial level. Therefore, the efficient ET between enzymes and electrodes is still recognized by the scientific community as the major challenge. Nanotechnological approaches facilitating the ET, also increasing the enzyme load, remain as active research directions [27,110,181,182]. Among all kinds of electrode materials, metal nanoparticles and carbon-based nanomaterials play an important role in the electrode modification, because of their high surface area-to-volume ratios and high surface energy, which facilitate immobilization of enzymes, allowing them to act as electron conducting pathways between the prosthetic groups of the enzymes and electrode surfaces. Due to the high research activity in this area, the advances in this research direction have been extensively reviewed [183,184,185].




6. Conclusions and Future Perspectives


The investigation of the electrochemical properties of biological materials has gained a solid foundation over the past 80 years. From the very first observation of the protein electrochemical activity in polarographic measurements reported by Brdička in 1930s [186,187,188], great achievements [189] have been progressed in electrochemical studies of redox proteins, enzymes, and whole biological cells (e.g., bacterial cells, yeast cells, etc.). The success in bioelectrochemistry has been achieved by using carefully designed chemically modified electrode surfaces and particular experimental conditions [51]. Recently, many bioelectrochemists successfully attempted to tackle ET issues for various redox enzymes with detailed understanding of the ET mechanism. Despite the general progress on the ET mechanism elucidation for many redox enzymes, the ET mechanism of GOx still remains an open debate based on experimental evidences reported in the literature from both sides (pro and quo). On the one hand, many researchers are claiming that GOx immobilized on an electrode surface cannot undergo DET reaction mechanism, without considering the reliability and the “correct” scientific meaning or interpretation of the results. On the other hand, other scientists are claiming the absence of FAD dissociation from the enzyme structure, thus suggesting glucose can be determined directly either by the redox process of the co-enzyme FAD or by oxygen consumption (competitive mechanism) [190,191,192,193].



In the future, the development of all these technologies will be certainly scaled-up to the industrial level allowing to take great advantages of fundamental studies in bioelectrochemistry [194,195]. The future developments in bioelectrochemistry are related to understanding the ET mechanism of more complex biological species (e.g., whole cells, etc.), possibly extending the numbers of enzymes that could be connected in DET to an electrode surface. However, bioelectrochemistry is also connected to the developments in different scientific and technological areas, like bioengineering and materials science. The former is mainly important for the biological mutation of redox enzymes, while the latter is important for the synthesis or electrosynthesis of new nano-catalysts used to support the DET of many redox enzymes [196]. Although the analytical aspects of the ET mechanisms have not been herein reviewed, as the development of biosensors, we summarized all the fundamentals needed for newcomers in order to enrich their knowledge about bioelectrochemistry [197,198]. Besides biosensing applications [199,200], bioelectrochemisty can also find applications for the development of special power-generating systems (e.g., enzyme-based [201,202,203,204,205,206] and microbial [207,208,209] biofuel cells) or employed as a biocomponent in unconventional information processing systems [210,211].







Author Contributions


P.B. and E.K. wrote and revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported in part by Human Frontier Science Program, project grant RGP0002/2018 to E.K.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Willner, I.; Katz, E. Integration of layered redox proteins and conductive supports for bioelectronic applications. Angew. Chem. Int. Ed. 2000, 39, 1180–1218. [Google Scholar] [CrossRef]

	



Bollella, P.; Gorton, L. Enzyme based amperometric biosensors. Curr. Opin. Electrochem. 2018, 10, 157–173. [Google Scholar] [CrossRef]

	



Yates, N.D.; Fascione, M.A.; Parkin, A. Methodologies for “wiring” redox proteins/enzymes to electrode surfaces. Chem. Eur. J. 2018, 24, 12164–12182. [Google Scholar] [CrossRef]

	



Willner, I.; Katz, E.; Willner, B. Electrical contact of redox enzyme layers associated with electrodes: Routes to amperometric biosensors. Electroanalysis 1997, 9, 965–977. [Google Scholar] [CrossRef]

	



Davidson, V.L. Electron transfer in quinoproteins. Arch. Biochem. Biophys. 2004, 428, 32–40. [Google Scholar] [CrossRef]

	



Kennedy, M.L.; Gibney, B.R. Metalloprotein and redox protein design. Curr. Opin. Struct. Biol. 2001, 11, 485–490. [Google Scholar] [CrossRef]

	



Mewies, M.; McIntire, W.S.; Scrutton, N.S. Covalent attachment of flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) to enzymes: The current state of affairs. Protein Sci. 1998, 7, 7–20. [Google Scholar] [CrossRef] [PubMed]

	



Gorton, L. Carbon paste electrodes modified with enzymes, tissues, and cells. Electroanalysis 1995, 7, 23–45. [Google Scholar] [CrossRef]

	



Schulz, C.; Kittl, R.; Ludwig, R.; Gorton, L. Direct electron transfer from the FAD cofactor of cellobiose dehydrogenase to electrodes. ACS Catal. 2016, 6, 555–563. [Google Scholar] [CrossRef]

	



Hunt, J.; Massey, V.; Dunham, W.R.; Sands, R.H. Redox potentials of milk xanthine dehydrogenase. Room temperature measurement of the FAD and 2Fe/2S center potentials. J. Biol. Chem. 1993, 268, 18685–18691. [Google Scholar]

	



Kawai, S.; Yakushi, T.; Matsushita, K.; Kitazumi, Y.; Shirai, O.; Kano, K. The electron transfer pathway in direct electrochemical communication of fructose dehydrogenase with electrodes. Electrochem. Commun. 2014, 38, 28–31. [Google Scholar] [CrossRef]

	



Duine, J.A. Quinoproteins: Enzymes containing the quinonoid cofactor pyrroloquinoline quinone, topaquinone or tryptophan-tryptophan quinone. Eur. J. Biochem. 1991, 200, 271–284. [Google Scholar] [CrossRef] [PubMed]

	



Tkac, J.; Svitel, J.; Vostiar, I.; Navratil, M.; Gemeiner, P. Membrane-bound dehydrogenases from Gluconobacter sp.: Interfacial electrochemistry and direct bioelectrocatalysis. Bioelectrochemistry 2009, 76, 53–62. [Google Scholar] [CrossRef]

	



Anthony, C. Quinoprotein-catalysed reactions. Biochem. J. 1996, 320, 697–711. [Google Scholar] [CrossRef]

	



Oubrie, A. Structure and mechanism of soluble glucose dehydrogenase and other PQQ-dependent enzymes. Biochim. Biophys. Acta 2003, 1647, 143–151. [Google Scholar] [CrossRef]

	



Léger, C.; Bertrand, P. Direct electrochemistry of redox enzymes as a tool for mechanistic studies. Chem. Rev. 2008, 108, 2379–2438. [Google Scholar] [CrossRef] [PubMed]

	



Rusling, J.F. (Ed.) Biomolecular Films: Design, Function, and Applications; Marcel Dekker: New York, NY, USA, 2003. [Google Scholar]

	



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

	



Gorton, L.; Lindgren, A.; Larsson, T.; Munteanu, F.D.; Ruzgas, T.; Gazaryan, I. Direct electron transfer between heme-containing enzymes and electrodes as basis for third generation biosensors. Anal. Chim. Acta 1999, 400, 91–108. [Google Scholar] [CrossRef]

	



Degani, Y.; Heller, A. Direct electrical communication between chemically modified enzymes and metal electrodes. I. Electron transfer from glucose oxidase to metal electrodes via electron relays, bound covalently to the enzyme. J. Phys. Chem. 1987, 91, 1285–1289. [Google Scholar] [CrossRef]

	



Rutherford, A.W.; Osyczka, A.; Rappaport, F. Back-reactions, short-circuits, leaks and other energy wasteful reactions in biological electron transfer: Redox tuning to survive life in O2. FEBS Lett. 2012, 586, 603–616. [Google Scholar] [CrossRef]

	



Quinlan, R.J.; Sweeney, M.D.; Leggio, L.L.; Otten, H.; Poulsen, J.-C.N.; Johansen, K.S.; Krogh, K.B.; Jørgensen, C.I.; Tovborg, M.; Anthonsen, A. Insights into the oxidative degradation of cellulose by a copper metalloenzyme that exploits biomass components. Proc. Natl. Acad. Sci. USA 2011, 108, 15079–15084. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, C.M.; Beeson, W.T.; Cate, J.H.; Marletta, M.A. Cellobiose dehydrogenase and a copper-dependent polysaccharide monooxygenase potentiate cellulose degradation by Neurospora crassa. ACS Chem. Biol. 2011, 6, 1399–1406. [Google Scholar] [CrossRef] [PubMed]

	



Nishio, N.; Nakashimada, Y. Recent development of anaerobic digestion processes for energy recovery from wastes. J. Biosci. Bioeng. 2007, 103, 105–112. [Google Scholar] [CrossRef] [PubMed]

	



Srikanth, S.; Maesen, M.; Dominguez-Benetton, X.; Vanbroekhoven, K.; Pant, D. Enzymatic electrosynthesis of formate through CO2 sequestration/reduction in a bioelectrochemical system (BES). Bioresour. Technol. 2014, 165, 350–354. [Google Scholar] [CrossRef]

	



Schuhmann, W. Amperometric enzyme biosensors based on optimised electron-transfer pathways and non-manual immobilisation procedures. Rev. Mol. Biotechnol. 2002, 82, 425–441. [Google Scholar] [CrossRef]

	



Wang, J. Carbon-nanotube based electrochemical biosensors: A review. Electroanalysis 2005, 17, 7–14. [Google Scholar] [CrossRef]

	



Calvo, E.J.; Danilowicz, C. Amperometric enzyme electrodes. J. Braz. Chem. Soc. 1997, 8, 563–574. [Google Scholar] [CrossRef]

	



Wang, J. Electrochemical glucose biosensors. Chem. Rev. 2008, 108, 814–825. [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]

	



Wang, J. Glucose biosensors: 40 years of advances and challenges. Electroanalysis 2001, 13, 983–988. [Google Scholar] [CrossRef]

	



Wu, Y.; Hu, S. Biosensors based on direct electron transfer in redox proteins. Microchim. Acta 2007, 159, 1–17. [Google Scholar] [CrossRef]

	



Murphy, L. Biosensors and bioelectrochemistry. Curr. Opin. Chem. Biol. 2006, 10, 177–184. [Google Scholar] [CrossRef] [PubMed]

	



Bollella, P.; Gorton, L.; Antiochia, R. Direct electron transfer of dehydrogenases for development of 3rd generation biosensors and enzymatic fuel cells. Sensors 2018, 18, 1319. [Google Scholar] [CrossRef] [PubMed]

	



Habermüller, K.; Mosbach, M.; Schuhmann, W. Electron-transfer mechanisms in amperometric biosensors. Fresenius J. Anal. Chem. 2000, 366, 560–568. [Google Scholar] [CrossRef]

	



Lötzbeyer, T.; Schuhmann, W.; Schmidt, H.-L. Electron transfer principles in amperometric biosensors: Direct electron transfer between enzymes and electrode surface. Sens. Actuators B 1996, 33, 50–54. [Google Scholar] [CrossRef]

	



Karyakin, A.A.; Gitelmacher, O.V.; Karyakina, E.E. Prussian blue-based first-generation biosensor. A sensitive amperometric electrode for glucose. Anal. Chem. 1995, 67, 2419–2423. [Google Scholar] [CrossRef]

	



Scheller, F.W.; Schubert, F.; Neumann, B.; Pfeiffer, D.; Hintsche, R.; Dransfeld, I.; Wollenberger, U.; Renneberg, R.; Warsinke, A.; Johansson, G. Second generation biosensors. Biosens. Bioelectron. 1991, 6, 245–253. [Google Scholar] [CrossRef]

	



Katz, E.; Lötzbeyer, T.; Schlereth, D.D.; Schuhmann, W.; Schmidt, H.-L. Electrocatalytic oxidation of reduced nicotinamide coenzymes at gold and platinum electrode surfaces modified with a monolayer of pyrroloquinoline quinone. Effect of Ca2+ cations. J. Electroanal. Chem. 1994, 373, 189–200. [Google Scholar] [CrossRef]

	



Gorton, L.; Domínguez, E. Electrocatalytic oxidation of NAD(P)H at mediator-modified electrodes. Rev. Mol. Biotechnol. 2002, 82, 371–392. [Google Scholar] [CrossRef]

	



Gorton, L. Chemically modified electrodes for the electrocatalytic oxidation of nicotinamide coenzymes. J. Chem. Soc. Faraday Trans. 1 1986, 82, 1245–1258. [Google Scholar] [CrossRef]

	



Katz, E.; Lioubashevsky, O.; Willner, I. Electromechanics of a redox-active rotaxane in a monolayer assembly on an electrode. J. Am. Chem. Soc. 2004, 126, 15520–15532. [Google Scholar] [CrossRef]

	



Heller, A. Electrical connection of enzyme redox centers to electrodes. J. Phys. Chem. 1992, 96, 3579–3587. [Google Scholar] [CrossRef]

	



Heller, A. Electrical wiring of redox enzymes. Acc. Chem. Res. 1990, 23, 128–134. [Google Scholar] [CrossRef]

	



Schuhmann, W.; Ohara, T.J.; Schmidt, H.-L.; Heller, A. Electron transfer between glucose oxidase and electrodes via redox mediators bound with flexible chains to the enzyme surface. J. Am. Chem. Soc. 1991, 113, 1394–1397. [Google Scholar] [CrossRef]

	



Suzuki, N.; Lee, J.; Loew, N.; Takahashi-Inose, Y.; Okuda-Shimazaki, J.; Kojima, K.; Mori, K.; Tsugawa, W.; Sode, K. Engineered glucose oxidase capable of quasi-direct electron transfer after a quick-and-easy modification with a mediator. Int. J. Mol. Sci. 2020, 21, 1137. [Google Scholar] [CrossRef] [PubMed]

	



Willner, I.; Riklin, A.; Shoham, B.; Rivenzon, D.; Katz, E. Development of novel biosensor enzyme electrodes: Glucose oxidase multilayer arrays immobilized onto self-assembled monolayers on electrodes. Adv. Mater. 1993, 5, 912–915. [Google Scholar] [CrossRef]

	



Willner, I.; Katz, E.; Riklin, A.; Kasher, R. Mediated electron transfer in glutathione reductase organized in self-assembled monolayers on Au electrodes. J. Am. Chem. Soc. 1992, 114, 10965–10966. [Google Scholar] [CrossRef]

	



Willner, I.; Lapidot, N.; Riklin, A.; Kasher, R.; Zahavy, E.; Katz, E. Electron transfer communication in glutathione reductase assemblies: Electrocatalytic, photocatalytic and catalytic systems for the reduction of oxidized glutathione. J. Am. Chem. Soc. 1994, 116, 1428–1441. [Google Scholar] [CrossRef]

	



Freire, R.S.; Pessoa, C.A.; Mello, L.D.; Kubota, L.T. Direct electron transfer: An approach for electrochemical biosensors with higher selectivity and sensitivity. J. Braz. Chem. Soc. 2003, 14, 230–243. [Google Scholar] [CrossRef]

	



Bartlett, P.N. (Ed.) Bioelectrochemistry: Fundamentals, Experimental Techniques and Applications; Wiley: Chichester, UK, 2008. [Google Scholar]

	



Frew, J.E.; Hill, H.A.O. Electron-transfer biosensors. Philos. Trans. R. Soc. B 1987, 316, 95–106. [Google Scholar]

	



Frew, J.E.; Hill, H.A.O. Direct and indirect electron transfer between electrodes and redox proteins. Eur. J. Biochem. 1988, 172, 261–269. [Google Scholar] [CrossRef] [PubMed]

	



Armstrong, F.A.; Hill, H.A.O.; Walton, N.J. Reactions of electron-transfer proteins at electrodes. Q. Rev. Biophys. 1985, 18, 261–322. [Google Scholar] [CrossRef] [PubMed]

	



Léger, C.; Jones, A.K.; Albracht, S.P.; Armstrong, F.A. Effect of a dispersion of interfacial electron transfer rates on steady state catalytic electron transport in [NiFe]-hydrogenase and other enzymes. J. Phys. Chem. B 2002, 106, 13058–13063. [Google Scholar] [CrossRef]

	



Lopez, R.J.; Babanova, S.; Ulyanova, Y.; Singhal, S.; Atanassov, P. Improved interfacial electron transfer in modified bilirubin oxidase biocathodes. ChemElectroChem 2014, 1, 241–248. [Google Scholar] [CrossRef]

	



Hill, H.A.O.; Walton, N.J. Investigation of some intermolecular electron transfer reactions of cytochrome c by electrochemical methods. J. Am. Chem. Soc. 1982, 104, 6515–6519. [Google Scholar] [CrossRef]

	



Schulz, C.; Ludwig, R.; Micheelsen, P.O.; Silow, M.; Toscano, M.D.; Gorton, L. Enhancement of enzymatic activity and catalytic current of cellobiose dehydrogenase by calcium ions. Electrochem. Commun. 2012, 17, 71–74. [Google Scholar] [CrossRef]

	



Kracher, D.; Zahma, K.; Schulz, C.; Sygmund, C.; Gorton, L.; Ludwig, R. Inter-domain electron transfer in cellobiose dehydrogenase: Modulation by pH and divalent cations. FEBS J. 2015, 282, 3136–3148. [Google Scholar] [CrossRef]

	



Ludwig, R.; Ortiz, R.; Schulz, C.; Harreither, W.; Sygmund, C.; Gorton, L. Cellobiose dehydrogenase modified electrodes: Advances by materials science and biochemical engineering. Anal. Bioanal. Chem. 2013, 405, 3637–3658. [Google Scholar] [CrossRef]

	



Ludwig, R.; Harreither, W.; Tasca, F.; Gorton, L. Cellobiose dehydrogenase: A versatile catalyst for electrochemical applications. ChemPhysChem 2010, 11, 2674–2697. [Google Scholar] [CrossRef]

	



Bollella, P.; Ludwig, R.; Gorton, L. Cellobiose dehydrogenase: Insights on the nanostructuration of electrodes for improved development of biosensors and biofuel cells. Appl. Mater. Today 2017, 9, 319–332. [Google Scholar] [CrossRef]

	



Bollella, P.; Hibino, Y.; Kano, K.; Gorton, L.; Antiochia, R. The influence of pH and divalent/monovalent cations on the internal electron transfer (IET), enzymatic activity, and structure of fructose dehydrogenase. Anal. Bioanal. Chem. 2018, 410, 3253–3264. [Google Scholar] [CrossRef] [PubMed]

	



Taniguchi, I.; Toyosawa, K.; Yamaguchi, H.; Yasukouchi, K. Reversible electrochemical reduction and oxidation of cytochrome c at a bis(4-pyridyl) disulphide-modified gold electrode. J. Chem. Soc. Chem. Commun. 1982, 18, 1032–1033. [Google Scholar] [CrossRef]

	



Armstrong, F.A.; Hill, H.A.O.; Walton, N.J. Direct electrochemistry of redox proteins. Acc. Chem. Res. 1988, 21, 407–413. [Google Scholar] [CrossRef]

	



Gray, H.B.; Winkler, J.R. Electron transfer in proteins. Annu. Rev. Biochem. 1996, 65, 537–561. [Google Scholar] [CrossRef] [PubMed]

	



Winkler, J.R.; Malmström, B.G.; Gray, H.B. Rapid electron injection into multisite metalloproteins: Intramolecular electron transfer in cytochrome oxidase. Biophys. Chem. 1995, 54, 199–209. [Google Scholar] [CrossRef]

	



Winkler, J.R.; Gray, H.B. Long-range electron tunneling. J. Am. Chem. Soc. 2014, 136, 2930–2939. [Google Scholar] [CrossRef]

	



Guo, L.-H.; Hill, H.A.O. Direct electrochemistry of proteins and enzymes. Adv. Inorg. Chem. 1991, 36, 341–375. [Google Scholar]

	



Page, C.C.; Moser, C.C.; Chen, X.; Dutton, P.L. Natural engineering principles of electron tunnelling in biological oxidation–reduction. Nature 1999, 402, 47–52. [Google Scholar] [CrossRef]

	



Wilson, G.S. Native glucose oxidase does not undergo direct electron transfer. Biosens. Bioelectron. 2016, 82, Vii–Viii. [Google Scholar] [CrossRef]

	



Marcus, R.A.; Sutin, N. Electron transfers in chemistry and biology. Biochim. Biophys. Acta 1985, 811, 265–322. [Google Scholar] [CrossRef]

	



Marcus, R.A. Electron transfer reactions in chemistry: Theory and experiment (Nobel lecture). Angew. Chem. Int. Ed. Engl. 1993, 32, 1111–1121. [Google Scholar] [CrossRef]

	



Marcus, R.A. Electron transfer reactions in chemistry. Theory and experiment. Rev. Mod. Phys. 1993, 65, 599–610. [Google Scholar] [CrossRef]

	



Marcus, R.A. Chemical and electrochemical electron-transfer theory. Annu. Rev. Phys. Chem. 1964, 15, 155–196. [Google Scholar] [CrossRef]

	



Adams, D.M.; Brus, L.; Chidsey, C.E.; Creager, S.; Creutz, C.; Kagan, C.R.; Kamat, P.V.; Lieberman, M.; Lindsay, S.; Marcus, R.A. Charge transfer on the nanoscale: Current status. J. Phys. Chem. B 2003, 107, 6668–6697. [Google Scholar] [CrossRef]

	



Bendall, D.S. (Ed.) Protein Electron Transfer; BIOS Scientific Pub.: Oxford, UK, 1996. [Google Scholar]

	



Katz, E.; Shipway, A.N.; Willner, I. The electrochemical and photochemical activation of redox-enzymes. In Electron Transfer in Chemistry. Volume 4: Heterogeneous Systems, Solid State Systems, Gas Phase Systems. Section 1: Catalysis of Electron Transfer; Balzani, V., Piotrowiak, P., Rodgers, M.A.J., Eds.; Wiley-VCH: Weinheim, Germany, 2001; pp. 127–201. [Google Scholar]

	



Laviron, E. General expression of the linear potential sweep voltammogram in the case of diffusionless electrochemical systems. J. Electroanal. Chem. Interfacial Electrochem. 1979, 101, 19–28. [Google Scholar] [CrossRef]

	



Laviron, E.; Roullier, L. General expression of the linear potential sweep voltammogram for a surface redox reaction with interactions between the adsorbed molecules: Applications to modified electrodes. J. Electroanal. Chem. Interfacial Electrochem. 1980, 115, 65–74. [Google Scholar] [CrossRef]

	



Clark, L.C., Jr.; Lyons, C. Electrode systems for continuous monitoring in cardiovascular surgery. Ann. N. Y. Acad. Sci. 1962, 102, 29–45. [Google Scholar]

	



Falk, M.; Blum, Z.; Shleev, S. Direct electron transfer based enzymatic fuel cells. Electrochim. Acta 2012, 82, 191–202. [Google Scholar] [CrossRef]

	



Barton, C.S.; Gallaway, J.; Atanassov, P. Enzymatic biofuel cells for implantable and microscale devices. Chem. Rev. 2004, 104, 4867–4886. [Google Scholar] [CrossRef]

	



Wilson, R.; Turner, A.P.F. Glucose oxidase: An ideal enzyme. Biosens. Bioelectron. 1992, 7, 165–185. [Google Scholar] [CrossRef]

	



Newman, J.D.; Turner, A.P.F. Home blood glucose biosensors: A commercial perspective. Biosens. Bioelectron. 2005, 20, 2435–2453. [Google Scholar] [CrossRef] [PubMed]

	



Yoo, E.-H.; Lee, S.-Y. Glucose biosensors: An overview of use in clinical practice. Sensors 2010, 10, 4558–4576. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Z.; Garcia-Gancedo, L.; Flewitt, A.J.; Xie, H.; Moussy, F.; Milne, W.I. A critical review of glucose biosensors based on carbon nanomaterials: Carbon nanotubes and graphene. Sensors 2012, 12, 5996–6022. [Google Scholar] [CrossRef] [PubMed]

	



Gregg, B.A.; Heller, A. Cross-linked redox gels containing glucose oxidase for amperometric biosensor applications. Anal. Chem. 1990, 62, 258–263. [Google Scholar] [CrossRef]

	



Quinn, C.A.; Connor, R.E.; Heller, A. Biocompatible, glucose-permeable hydrogel for in situ coating of implantable biosensors. Biomaterials 1997, 18, 1665–1670. [Google Scholar] [CrossRef]

	



Chen, C.; Xie, Q.; Yang, D.; Xiao, H.; Fu, Y.; Tan, Y.; Yao, S. Recent advances in electrochemical glucose biosensors: A review. RSC Adv. 2013, 3, 4473–4491. [Google Scholar] [CrossRef]

	



Bollella, P.; Gorton, L.; Ludwig, R.; Antiochia, R. A third generation glucose biosensor based on cellobiose dehydrogenase immobilized on a glassy carbon electrode decorated with electrodeposited gold nanoparticles: Characterization and application in human saliva. Sensors 2017, 17, 1912. [Google Scholar] [CrossRef]

	



Bollella, P.; Sharma, S.; Cass, A.E.G.; Tasca, F.; Antiochia, R. Minimally invasive glucose monitoring using a highly porous gold microneedles-based biosensor: Characterization and application in artificial interstitial fluid. Catalysts 2019, 9, 580. [Google Scholar] [CrossRef]

	



Bollella, P.; Sharma, S.; Cass, A.E.G.; Antiochia, R. Minimally-invasive microneedle-based biosensor array for simultaneous lactate and glucose monitoring in artificial interstitial fluid. Electroanalysis 2019, 31, 374–382. [Google Scholar] [CrossRef]

	



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

	



Mao, F.; Mano, N.; Heller, A. Long tethers binding redox centers to polymer backbones enhance electron transport in enzyme “wiring” hydrogels. J. Am. Chem. Soc. 2003, 125, 4951–4957. [Google Scholar] [CrossRef] [PubMed]

	



Turner, A.P.F. Biosensors–sense and sensitivity. Science 2000, 290, 1315–1317. [Google Scholar] [CrossRef] [PubMed]

	



Milton, R.D.; Minteer, S.D. Direct enzymatic bioelectrocatalysis: Differentiating between myth and reality. J. R. Soc. Interface 2017, 14, 20170253. [Google Scholar] [CrossRef] [PubMed]

	



Bartlett, P.N.; Al-Lolage, F.A. There is no evidence to support literature claims of direct electron transfer (DET) for native glucose oxidase (GOx) at carbon nanotubes or graphene. J. Electroanal. Chem. 2018, 819, 26–37. [Google Scholar] [CrossRef]

	



Bankar, S.B.; Bule, M.V.; Singhal, R.S.; Ananthanarayan, L. Glucose oxidase—an overview. Biotechnol. Adv. 2009, 27, 489–501. [Google Scholar] [CrossRef] [PubMed]

	



Leskovac, V.; Trivić, S.; Wohlfahrt, G.; Kandrač, J.; Peričin, D. Glucose oxidase from Aspergillus niger: The mechanism of action with molecular oxygen, quinones, and one-electron acceptors. Int. J. Biochem. Cell Biol. 2005, 37, 731–750. [Google Scholar] [CrossRef] [PubMed]

	



Hecht, H.J.; Schomburg, D.; Kalisz, H.; Schmid, R.D. The 3D structure of glucose oxidase from Aspergillus niger. Implications for the use of GOD as a biosensor enzyme. Biosens. Bioelectron. 1993, 8, 197–203. [Google Scholar] [CrossRef]

	



Hecht, H.J.; Kalisz, H.M.; Hendle, J.; Schmid, R.D.; Schomburg, D. Crystal structure of glucose oxidase from Aspergillus niger refined at 2.3 Å resolution. J. Mol. Biol. 1993, 229, 153–172. [Google Scholar] [CrossRef]

	



Alvarez-Icaza, M.; Kalisz, H.M.; Hecht, H.J.; Aumann, K.-D.; Schomburg, D.; Schmid, R.D. The design of enzyme sensors based on the enzyme structure. Biosens. Bioelectron. 1995, 10, 735–742. [Google Scholar] [CrossRef]

	



Pazur, J.H.; Kleppe, K.; Ball, E.M. The glycoprotein nature of some functional carbohydrases. Arch. Biochem. Biophys. 1963, 103, 515–516. [Google Scholar] [CrossRef]

	



Swoboda, B.E.; Massey, V. Purification and properties of the glucose oxidase from Aspergillus niger. J. Biol. Chem. 1965, 240, 2209–2215. [Google Scholar] [PubMed]

	



Kalisz, H.M.; Hecht, H.-J.; Schomburg, D.; Schmid, R.D. Effects of carbohydrate depletion on the structure, stability and activity of glucose oxidase from Aspergillus niger. Biochim. Biophys. Acta 1991, 1080, 138–142. [Google Scholar] [CrossRef]

	



Raba, J.; Mottola, H.A. Glucose oxidase as an analytical reagent. Crit. Rev. Anal. Chem. 1995, 25, 1–42. [Google Scholar] [CrossRef]

	



Bollella, P.; Fusco, G.; Tortolini, C.; Sanzò, G.; Favero, G.; Gorton, L.; Antiochia, R. Beyond graphene: Electrochemical sensors and biosensors for biomarkers detection. Biosens. Bioelectron. 2017, 89, 152–166. [Google Scholar] [CrossRef] [PubMed]

	



Mazzei, F.; Favero, G.; Bollella, P.; Tortolini, C.; Mannina, L.; Conti, M.E.; Antiochia, R. Recent trends in electrochemical nanobiosensors for environmental analysis. Int. J. Environ. Health 2015, 7, 267–291. [Google Scholar] [CrossRef]

	



Yanez-Sedeno, P.; Pingarron, J.M. Gold nanoparticle-based electrochemical biosensors. Anal. Bioanal. Chem. 2005, 382, 884–886. [Google Scholar] [CrossRef] [PubMed]

	



Pingarrón, J.M.; Yanez-Sedeno, P.; González-Cortés, A. Gold nanoparticle-based electrochemical biosensors. Electrochim. Acta 2008, 53, 5848–5866. [Google Scholar] [CrossRef]

	



Sánchez-Obrero, G.; Cano, M.; Ávila, J.L.; Mayén, M.; Mena, M.L.; Pingarrón, J.M.; Rodríguez-Amaro, R. A gold nanoparticle-modified PVC/TTF-TCNQ composite amperometric biosensor for glucose determination. J. Electroanal. Chem. 2009, 634, 59–63. [Google Scholar] [CrossRef]

	



Yáñez-Sedeño, P.; Pingarrón, J.M.; Riu, J.; Rius, F.X. Electrochemical sensing based on carbon nanotubes. TrAC Trends Anal. Chem. 2010, 29, 939–953. [Google Scholar] [CrossRef]

	



Bollella, P. Porous gold: A new frontier for enzyme-based electrodes. Nanomaterials 2020, 10, 722. [Google Scholar] [CrossRef]

	



Agüí, L.; Yáñez-Sedeño, P.; Pingarrón, J.M. Role of carbon nanotubes in electroanalytical chemistry: A review. Anal. Chim. Acta 2008, 622, 11–47. [Google Scholar] [CrossRef] [PubMed]

	



Das, P.; Das, M.; Chinnadayyala, S.R.; Singha, I.M.; Goswami, P. Recent advances on developing 3rd generation enzyme electrode for biosensor applications. Biosens. Bioelectron. 2016, 79, 386–397. [Google Scholar] [CrossRef] [PubMed]

	



Harper, A.; Anderson, M.R. Electrochemical glucose sensors—developments using electrostatic assembly and carbon nanotubes for biosensor construction. Sensors 2010, 10, 8248–8274. [Google Scholar] [CrossRef] [PubMed]

	



Luong, J.H.; Glennon, J.D.; Gedanken, A.; Vashist, S.K. Achievement and assessment of direct electron transfer of glucose oxidase in electrochemical biosensing using carbon nanotubes, graphene, and their nanocomposites. Microchim. Acta 2017, 184, 369–388. [Google Scholar] [CrossRef]

	



Bollella, P.; Katz, E. Bioelectrocatalysis at carbon nanotubes. Methods Enzymol. 2020, 630, 215–247. [Google Scholar]

	



Byers, J.C.; Güell, A.G.; Unwin, P.R. Nanoscale electrocatalysis: Visualizing oxygen reduction at pristine, kinked, and oxidized sites on individual carbon nanotubes. J. Am. Chem. Soc. 2014, 136, 11252–11255. [Google Scholar] [CrossRef]

	



Wang, L.; Pumera, M. Residual metallic impurities within carbon nanotubes play a dominant role in supposedly “metal-free” oxygen reduction reactions. Chem. Commun. 2014, 50, 12662–12664. [Google Scholar] [CrossRef]

	



Lehman, J.H.; Terrones, M.; Mansfield, E.; Hurst, K.E.; Meunier, V. Evaluating the characteristics of multiwall carbon nanotubes. Carbon 2011, 49, 2581–2602. [Google Scholar] [CrossRef]

	



Mello, P.A.; Rodrigues, L.F.; Nunes, M.A.; Mattos, J.C.P.; Müller, E.I.; Dressler, V.L.; Flores, E.M. Determination of metal impurities in carbon nanotubes by direct solid sampling electrothermal atomic absorption spectrometry. J. Braz. Chem. Soc. 2011, 22, 1040–1049. [Google Scholar] [CrossRef]

	



Eddowes, M.J.; Hill, H.A.O. Investigation of electron-transfer reactions of proteins by electrochemical methods. Biosci. Rep. 1981, 1, 521–532. [Google Scholar] [CrossRef]

	



Léger, C.; Elliott, S.J.; Hoke, K.R.; Jeuken, L.J.; Jones, A.K.; Armstrong, F.A. Enzyme electrokinetics: Using protein film voltammetry to investigate redox enzymes and their mechanisms. Biochemistry 2003, 42, 8653–8662. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Moorcroft, M.J.; Davis, J.; Compton, R.G. Detection and determination of nitrate and nitrite: A review. Talanta 2001, 54, 785–803. [Google Scholar] [CrossRef]

	



Burgess, B.K.; Lowe, D.J. Mechanism of molybdenum nitrogenase. Chem. Rev. 1996, 96, 2983–3012. [Google Scholar] [CrossRef] [PubMed]

	



Milton, R.D.; Abdellaoui, S.; Khadka, N.; Dean, D.R.; Leech, D.; Seefeldt, L.C.; Minteer, S.D. Nitrogenase bioelectrocatalysis: Heterogeneous ammonia and hydrogen production by MoFe protein. Energy Environ. Sci. 2016, 9, 2550–2554. [Google Scholar] [CrossRef]

	



Holade, Y.; Yuan, M.; Milton, R.D.; Hickey, D.P.; Sugawara, A.; Peterbauer, C.K.; Haltrich, D.; Minteer, S.D. Rational combination of promiscuous enzymes yields a versatile enzymatic fuel cell with improved coulombic efficiency. J. Electrochem. Soc. 2016, 164, H3073. [Google Scholar] [CrossRef]

	



Havaux, M. Characterization of thermal damage to the photosynthetic electron transport system in potato leaves. Plant Sci. 1993, 94, 19–33. [Google Scholar] [CrossRef]

	



Tortolini, C.; Bollella, P.; Antiochia, R.; Favero, G.; Mazzei, F. Inhibition-based biosensor for atrazine detection. Sens. Actuators B 2016, 224, 552–558. [Google Scholar] [CrossRef]

	



De Poulpiquet, A.; Kjaergaard, C.H.; Rouhana, J.; Mazurenko, I.; Infossi, P.; Gounel, S.; Gadiou, R.; Giudici-Orticoni, M.T.; Solomon, E.I.; Mano, N. Mechanism of chloride inhibition of bilirubin oxidases and its dependence on potential and pH. ACS Catal. 2017, 7, 3916–3923. [Google Scholar] [CrossRef]

	



Bollella, P.; Fusco, G.; Tortolini, C.; Sanzò, G.; Antiochia, R.; Favero, G.; Mazzei, F. Inhibition-based first-generation electrochemical biosensors: Theoretical aspects and application to 2, 4-dichlorophenoxy acetic acid detection. Anal. Bioanal. Chem. 2016, 408, 3203–3211. [Google Scholar] [CrossRef]

	



Lo, K.K.-W.; Wong, L.-L.; Hill, H.A.O. Surface-modified mutants of cytochrome P450cam: Enzymatic properties and electrochemistry. FEBS Lett. 1999, 451, 342–346. [Google Scholar] [CrossRef]

	



Campàs, M.; Prieto-Simón, B.; Marty, J.-L. A review of the use of genetically engineered enzymes in electrochemical biosensors. In Proceedings of the Seminars in Cell & Developmental Biology; Elsevier: Amsterdam, The Netherlands, 2009; pp. 3–9. [Google Scholar]

	



Dementin, S.; Belle, V.; Bertrand, P.; Guigliarelli, B.; Adryanczyk-Perrier, G.; De Lacey, A.L.; Fernandez, V.M.; Rousset, M.; Léger, C. Changing the ligation of the distal [4Fe4S] cluster in NiFe hydrogenase impairs inter- and intramolecular electron transfers. J. Am. Chem. Soc. 2006, 128, 5209–5218. [Google Scholar] [CrossRef]

	



Armstrong, F.A. Recent developments in dynamic electrochemical studies of adsorbed enzymes and their active sites. Curr. Opin. Chem. Biol. 2005, 9, 110–117. [Google Scholar] [CrossRef] [PubMed]

	



Armstrong, F.A. Protein film voltammetry: Revealing the mechanisms of biological oxidation and reduction. Russ. J. Electrochem. 2002, 38, 49–62. [Google Scholar] [CrossRef]

	



Armstrong, F.A. Insights from protein film voltammetry into mechanisms of complex biological electron-transfer reactions. J. Chem. Soc. Dalton Trans. 2002, 661–671. [Google Scholar] [CrossRef]

	



Gulaboski, R.; Mirčeski, V.; Bogeski, I.; Hoth, M. Protein film voltammetry: Electrochemical enzymatic spectroscopy. A review on recent progress. J. Solid State Electrochem. 2012, 16, 2315–2328. [Google Scholar] [CrossRef]

	



Hirst, J. Elucidating the mechanisms of coupled electron transfer and catalytic reactions by protein film voltammetry. Biochim. Biophys. Acta 2006, 1757, 225–239. [Google Scholar] [CrossRef]

	



Angove, H.C.; Cole, J.A.; Richardson, D.J.; Butt, J.N. Protein film voltammetry reveals distinctive fingerprints of nitrite and hydroxylamine reduction by a cytochrome c nitrite reductase. J. Biol. Chem. 2002, 277, 23374–23381. [Google Scholar] [CrossRef]

	



Armstrong, F.A.; Heering, H.A.; Hirst, J. Reaction of complex metalloproteins studied by protein-film voltammetry. Chem. Soc. Rev. 1997, 26, 169–179. [Google Scholar] [CrossRef]

	



Wijma, H.J.; Jeuken, L.J.; Verbeet, M.P.; Armstrong, F.A.; Canters, G.W. Protein film voltammetry of copper-containing nitrite reductase reveals reversible inactivation. J. Am. Chem. Soc. 2007, 129, 8557–8565. [Google Scholar] [CrossRef]

	



Best, S.P. Spectroelectrochemistry of hydrogenase enzymes and related compounds. Coord. Chem. Rev. 2005, 249, 1536–1554. [Google Scholar] [CrossRef]

	



Willner, I.; Blonder, R.; Katz, E.; Stocker, A.; Bückmann, A.F. Reconstitution of apo-glucose oxidase with a nitrospiropyran-modified FAD cofactor yields a photoswitchable biocatalyst for amperometric transduction of recorded optical signals. J. Am. Chem. Soc. 1996, 118, 5310–5311. [Google Scholar] [CrossRef]

	



Katz, E.; Riklin, A.; Heleg-Shabtai, V.; Willner, I.; Bückmann, A.F. Glucose oxidase electrodes via reconstitution of the apo-enzyme: Tailoring of novel glucose biosensors. Anal. Chim. Acta 1999, 385, 45–58. [Google Scholar] [CrossRef]

	



Zayats, M.; Katz, E.; Willner, I. Electrical contacting of glucose oxidase by surface-reconstitution of the apo-protein on a relay-boronic acid-FAD cofactor monolayer. J. Am. Chem. Soc. 2002, 124, 2120–2121. [Google Scholar] [CrossRef] [PubMed]

	



Gorton, L.; Jönsson-Pettersson, G.; Csöregi, E.; Johansson, K.; Domínguez, E.; Marko-Varga, G. Amperometric biosensors based on an apparent direct electron transfer between electrodes and immobilized peroxidases. Plenary lecture. Analyst 1992, 117, 1235–1241. [Google Scholar] [CrossRef]

	



Zhang, W.; Li, G. Third-generation biosensors based on the direct electron transfer of proteins. Anal. Sci. 2004, 20, 603–609. [Google Scholar] [CrossRef] [PubMed]

	



Bistolas, N.; Wollenberger, U.; Jung, C.; Scheller, F.W. Cytochrome P450 biosensors—A review. Biosens. Bioelectron. 2005, 20, 2408–2423. [Google Scholar] [CrossRef]

	



Bollella, P.; Mazzei, F.; Favero, G.; Fusco, G.; Ludwig, R.; Gorton, L.; Antiochia, R. Improved DET communication between cellobiose dehydrogenase and a gold electrode modified with a rigid self-assembled monolayer and green metal nanoparticles: The role of an ordered nanostructuration. Biosens. Bioelectron. 2017, 88, 196–203. [Google Scholar] [CrossRef] [PubMed]

	



Zappi, D.; Masci, G.; Sadun, C.; Tortolini, C.; Antonelli, M.L.; Bollella, P. Evaluation of new cholinium-amino acids based room temperature ionic liquids (RTILs) as immobilization matrix for electrochemical biosensor development: Proof-of-concept with Trametes Versicolor laccase. Microchem. J. 2018, 141, 346–352. [Google Scholar] [CrossRef]

	



Xiao, Y.; Patolsky, F.; Katz, E.; Hainfeld, J.F.; Willner, I. “Plugging into enzymes”: Nanowiring of redox enzymes by a gold nanoparticle. Science 2003, 299, 1877–1881. [Google Scholar] [CrossRef] [PubMed]

	



Patolsky, F.; Weizmann, Y.; Willner, I. Long-range electrical contacting of redox enzymes by SWCNT connectors. Angew. Chem. Int. Ed. 2004, 43, 2113–2117. [Google Scholar] [CrossRef] [PubMed]

	



Holland, J.T.; Lau, C.; Brozik, S.; Atanassov, P.; Banta, S. Engineering of glucose oxidase for direct electron transfer via site-specific gold nanoparticle conjugation. J. Am. Chem. Soc. 2011, 133, 19262–19265. [Google Scholar] [CrossRef] [PubMed]

	



Ortiz, R.; Matsumura, H.; Tasca, F.; Zahma, K.; Samejima, M.; Igarashi, K.; Ludwig, R.; Gorton, L. Effect of deglycosylation of cellobiose dehydrogenases on the enhancement of direct electron transfer with electrodes. Anal. Chem. 2012, 84, 10315–10323. [Google Scholar] [CrossRef] [PubMed]

	



Courjean, O.; Gao, F.; Mano, N. Deglycosylation of glucose oxidase for direct and efficient glucose electrooxidation on a glassy carbon electrode. Angew. Chem. Int. Ed. 2009, 48, 5897–5899. [Google Scholar] [CrossRef] [PubMed]

	



Killyéni, A.; Yakovleva, M.E.; MacAodha, D.; Conghaile, P.Ó.; Gonaus, C.; Ortiz, R.; Leech, D.; Popescu, I.C.; Peterbauer, C.K.; Gorton, L. Effect of deglycosylation on the mediated electrocatalytic activity of recombinantly expressed Agaricus meleagris pyranose dehydrogenase wired by osmium redox polymer. Electrochim. Acta 2014, 126, 61–67. [Google Scholar] [CrossRef]

	



Yakovleva, M.E.; Killyéni, A.; Ortiz, R.; Schulz, C.; MacAodha, D.; Conghaile, P.Ó.; Leech, D.; Popescu, I.C.; Gonaus, C.; Peterbauer, C.K. Recombinant pyranose dehydrogenase—A versatile enzyme possessing both mediated and direct electron transfer. Electrochem. Commun. 2012, 24, 120–122. [Google Scholar] [CrossRef]

	



Liu, Y.; Yu, J. Oriented immobilization of proteins on solid supports for use in biosensors and biochips: A review. Microchim. Acta 2016, 183, 1–19. [Google Scholar] [CrossRef]

	



Wang, C.; Feng, B. Research progress on site-oriented and three-dimensional immobilization of protein. Mol. Biol. 2015, 49, 1–20. [Google Scholar] [CrossRef]

	



Al-Lolage, F.A.; Bartlett, P.N.; Gounel, S.; Staigre, P.; Mano, N. Site-Directed Immobilization of Bilirubin Oxidase for Electrocatalytic Oxygen Reduction. ACS Catal. 2019, 9, 2068–2078. [Google Scholar] [CrossRef]

	



Hitaishi, V.P.; Clement, R.; Bourassin, N.; Baaden, M.; De Poulpiquet, A.; Sacquin-Mora, S.; Ciaccafava, A.; Lojou, E. Controlling redox enzyme orientation at planar electrodes. Catalysts 2018, 8, 192. [Google Scholar] [CrossRef]

	



Al-Lolage, F.A.; Meneghello, M.; Ma, S.; Ludwig, R.; Bartlett, P.N. A flexible method for the stable, covalent immobilization of enzymes at electrode surfaces. ChemElectroChem 2017, 4, 1528–1534. [Google Scholar] [CrossRef]

	



Meneghello, M.; Al-Lolage, F.A.; Ma, S.; Ludwig, R.; Bartlett, P.N. Studying direct electron transfer by site-directed immobilization of cellobiose dehydrogenase. ChemElectroChem 2019, 6, 700–713. [Google Scholar] [CrossRef] [PubMed]

	



Ma, S.; Laurent, C.V.; Meneghello, M.; Tuoriniemi, J.; Oostenbrink, C.; Gorton, L.; Bartlett, P.N.; Ludwig, R. Direct electron-transfer anisotropy of a site-specifically immobilized cellobiose dehydrogenase. ACS Catal. 2019, 9, 7607–7615. [Google Scholar] [CrossRef]

	



Katz, E. Application of bifunctional reagents for immobilization of proteins on a carbon electrode surface: Oriented immobilization of photosynthetic reaction centers. J. Electroanal. Chem. 1994, 365, 157–164. [Google Scholar] [CrossRef]

	



Blanford, C.F.; Heath, R.S.; Armstrong, F.A. A stable electrode for high-potential, electrocatalytic O2 reduction based on rational attachment of a blue copper oxidase to a graphite surface. Chem. Commun. 2007, 17, 1710–1712. [Google Scholar] [CrossRef]

	



Solomon, E.I.; Sundaram, U.M.; Machonkin, T.E. Multicopper oxidases and oxygenases. Chem. Rev. 1996, 96, 2563–2606. [Google Scholar] [CrossRef]

	



Solomon, E.I.; Augustine, A.J.; Yoon, J. O2 Reduction to H2O by the multicopper oxidases. Dalton Trans. 2008, 30, 3921–3932. [Google Scholar] [CrossRef]

	



Gentil, S.; Rousselot-Pailley, P.; Sancho, F.; Robert, V.; Mekmouche, Y.; Guallar, V.; Tron, T.; Le Goff, A. Efficiency of site-specific clicked laccase-carbon nanotubes biocathodes towards O2 reduction. Chem. Eur. J. 2020, 26, 4798–4804. [Google Scholar] [CrossRef]

	



Neto, S.A.; Da Silva, R.G.; Milton, R.D.; Minteer, S.D.; De Andrade, A.R. Hybrid bioelectrocatalytic reduction of oxygen at anthracene-modified multi-walled carbon nanotubes decorated with Ni90Pd10 nanoparticles. Electrochim. Acta 2017, 251, 195–202. [Google Scholar] [CrossRef]

	



Rasmussen, M.; Abdellaoui, S.; Minteer, S.D. Enzymatic biofuel cells: 30 years of critical advancements. Biosens. Bioelectron. 2016, 76, 91–102. [Google Scholar] [CrossRef]

	



Wang, T.; Milton, R.D.; Abdellaoui, S.; Hickey, D.P.; Minteer, S.D. Laccase inhibition by arsenite/arsenate: Determination of inhibition mechanism and preliminary application to a self-powered biosensor. Anal. Chem. 2016, 88, 3243–3248. [Google Scholar] [CrossRef] [PubMed]

	



Bollella, P.; Fusco, G.; Stevar, D.; Gorton, L.; Ludwig, R.; Ma, S.; Boer, H.; Koivula, A.; Tortolini, C.; Favero, G. A glucose/oxygen enzymatic fuel cell based on gold nanoparticles modified graphene screen-printed electrode. Proof-of-concept in human saliva. Sens. Actuators B 2018, 256, 921–930. [Google Scholar] [CrossRef]

	



Bollella, P.; Hibino, Y.; Kano, K.; Gorton, L.; Antiochia, R. Enhanced direct electron transfer of fructose dehydrogenase rationally immobilized on a 2-aminoanthracene diazonium cation grafted single-walled carbon nanotube based electrode. ACS Catal. 2018, 8, 10279–10289. [Google Scholar] [CrossRef]

	



Bollella, P.; Hibino, Y.; Kano, K.; Gorton, L.; Antiochia, R. Highly sensitive membraneless fructose biosensor based on fructose dehydrogenase immobilized onto aryl thiol modified highly porous gold electrode: Characterization and application in food samples. Anal. Chem. 2018, 90, 12131–12136. [Google Scholar] [CrossRef]

	



Bollella, P.; Hibino, Y.; Conejo-Valverde, P.; Soto-Cruz, J.; Bergueiro, J.; Calderón, M.; Rojas-Carrillo, O.; Kano, K.; Gorton, L. The influence of the shape of Au nanoparticles on the catalytic current of fructose dehydrogenase. Anal. Bioanal. Chem. 2019, 411, 7645–7657. [Google Scholar] [CrossRef] [PubMed]

	



Calitri, G.; Bollella, P.; Ciogli, L.; Tortolini, C.; Mazzei, F.; Antiochia, R.; Favero, G. Evaluation of different storage processes of passion fruit (Passiflora edulis Sims) using a new dual biosensor platform based on a conducting polymer. Microchem. J. 2020, 154, 104573. [Google Scholar] [CrossRef]

	



Bollella, P.; Schulz, C.; Favero, G.; Mazzei, F.; Ludwig, R.; Gorton, L.; Antiochia, R. Green synthesis and characterization of gold and silver nanoparticles and their application for development of a third generation lactose biosensor. Electroanalysis 2017, 29, 77–86. [Google Scholar] [CrossRef]

	



Silva, T.A.; Moraes, F.C.; Janegitz, B.C.; Fatibello-Filho, O. Electrochemical biosensors based on nanostructured carbon black: A review. J. Nanomater. 2017, 2017, 4571614. [Google Scholar] [CrossRef]

	



Yáñez-Sedeño, P.; Campuzano, S.; Pingarrón, J.M. Carbon nanostructures for tagging in electrochemical biosensing: A review. J. Carbon Res. 2017, 3, 3. [Google Scholar] [CrossRef]

	



Taurino, I.; Sanzò, G.; Antiochia, R.; Tortolini, C.; Mazzei, F.; Favero, G.; De Micheli, G.; Carrara, S. Recent advances in third generation biosensors based on Au and Pt nanostructured electrodes. Trends Anal. Chem. 2016, 79, 151–159. [Google Scholar] [CrossRef]

	



Brdička, R. Etudes polarographiques des proteines du serum et leur signification pour le diagnostic du cancer. C. R. Soc. Biol. 1938, 128, 54–56. [Google Scholar]

	



Müller, O.H. Polarographic analysis of proteins, amino acids, and other compounds by means of the Brdička reaction. In Methods of Biochemical Analysis; Glick, D., Ed.; John Wiley & Sons: Easton, PA, USA, 1963; pp. 329–403. [Google Scholar]

	



Brabec, V. Polarography of cytochrome c in ammoniacal buffers containing cobalt ions. The effect of the protein conformation. Gen. Physiol. Biophys. 1985, 4, 609–623. [Google Scholar] [PubMed]

	



Blanford, C.F. The birth of protein electrochemistry. Chem. Commun. 2013, 49, 11130–11132. [Google Scholar] [CrossRef] [PubMed]

	



Haghighi, B.; Tabrizi, M.A. Direct electron transfer from glucose oxidase immobilized on a nano-porous glassy carbon electrode. Electrohim. Acta 2011, 56, 10101–10106. [Google Scholar] [CrossRef]

	



Bai, Y.F.; Xu, T.B.; Luong, J.H.; Cui, H.F. Direct electron transfer of glucose oxidase-boron doped diamond interface: A new solution for a classical problem. Anal. Chem. 2014, 86, 4910–4918. [Google Scholar] [CrossRef] [PubMed]

	



Wen, Z.; Ye, B.; Zhou, X. Direct electron transfer reaction of glucose oxidase at bare silver electrodes and its application in analysis. Electroanalysis 1997, 9, 641–644. [Google Scholar] [CrossRef]

	



Ghica, M.E.; Pauliukaite, R.; Fatibello-Filho, O.; Brett, C.M.A. Application of functionalised carbon nanotubes immobilised into chitosan films in amperometric enzyme biosensors. Sens. Actuators B 2009, 142, 308–315. [Google Scholar] [CrossRef]

	



Wu, F.; Yu, P.; Mao, L. Bioelectrochemistry for in vivo analysis: Interface engineering toward implantable electrochemical biosensors. Curr. Opin. Electrochem. 2017, 5, 152–157. [Google Scholar] [CrossRef]

	



Desmet, C.; Marquette, C.A.; Blum, L.J.; Doumèche, B. Paper electrodes for bioelectrochemistry: Biosensors and biofuel cells. Biosens. Bioelectron. 2016, 76, 145–163. [Google Scholar] [CrossRef]

	



Ruff, A. Redox polymers in bioelectrochemistry: Common playgrounds and novel concepts. Curr. Opin. Electrochem. 2017, 5, 66–73. [Google Scholar] [CrossRef]

	



Putzbach, W.; Ronkainen, N.J. Immobilization techniques in the fabrication of nanomaterial-based electrochemical biosensors: A review. Sensors 2013, 13, 4811–4840. [Google Scholar] [CrossRef]

	



Gooding, J.J.; Gonçales, V.R. Recent advances in the molecular level modification of electrodes for bioelectrochemistry. Curr. Opin. Electrochem. 2017, 5, 203–210. [Google Scholar] [CrossRef]

	



Pandey, C.M.; Malhotra, B.D. Biosensors: Fundamentals and Applications; Walter de Gruyter: Shawbury, UK, 2019. [Google Scholar]

	



Tiwari, A.; Turner, A.P.F. (Eds.) Biosensors Nanotechnology; Wiley-VCH: Hoboken, NJ, USA, 2014. [Google Scholar]

	



Luckarift, H.R.; Atanassov, P.; Johnson, G.R. Enzymatic Fuel Cells–From Fundamentals to Applications; Wiley: Hoboken, NJ, USA, 2014. [Google Scholar]

	



Davis, F.; Higson, S.P.J. Biofuel cells-Recent advances and applications. Biosens. Bioelectron. 2007, 22, 1224–1235. [Google Scholar] [CrossRef] [PubMed]

	



Bullen, R.A.; Arnot, T.C.; Lakeman, J.B.; Walsh, F.C. Biofuel cells and their development. Biosens. Bioelectron. 2006, 21, 2015–2045. [Google Scholar] [CrossRef] [PubMed]

	



Luz, R.A.S.; Pereira, A.R.; de Souza, J.C.P.; Sales, F.C.P.F.; Crespilho, F.N. Enzyme biofuel cells: Thermodynamics, kinetics and challenges in applicability. ChemElectroChem 2014, 1, 1751–1777. [Google Scholar] [CrossRef]

	



Yu, E.H.; Scott, K. Enzymatic biofuel cells–Fabrication of enzyme electrodes. Energies 2010, 3, 23–42. [Google Scholar] [CrossRef]

	



Shleev, S. Quo vadis, implanted fuel cell? ChemPlusChem 2017, 82, 522–539. [Google Scholar] [CrossRef]

	



Slate, A.J.; Whitehead, K.A.; Brownson, D.A.C.; Banks, C.E. Microbial fuel cells: An overview of current technology. Renew. Sustain. Energy Rev. 2019, 101, 60–81. [Google Scholar] [CrossRef]

	



Santoro, C.; Arbizzani, C.; Erable, B.; Ieropoulos, I. Microbial fuel cells: From fundamentals to applications. A review. J. Power Sources 2017, 356, 225–244. [Google Scholar] [CrossRef]

	



Du, Z.; Li, H.; Gu, T. A state of the art review on microbial fuel cells: A promising technology for wastewater treatment and bioenergy. Biotechnol. Adv. 2007, 25, 464–482. [Google Scholar] [CrossRef]

	



Katz, E. (Ed.) Biomolecular Information Processing: From Logic Systems to Smart Sensors and Actuators; Wiley-VCH: Weinheim, Germany, 2012. [Google Scholar]

	



Katz, E. Enzyme-Based Computing Systems; Wiley-VCH: Weinheim, Germany, 2019. [Google Scholar]








[image: Sensors 20 03517 g001 550] 





Figure 1. Standard potentials (E°) of various redox proteins and enzymes measured at pH 7.0 and recalculated vs. standard hydrogen electrode (SHE) reference. The potentials spread over range of values for the species originating from different biological sources. The data (except FAD oxidases/dehydrogenases and PQQ dehydrogenases) is adopted from [3] with permission. The potentials of FAD oxidases originate from refs. [7,8]; the potentials of FAD dehydrogenases originate from refs. [9,10,11]; the potentials of PQQ dehydrogenases originate from [12,13,14,15]. 






Figure 1. Standard potentials (E°) of various redox proteins and enzymes measured at pH 7.0 and recalculated vs. standard hydrogen electrode (SHE) reference. The potentials spread over range of values for the species originating from different biological sources. The data (except FAD oxidases/dehydrogenases and PQQ dehydrogenases) is adopted from [3] with permission. The potentials of FAD oxidases originate from refs. [7,8]; the potentials of FAD dehydrogenases originate from refs. [9,10,11]; the potentials of PQQ dehydrogenases originate from [12,13,14,15].



[image: Sensors 20 03517 g001]







[image: Sensors 20 03517 g002 550] 





Figure 2. Different ways of electronic communication between redox enzymes and conductive electrodes: (A) Electrical communication through electrochemical transformations of enzyme substrate or product (exemplified with reduction of O2 and reduction/oxidation of H2O2 typical for oxidases). (B) Electrical communication using electron transfer mediators (relays) cyclic between oxidized (Medox) and reduced (Medred) states (exemplified with an enzyme oxidizing a substrate and reducing a mediator, which is electrochemically re-oxidized and recycled back to Medox). (C) Electrical communication using NAD+/NADH cofactor re-oxidized and recycled electrocatalytically (exemplified with an enzyme oxidizing a substrate and reducing NAD+ yielding NADH). (D) Electrical communication via direct electron transfer (DET) from an enzyme active center to an electrode (exemplified with an enzyme oxidizing a substrate and generating anodic current at an electrode). (E–H) Structures of the most typical enzyme redox cofactors: flavin adenine dinucleotide (FAD), nicotinamide adenine dinucleotide (NAD+), pyrroloquinoline quinone (PQQ) and heme. 
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Figure 3. (A) An enzyme physically entrapped in a polymer operating as a redox matrix providing the enzyme electrical wiring by electron hopping through redox sites finally reaching an electrode conducting support. The redox-mediator sites are represented with [Os-(2,2′-bipyridine)2]2+/3+-complex pendant at poly(vinylpyridine) matrix. (B) A similar system where the enzyme is covalently bound to the redox polymer. The systems have been pioneered by Prof. Adam Heller. They are exemplified with an enzyme oxidizing a substrate and generating anodic current mediated by the redox polymer irrespective of the enzyme orientation. (C) A cyclic voltammogram, showing a 400 μA cm−2 glucose diffusion limited current density reached at 40 mM glucose concentration with the wired-enzyme shown schematically in (B). The scan rate is 5 mV/s. (D) Prof. Adam Heller – the pioneer in the enzyme wiring according to many various approaches, particularly including systems exemplified in (A,B). (Part C was adopted from [44]; (D) the photo was adopted from Wikipedia, public domain). 
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Figure 4. (A–C) Comparison of the positions of lysine residues in Aspergillus niger derived glucose oxidase (AnGOx) (PDB ID: 1CF3), Botryotinia fuckeliana derived glucose dehydrogenase (BfGDH) (model), and A.flavus derived GDH (AfGDH) (PDB ID: 4YNU). Lysine residues are shown in dark blue. In BfGDH and AfGDH, lysine residues (K483, K477, circled) are located at the entrance of what appears to be a pathway to the active center. In AnGOx, an isoleucine residue (I489, circled) is located at this position. (D) The electron transfer from soluble GOx to a Au electrode mediated by ferrocene redox relay (R) species covalently tethered to the enzyme with long flexible chains. Note that ferrocene has a positive redox potential needed to mediate the oxidative biocatalytic process. The biocatalytic reaction results in glucose (Glc) oxidation and gluconic acid (GlcA) formation. (E) The electron transfer from a Au electrode to soluble glutathione reductase (GR) mediated by viologen redox relay species covalently tethered to the enzyme with long flexible chains. Note that viologen has a very negative redox potential needed to mediate the reductive biocatalytic process. The biocatalytic reaction results in transformation of the oxidized glutathione (GS-SG) to the reduced glutathione (G-SH). (F) Cyclic voltammograms obtained with a bare (unmodified) Au electrode (a disk of 1.5 mm diameter) measured in the presence of a ferrocene-functionalized GOx (12 ferrocene electron relays per a GOx molecule, shown schematically in (D); 10 mg/mL): (a) in the absence of glucose; (b) and (c) in the presence of 0.8 mM and 5 mM glucose, respectively. A phosphate buffer solution (0.085 M, pH 7.0) was used as a background electrolyte applied under N2 atmosphere. Scan rate was 2 mV/s. (G) Formation of reduced glutathione bioelectrocatalyzed by GR functionalized with viologen mediator units tethered to the enzyme with long flexible chains (see experimental details in [48]. (Part A is adopted from ref. [46] with permission; part F is adopted from [20] with permission.) 
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Figure 5. (A) Non-specific protein adsorption outcomes: (a) Electrostatic attraction of oppositely charged protein residues and electrode surface results in immobilization of the protein in an electroactive orientation, facilitating direct electron transfer between a redox center and the electrode. (b) Protein becomes adsorbed in an orientation that does not facilitate direct electron transfer. (c) Protein does not adsorb to the electrode surface and the direct electron transfer is not possible. (B) Alignment of cytochrome c (Cyt c) at a Au electrode surface functionalized with a promoter self-assembled monolayer. The alignment results in a short distance between the heme active center facilitating the direct electron transfer. (C) The cyclic voltammograms obtained in the presence of Cyt c (0.1 mM): (a) at a bare Au electrode without the protein alignment and with no direct electron transfer; (b) at a modified electrode (as shown in (B)) with the alignment facilitating the direct electron transfer. Potential scan rate is 50 mV s−1. Phosphate buffer (1 mM, pH 7.0) under Ar was used as a background electrolyte. 
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Figure 6. Direct electron transfer from the immobilized cellobiose dehydrogenase (CDH) catalytic domain to an electrode via a covalently linked cytochrome (Cyt) domain. The bioelectrocatalytic current depends on the conformation of the flexible linker. The short electron transfer path resulting in facilitation of the current was realized in the presence of Ca2+ cations. 
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Figure 7. (A) Rudolph A. Marcus, the Nobel Prize in Chemistry (1992) recipient “for his contributions to the theory of electron transfer reactions in chemical systems”. (B) Profile of potential energy (E) surfaces vs. nuclear coordinates (Q) for a reactant, an electron donor (|D〉), and a product, electron acceptor (|A〉), corresponding to an electron transfer reaction: dD and dA—coordinates corresponding to the energy minimum of the reactant and product, respectively; ED and EA minimum energies (redox potentials) of the reactant and product, respectively; ΔG° and ΔG‡—free Gibbs energy change and activation energy, respectively, in the course of the electron transfer reaction; λ—reorganization energy upon transition from the reactant to the product. The equation is the theoretical expression derived by R. A. Marcus for the electron transfer reaction rate dependence on the energy parameters and electron transfer distance (see explanations for all parameters in [75]. (The photo is adopted from Wikipedia, public domain.) 
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Figure 8. (A) Representation of the secondary structure of GOx. The image was obtained with PyMol software, PyMol visualizations are based on the crystal structure of GOx from Aspergillus niger, PDB code 1gal http://www.rcsb.org/pdb/explore/explore.do?structureId=1GAL. (B) Cyclic voltammograms showing oxygen reduction on a glassy carbon electrode modified with multi-walled carbon nanotubes and loaded with GOx: (a) in the absence of glucose, and in the presence of (b) 2 mM, (c) 4 mM and (d) 8 mM glucose. The experiment was performed in 0.1 M phosphate buffer, pH 6.8, in the presence of oxygen (in equilibrium with air) with the potential scan rate of 60 mV s−1. Note that this and similar cyclic voltammograms were erroneously reported as the proof of the DET with GOx. (The figure is adopted from ref. [98] with permission.) 
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Figure 9. (A) Fraser A. Armstrong. (B) Cartoon showing an adsorbed monolayer of protein molecules on an electrode. Electron transfer accompanying a biocatalytic process is shown schematically. (C–E) Voltammograms expected for adsorbed redox couples displaying different types of ET coupling: (C) Reversible ET. (D) Orange trace shows ET coupled to a spontaneous chemical reaction of the reduced form; on this timescale, the reverse chemical process gates electron transfer. Blue trace shows uncoupled ET for comparison. (E) Orange trace shows ET coupled to catalytic regeneration of an oxidized form. Blue trace shows uncoupled ET. (The Armstrong photo is adopted from Wikipedia, public domain; Parts (C–E) were adopted from ref. [140] with permission.) 
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Figure 10. (A) Reconstitution of apo-GOx on FAD-functionalized Au nanoparticles operating as an electronically conducting nano-bridges facilitating electron transfer from the reduced FAD active center to the electrode support. (B) The scanning transmission electron microscopy (STEM) image showing binding of a single Au nanoparticle per the GOx enzyme molecule. (C) The synthetic FAD amino-derivative structure (note an additional amino group connected to the adenine with a spacer composed of two methylene groups). (D) Cyclic voltammograms corresponding to the bioelectrocatalyzed oxidation of glucose by the reconstituted GOx in the presence of different glucose concentrations: (a) 0 mM, (b) 1 mM, (c) 10 mM, (d) 20 mM, and (e) 50 mM. Results were recorded in 0.1 M phosphate buffer (pH 7.0), under Ar, potential scan rate 5 mV s−1. Inset: Calibration plot derived from the cyclic voltammograms at E = 0.6 V vs. SCE. (Part D was adopted from [155] with permission.) 
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Figure 11. (A) Reconstitution of apo-GOx on FAD-functionalized carbon nanotubes operating as an electronically conducting nano-bridges facilitating long-range electron transfer from the reduced FAD active center to the electrode support. (B) Atomic force microscope (AFM) image of the GOx reconstituted on the FAD-functionalized carbon nanotubes monolayer associated with the Au electrode surface. (C) Cyclic voltammograms corresponding to the electrocatalyzed oxidation of different concentrations of glucose by the GOx reconstituted on the 25 nm-long FAD-functionalized carbon nanotube assembly: (a) 0, (b) 20, (c) 60 and (d) 160 mM glucose. Data recorded in phosphate buffer, 0.1 M, pH 7.4, scan rate 5 mV s−1. Inset: Calibration curve corresponding to the amperometric responses of the reconstituted GOx-electrode at E = 0.45 V in the presence of different concentrations of glucose. (Parts B and C were adopted from ref. [156] with permission.) 
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Figure 12. (A) Ribbon diagram of a GOx monomer (from A. niger) with the FAD molecule shown in blue. The amino acid residues targeted for mutagenesis are highlighted as space-filling models: cysteine (yellow), histidine (red), serine (purple), alanine (orange), tyrosine (pink), and glutamate (light blue). The yellow sphere represents an idealized Au nanoparticle (Au-NP) on the same scale as GOx. (B) Schematic drawing of the covalent-binding chemistry of cysteine to a maleimide-modified Au nanoparticle. The molecules are displayed as ball-and-stick: carbon (gray), oxygen (red), nitrogen (blue), and sulfur (yellow). (C) Cyclic voltammograms of H447C-Au-NP conjugates on a gold electrode in the presence (black line) and absence (gray line) of 1 M glucose (N2-saturated buffer, pH 7, 10 mV s−1). The cyclic voltammogram for unconjugated H44C is shown as a dotted line. The H447C-Au-NP conjugates in the presence of glucose exhibit enzymatic glucose oxidation starting at ca. −400 mV. The definition of all used mutants and their abbreviate names can be found in ref. [157]. (The figure was adopted from ref. [157] with permission.) 
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Figure 13. Cartoon representations of the structures of the four different MtCDH variants attached to the electrode surface in different orientations through the cysteine-maleimide bond. The cytochrome domain is shown in purple and the dehydrogenase domain in pale brown. (A) E501C, substrate channel close to electrode (front on); (B) T680C, top of enzyme facing electrode (top on); (C) E653C, right side of substrate channel facing electrode (right side on); and (D) D792C, C-terminus close to electrode (bottom on). The images were obtained with PyMol software based on the crystal structure of MtCDH, PDB code 4QI6. (E) Chemical structure of the whole electrode modification used in this work to immobilize MtCDH variants with a single surface exposed cysteine, with the different components in different colors. (F) Background-corrected catalytic currents at 0.0 V vs. SCE for the four MtCDH variants from parts (A–D) plotted as a function of the glucose concentration. The definition of all used mutants and their abbreviate names can be found in ref. [167]. (The figure was adopted from ref. [167] with permission.) 
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Figure 14. Direct electron transfer anisotropy of a site-specifically immobilized cellobiose dehydrogenase. (A) The enzyme immobilization with a short internal electron transfer path from a catalytic cellobiose dehydrogenase (CDH) domain to a cytochrome (Cyt) mediator domain connected with a flexible spacer. (B) The enzyme immobilization with a long electron transfer path. (C,D) Cyclic voltammograms obtained in the absence (a) and presence (b) of lactose (10 mM) for the enzyme immobilization with the short and long internal electron transfer distances, respectively. (The figure adopted from ref. [168] with permission.) 
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Figure 15. (A) Laccase (multicopper oxidase) site-specific immobilization due to the enzyme binding to the surface-located aromatic species. (B) The electrocatalytic activity of a film of Pycnoporus cinnabarinus laccase lcc3-1 (PcL) on an electrode without aromatic species and random orientation of the adsorbed enzyme (a–b) and on an electrode functionalized with the aromatic species providing orientation of the enzyme favorable for the DET (c–d). Cyclic voltammograms (a) and (c) correspond to the catalytic waves immediately after spotting on laccase solution. Cyclic voltammograms (b) and (d) show the catalytic waves after additional treatment of the modified electrode with a new portion of the enzyme. Potential scan rate was 5 mV s−1. (C) Fructose dehydrogenase site-specific immobilization due to the enzyme binding to the surface-located aromatic species. (D) Cyclic voltammograms measured with fructose dehydrogenase-electrode modified according the scheme shown in (C); in the absence (a) and presence of 10 mM D-fructose (b). The background electrolyte was 50 mM acetic buffer, pH 4.5; potential scan rate was 10 mV s−1. (Part A was adopted from [3] with permission; part B was adopted from [170] with permission; part D was adopted from [178] with permission.) 
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