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There is still a growing interest in developing glucose sensors using glucose oxidase.

Since 2012, over 1000 papers are published every year, while efficient commercial sensors exist on the market. Among those glucose sensors, few have been thought and well-engineered and do not solve the problems associated with glucose oxidase; among which the O2 sensitivity of the enzyme or the competition between O2 and redox mediators for GOx's electrons. Enzyme engineering has been employed to solve those issues but screening GOx in homogeneous solution with O2 as an electron acceptor is not suitable. Very few reports describe the specific reengineering of GOx for electrochemical applications and are the subject of this review. It starts with a brief presentation of glucose oxidase and presents the recent progress in glucose oxidase reengineering by highlighting the kind of engineering/mutations performed to increase its electron transfer rate to electrode surfaces and, to decrease its O2 sensitivity. In addition, the review highlights the need to develop new screening methods involving electrochemical probing, essential to develop the next generation of glucose sensors; specific to glucose, O2 independent, biocompatible and stable over 2 weeks.

Introduction

Since its discovery in 1928, glucose oxidase (GOx) is still one of the most studied enzymes worldwide because of its various industrial applications. [START_REF] Wong | Glucose oxidase: natural occurrence, function, properties and industrial applications[END_REF][START_REF] Bankar | Glucose oxidase--an overview[END_REF][START_REF] Dubey | Improvement Strategies, Cost Effective Production, and Potential Applications of Fungal Glucose Oxidase (GOD): Current Updates[END_REF] GOx can be used for textile bleaching, in the food and baking industry [START_REF] Bonet | Glucose oxidase effect on dough rheology and bread quality: A study from macroscopic to molecular level[END_REF][START_REF] Cruz | Probiotic yogurts manufactured with increased glucose oxidase levels: Postacidification, proteolytic patterns, survival of probiotic microorganisms, production of organic acid and aroma compounds[END_REF][START_REF] Jiang | Reduction of nonenzymatic browing in potato chips and french fries with glucose oxidase[END_REF] or for the production of gluconic acid [START_REF] Reyes-De-Corcuera | Stability and Stabilization of Enzyme Biosensors: The Key to Successful Application and Commercialization[END_REF][START_REF] Savas | Gluconic Acid Production[END_REF] for example. The most well-known application of glucose oxidase is its use in daily and continuous glucose sensors for diabetes management. [START_REF] Heller | Electrochemistry in Diabetes Management[END_REF][START_REF] Heller | Electrochemical glucose sensors and their applications in diabetes management[END_REF][START_REF] Bobrowski | Long-term implantable glucose biosensors[END_REF][START_REF] Bollella | Enzyme based amperometric biosensors[END_REF] GOx may also find applications in glucose/O2 biofuel cell or self-power sensors. [START_REF] Leech | Enzymatic fuel cells: Recent progress Electrochim[END_REF][START_REF] Falk | Biofuel Cells for Biomedical Applications: Colonizing the Animal Kingdom[END_REF][START_REF] Rasmussen | Enzymatic biofuel cells: 30 years of critical advancements[END_REF][START_REF] Mano | O2 Reduction in Enzymatic Biofuel Cells[END_REF][START_REF] Cosnier | Beyond the hype surrounding biofuel cells: What's the future of enzymatic fuel cells?[END_REF][START_REF] Conzuelo | Self-powered bioelectrochemical devices[END_REF] The history of electrochemical glucose sensors is well documented and has been recently reviewed elsewhere. [START_REF] Bobrowski | Long-term implantable glucose biosensors[END_REF][START_REF] Bollella | Enzyme based amperometric biosensors[END_REF][START_REF] Ferri | Review of Glucose Oxidases and Glucose Dehydrogenases: A Bird's eye view of glucose sensing enzymes[END_REF] The greatest benefits of glucose oxidase over other sugars enzymes for bioelectrochemical applications [START_REF] Wilson | Glucose oxidase: An ideal enzyme[END_REF] are its high specificity for glucose, low redox potential (~ -0.42V vs. Ag/AgCl at pH 7.4) [START_REF] Vogt | Determination of the pH Dependent Redox Potential of Glucose Oxidase by Spectroelectrochemistry[END_REF], and good thermostability. The three major drawbacks are the production of H2O2 during the oxidative half-reaction which can decrease the stability of enzymes, the competition between O2 and redox mediators for GOx electrons and the fact that the active redox center in native GOx is deeply buried within the protein preventing direct electron transfer (DET) to electrode surfaces. [START_REF] Wilson | Native glucose oxidase does not undergo direct electron transfer[END_REF][START_REF] Bartlett | There is no evidence to support literature claims of direct electron transfer (DET) for native glucose oxidase (GOx) at carbon nanotubes or graphene[END_REF] Various efforts have been put forward to solve those issues mainly focus on increasing electrode surfaces to enhance current/power densities and/or improving the electrical communication between the redox site of GOx and electrodes surfaces. So many and diverse strategies, more or less successful, have been reported that makes impossible a summary of those methods. Enzyme engineering has also been employed to improve the specific activity, glucose affinity and O2 sensitivity of GOx including ultrahigh-throughput screening. [START_REF] Radivoje | Ultrahigh Throughput Screening System for Directed Glucose Oxidase Evolution in Yeast Cells[END_REF][START_REF] Ostafe | Ultra-High-Throughput Screening Method for the Directed Evolution of Glucose Oxidase[END_REF][START_REF] Petrović | Shuffling Active Site Substate Populations Affects Catalytic Activity: The Case of Glucose Oxidase[END_REF][START_REF] Ning | Enhanced Thermostability of Glucose Oxidase through Computer-Aided Molecular Design[END_REF][START_REF] Kovačević | Development of GFPbased high-throughput screening system for directed evolution of glucose oxidase[END_REF][START_REF] Tu | Improving the thermostability and catalytic efficiency of glucose oxidase from Aspergillus niger by molecular evolution[END_REF][START_REF] Marín-Navarro | Identification and Structural Analysis of Amino Acid Substitutions that Increase the Stability and Activity of Aspergillus niger Glucose Oxidase[END_REF] But, most of those efforts were performed in homogeneous solution using O2 as an electron acceptor and are not suitable for electrochemical applications. In addition, other parameters such as the interaction between GOx and redox mediators were not taken into account. Very few reports describe the specific reengineering of GOx for electrochemical applications and are the subject of this review.

This review is not a review on the use of glucose oxidase in biosensors and biofuel cells neither a review on the electrode materials or redox mediators developed to make these glucose sensors/anodes more efficient. Such topics have been summarized on various occasions. (Table 1) Rather, this is a review on glucose oxidase and how it can be rationally, or not, engineered to better serve glucose sensors/biofuel cells. This review will first start with a brief presentation of glucose oxidase, its property, and structure. Then, I will discuss the few reports aiming at reengineering glucose oxidase either by rational/semi-rational or directed evolution strategies for improved electrochemical applications. Particularly, the kind of engineering/mutations performed to increase the electron transfer rate between GOx and electrode surfaces and to decrease the O2 sensitivity of the enzyme will be presented.

Background

History

In 1928, Müller [START_REF] Muller | Oxidation von glukose mit extratkten aus Aspergillus niger[END_REF] discovered a glucose oxidase (GOx) in Aspergillus niger and Penicillium glaucum. He showed this enzyme could oxidize glucose to gluconic acid in presence of molecular oxygen and to a lesser degree could oxidize mannose and galactose. 10 years later, Franke et al. [START_REF] Franke | Zur Kenntnis der sog. Glucose-oxydase. II, Just. Lieb[END_REF][START_REF] Franke | Zur Kenntnis der sog. Glucose-oxydase. III[END_REF] reported a purer and therefore 80 times more active glucose oxidase than that of Müller. They showed that oxygen was reduced to hydrogen peroxide and that indophenol could be used as hydrogen acceptors. The authors speculated this enzyme could be a flavoprotein. In the '40s, Coulthard et al. [START_REF] Coulthard | Notatin: an Anti-bacterial Glucose-aerodehydrogenase from Penicillium notatum Westling[END_REF] were looking for the substance responsible for the antibacterial properties of Penicillium notatum in presence of glucose. During this work, they obtained a highly purified enzyme initially named penicillin A and later renamed notatin [START_REF] Coulthard | Notatin: an anti-bacterial glucoseaerodehydrogenase from Penicillium notatum Westling and Penicillium resticulosum sp[END_REF] to avoid the confusion with penicillin discovered by Fleming. [START_REF] Fleming | On the Antibacterial Action of Cultures of a Penicillium, with Special Reference to their Use in the Isolation of B. influenzae[END_REF] They demonstrated that notatin was only effective in presence of glucose and O2 and was identical to the enzyme discovered by Müller. Its bactericidal action was attributed to H2O2 produced during the oxidation of glucose. In parallel, two research groups identified an antibacterial substance from the culture media of P. notatum. Van Brugeen et al. [START_REF] Roberts | Penicillin B: an antibacterial substance from Penicillium notatum[END_REF][START_REF] Van Bruggen | Penicillin B : Preparation, Purification, and Mode of Action[END_REF] group as an alloxazine adenine dinucleotide. [START_REF] Keilin | Prosthetic Group of Glucose Oxidase (Notatin)[END_REF] Later, further characterization of this enzyme and its properties [START_REF] Keilin | Properties of glucose oxidase (notatin)[END_REF] showed for example that GOx was highly specific to β-glucose rather than α-glucose.[44]

Sources

GOxs have been identified in many sources, but few have been structurally and kinetically characterized. GOxs was found in insects [START_REF] Eichenseer | Salivary glucose oxidase: Multifunctional roles for Helicoverpa zea[END_REF][START_REF] Ohashi | Expression of amylase and glucose oxidase in the hypopharyngeal gland with an age-dependent role change of the worker honeybee (Apismellifera L.)[END_REF][START_REF] Afshar | Diet-specific salivary gene expression and glucose oxidase activity in Spodoptera exigua (Lepidoptera: Noctuidae) larvae[END_REF], in alga [START_REF] Bean | Carbohydrate oxidase from a red alga, Iridophycus flaccidum[END_REF], in fruits [START_REF] Bean | Carbohydrate Metabolism of Citrus Fruits: II. Oxidation of sugars by an anerohydrogenase from young orange fruits[END_REF] but mainly in fungi including Aspergillus niger, [START_REF] Munk | Glucose oxidase of Aspergillus niger[END_REF][START_REF] Swoboda | Purification and Properties of the Glucose Oxidase from Aspergillus Niger[END_REF][START_REF] Frederick | Glucose oxidase from Aspergillus niger. Cloning, gene sequence, secretion from Saccharomyces cerevisiae and kinetic analysis of a yeast-derived enzyme[END_REF][START_REF] Hecht | Crystal structure of glucose oxidase from Aspergillus niger refined at 2.3 Ã reslution[END_REF] Aspergillus tubingesis, [START_REF] Kriaa | Producing Aspergillus tubingensis CTM507 Glucose oxidase by Solid state fermentation versus submerged fermentation: process optimization and enzyme stability by an intermediary metabolite in relation with diauxic growth[END_REF], A. Flavus [START_REF] Shweta | Isolation and charecterization of Glucose Oxidase (GOD) from Aspergillus flavus and Penicillium sp[END_REF],

A terreus, [START_REF] Arbain | Effects of Selected Medium Components for Production of Glucose Oxidase by a Local Isolate Aspergillus Terreus UniMAP AA-1[END_REF] and various Penicillium species including P. sp [START_REF] Simpson | Isolation, purification and characterization of a novel glucose oxidase from Penicillium sp. CBS 120262 optimally active at neutral pH[END_REF], P. pinophilum [START_REF] Rando | Production, purification and characterization of glucose oxidase from a newly isolated strain of Penicillium pinophilum[END_REF], P.

amagasakiense [START_REF] Kusai | Crystallization of glucose oxidase from Penicillium amagasakiense[END_REF][START_REF] Kalisz | Purification of the glycoprotein glucose oxidase from Penicillium amagasakiense by high-performance liquid chromatography[END_REF][START_REF] Kalisz | Structural and biochemical properties of glycosylated and deglycosylated glucose oxidase from Penicilium amagasakiense[END_REF][START_REF] Kiess | Glucose oxidase from Penicillium amagasakiense. Primary structure and comparison with other glucose-methanol-choline (GMC) oxidoreductases[END_REF][START_REF] Courjean | Recombinant glucose oxidase from Penicillium amagasakiense for efficient bioelectrochemical applications in physiological conditions[END_REF], P. chrysogenum [START_REF] K.-O. Eriksson | Application of high-performance chromatographic and electrophoretic methods to the purification and characterization of glucose oxidase and catalase from penicillium chrysogenum[END_REF][START_REF] Leiter | Penicillium chrysogenum glucose oxidase -a study on its antifungal effects[END_REF], P. notatum [START_REF] Coulthard | Notatin: an anti-bacterial glucoseaerodehydrogenase from Penicillium notatum Westling and Penicillium resticulosum sp[END_REF][START_REF] Kocholaty | Purification and properties of the second antibacterial substance produced by Penicillium notatum[END_REF][START_REF] Gorniak | Isolation and characterization of glcuose oxidase from mycelium and nutrient of Penicillium notatum cultures[END_REF][START_REF] Bhatti | Characterization of glucose oxidase from Penicillium notatum[END_REF], P.

resticulosum [START_REF] Coulthard | Notatin: an anti-bacterial glucoseaerodehydrogenase from Penicillium notatum Westling and Penicillium resticulosum sp[END_REF], P. expansum [START_REF] Kim | Purification of Glucose Oxidase and Catalase Produced by the Apple Blue Mold, Fruit[END_REF], P. fellutanum [START_REF] Manivannan | Effect of Medium Composition on Glucose Oxidase Production by Penicillium fellutanum Isolated from Mangrove Rhizosphere Soil[END_REF], P. funiculosum [START_REF] Semashko | Extracellular Glucose Oxidase of Penicillium funiculosum 46.1[END_REF][START_REF] Eryomin | Quartz Sand as an Adsorbent for Purification of Extracellular Glucose Oxidase from Penicillium funiculosum 46.1[END_REF][START_REF] Sukhacheva | Production of Penicillium funiculosum 433 glucose oxidase and its properties[END_REF], P.

adametzii [START_REF] Eryomin | Isolation and characterization of extracellular glucose oxidase from Penicillium adametzii LF F-2044.1[END_REF], P. vitale [START_REF] Kulys | Oxidation of glucose oxidase from Penicillium vitale by one-and two-electron acceptors[END_REF], P. variabile [START_REF] Garzillo | Production, purification and characterization of glucose oxidase from Penicillium variabile P16[END_REF][START_REF] Petruccioli | Glucose oxidase overproduction by the mutant strain M-80.10 of Penicillium variabile in a benchtop fermenter[END_REF][START_REF] Pulci | The glucose oxidase of Penicillium variabile P16: gene cloning, sequencing and expression[END_REF][START_REF] Crognale | Expression of Penicillium variabile P16 glucose oxidase gene in Pichia pastoris and characterization of the recombinant enzyme[END_REF], from Alternaria alternata [START_REF] Caridis | Simultaneous production of glucose oxidase and catalase by Alternaria alternata[END_REF], from Botrytis cinerea [START_REF] Liu | Purification and characterization of glucose oxidase of Botrytis cinerea[END_REF], Phanerochaete chrysosporium [START_REF] Ramasamy | Lack of lignin degradation by glucose oxidasenegative mutants of Phanerochaete chrysosporium[END_REF][START_REF] Kelley | Purification and characterization of glucose oxidase from ligninolytic cultures of Phanerochaete chrysosporium[END_REF], Pleurotus ostreatus [START_REF] Shin | Purification and characterisation of d-glucose oxidase from white-rot fungus Pleurotus ostreatus[END_REF] and Talaromyces flavus. [START_REF] Kim | Glucose oxidase as the antifungal principle of talaron from Talaromyces flavus[END_REF] Among those enzymes, A. niger and P. amagasakiense have been the most studied.

Overexpression of Glucose Oxidases

To produce a higher amount of enzymes, recombinant GOxs were overexpressed in yeasts (Saccharomyces cerevisiae, Hansenula polymorpha [START_REF] Hodgkins | Expression of the glucose oxidase gene from Aspergillus niger in Hansenula polymorpha and its use as a reporter gene to isolate regulatory mutations[END_REF] or Pichia pastoris) and bacteria (Escherichia coli). S. cerevisiae has been successfully used as a high yield production system for the heterologous production of A. niger [START_REF] Marín-Navarro | Identification and Structural Analysis of Amino Acid Substitutions that Increase the Stability and Activity of Aspergillus niger Glucose Oxidase[END_REF][START_REF] Frederick | Glucose oxidase from Aspergillus niger. Cloning, gene sequence, secretion from Saccharomyces cerevisiae and kinetic analysis of a yeast-derived enzyme[END_REF][START_REF] Whittington | Expression of the Aspergillus niger glucose oxidase gene in A. niger, A. nidulans and Saccharomyces cerevisiae[END_REF][START_REF] Baetselier | A new production method for glucose oxidase[END_REF][START_REF] Park | Expression of glucose oxidase by using recombinant yeast[END_REF][START_REF] Malherbe | Expression of the Aspergillus niger glucose oxidase gene in Saccharomyces cerevisiae and its potential applications in wine production[END_REF][START_REF] Zhu | Making glucose oxidase fit for biofuel cell applications by directed protein evolution[END_REF]. However, it induces heterogeneous hyperglycosylation of the GOx (>67 wt%) which displays a better thermostability but lowest activity compared to the native enzyme. Lehnert et al. have reported an hypoglycosylated GOx mutant but with low activity. [START_REF] Kopetzki | Hypoglycosylated recombinant glucose oxidases[END_REF] Alternatively, a glycosylated deficient strain S. cerevisiae ngd29 has been used leading to lower and more homogeneous glycosylation than the native strain. [START_REF] Lehle | Glycoprotein biosynthesis in Saccharomyces cerevisiae: ngd29, an N-glycosylation mutant allelic to och1 having a defect in the initiation of outer chain formation[END_REF] Much lower glycosylation state (~10 wt%) could be attained for GOx from A. niger [START_REF] Zhou | Cloning and expression of Aspergillus niger glucose oxidase gene in methylotrophic yeast[END_REF][START_REF] Chen | Genetic modification of glucose oxidase for improving performance of an amperometric glucose biosensor[END_REF][START_REF] Yamaguchi | Secretory and continuous expression of Aspergillus niger glucose oxidase gene in Pichia pastoris[END_REF][START_REF] Guo | Cloning and Heterologous Expression of Glucose Oxidase Gene from Aspergillus niger Z-25 in Pichia pastoris[END_REF][START_REF] Kovačević | Cloning, Heterologous Expression, Purification and Characterization of M12 Mutant of Aspergillus niger Glucose Oxidase in Yeast Pichia pastoris KM71H[END_REF][START_REF] Meng | Production and characterization of recombinant glucose oxidase from Aspergillus niger expressed in Pichia pastoris[END_REF][START_REF] Belyad | Expression, characterization and one step purification of heterologous glucose oxidase gene from Aspergillus niger ATCC 9029 in Pichia pastoris[END_REF], from P. amagasakiense [START_REF] Courjean | Recombinant glucose oxidase from Penicillium amagasakiense for efficient bioelectrochemical applications in physiological conditions[END_REF] and from Penicillium variable P16 [START_REF] Crognale | Expression of Penicillium variabile P16 glucose oxidase gene in Pichia pastoris and characterization of the recombinant enzyme[END_REF] overexpressed in P. pastoris with an activity almost identical to the native enzyme. To avoid glycosylation, GOx from A. niger [START_REF] Kriechbaum | Cloning and DNA sequence analysis of the glucose oxidase gene from Aspergillus niger NRRL-3[END_REF][START_REF] Hatzinikolaou | A new glucose oxidase from Aspergillus niger: characterization and regulation studies of enzyme and gene[END_REF][START_REF] Witt | Structural and kinetic properties of nonglycosylated recombinant Penicillium amagasakiense glucose oxidase expressed in Escherichia coli[END_REF] and P. amagasakiense [START_REF] Courjean | Effect of degree of glycosylation on charge of glucose oxidase and redox hydrogel catalytic efficiency[END_REF][START_REF] Suraniti | Uncovering and Redesigning a key amino acid of Glucose Oxidase for Improved Biotechnological Applications[END_REF] were overexpressed in E. coli.

However, contrary to production in yeasts, GOx is produced in apo-form in bacteria and requires an additional reconstitution step with FAD to get the active holo-form. The main parameters of growth (carbon source, the effect of aeration/agitation/pH,..) and GOx production/purification/scale-up have been reviewed elsewhere. [START_REF] Bankar | Glucose oxidase--an overview[END_REF][START_REF] Dubey | Improvement Strategies, Cost Effective Production, and Potential Applications of Fungal Glucose Oxidase (GOD): Current Updates[END_REF][START_REF] Hatzinikolaou | Factors regulating production of glucose oxidase by Aspergillus niger[END_REF] 

Overall Structure and Biochemical features

Glucose oxidase (β-D-glucose: oxygen 1-oxidoreductase, EC 1.1. Crystallized GOx from A. niger (PDB: 1CF3 [START_REF] Wohlfahrt | 1.8 and 1.9 Ã… resolution structures of the Penicillium amagasakiense and Aspergillus niger glucose oxidases as a basis for modelling substrate complexes[END_REF], 1GAL [START_REF] Hecht | Crystal structure of glucose oxidase from Aspergillus niger refined at 2.3 Ã reslution[END_REF], 3QVP [START_REF] Kommoju | Probing Oxygen Activation Sites in Two Flavoprotein Oxidases Using Chloride as an Oxygen Surrogate[END_REF]), P.

amagasakiense (PDB: 1GPE) [START_REF] Wohlfahrt | 1.8 and 1.9 Ã… resolution structures of the Penicillium amagasakiense and Aspergillus niger glucose oxidases as a basis for modelling substrate complexes[END_REF] are homodimeric glycoproteins with relative molecular masses ranging between 147 and 180 kDa depending on the extent of the glycosylation. (Figure 1) The structure of A. niger and P. amagasakiense have been extensively compared and analyzed. [START_REF] Wohlfahrt | 1.8 and 1.9 Ã… resolution structures of the Penicillium amagasakiense and Aspergillus niger glucose oxidases as a basis for modelling substrate complexes[END_REF][START_REF] Nakamura | Comparative studies on the glucose oxidases of Aspergillus niger and penicillium amagasakiense[END_REF] Each monomer has a deeply-buried flavin adenine dinucleotide cofactor (FAD/FADH2) located at ~15Å from the enzyme surface. The FAD is tightly but not covalently bound. Hydrophobic, salts bridges and hydrogen bonds connect the two monomers. A large deep pocket with a dimension of ~10Å×10Å provides access to the active site, which is large enough to accommodate a substrate. GOx dimension is ~ 60Å×52Å×77Å, with a hydrodynamic diameter of 89 Å [START_REF] Courjean | Deglycosylation of glucose oxidase for direct and efficient glucose electrooxidation on a glassy carbon electrode[END_REF] and displays an isoelectric point ~4.3. Tetrameric GOx with four identical subunits has also been reported for B. cinerea (160 kDa) [START_REF] Liu | Purification and characterization of glucose oxidase of Botrytis cinerea[END_REF] and P. ostreatus (290 kDa) [START_REF] Shin | Purification and characterisation of d-glucose oxidase from white-rot fungus Pleurotus ostreatus[END_REF] but X-rays structure have not been solved.

Direct comparison between the biochemical characterization of GOxs is made difficult

because of the different experimental conditions. Most GOxs displays an optimum pH between 5 and 6 and an optimal temperature around 37°C. Some GOxs differ in those properties. For example, GOx from P. notatum displays an optimum temperature at 45°C but is stable in a narrow range of pH 5-5.4. Reported KM values for glucose range between 1.34 mM glucose for GOx from P. ostreatus [START_REF] Shin | Purification and characterisation of d-glucose oxidase from white-rot fungus Pleurotus ostreatus[END_REF], 5,7 mM for P. amagasakiense, [START_REF] Witt | Structural and kinetic properties of nonglycosylated recombinant Penicillium amagasakiense glucose oxidase expressed in Escherichia coli[END_REF] 6.2 mM P. pinophilum [START_REF] Rando | Production, purification and characterization of glucose oxidase from a newly isolated strain of Penicillium pinophilum[END_REF],

10.5mM for P. notatum [START_REF] Bhatti | Characterization of glucose oxidase from Penicillium notatum[END_REF], 10.9mM for T. flavus [START_REF] Kim | Glucose oxidase as the antifungal principle of talaron from Talaromyces flavus[END_REF], ~30mM for A. niger and up to 38 mM for P. chrysosporium. [START_REF] Ramasamy | Lack of lignin degradation by glucose oxidasenegative mutants of Phanerochaete chrysosporium[END_REF][START_REF] Kelley | Purification and characterization of glucose oxidase from ligninolytic cultures of Phanerochaete chrysosporium[END_REF] Compared to GOx from A. niger, GOxs from Penicillium species exhibit more advantageous properties for glucose oxidation. [START_REF] Simpson | Isolation, purification and characterization of a novel glucose oxidase from Penicillium sp. CBS 120262 optimally active at neutral pH[END_REF][START_REF] Rando | Production, purification and characterization of glucose oxidase from a newly isolated strain of Penicillium pinophilum[END_REF][START_REF] Kusai | Crystallization of glucose oxidase from Penicillium amagasakiense[END_REF][START_REF] Sukhacheva | Production of Penicillium funiculosum 433 glucose oxidase and its properties[END_REF] In particular, P.

amagasakiense exhibits a six-fold higher substrate specificity and a four-fold higher catalytic rate constant than GOx from A. niger. [START_REF] Courjean | Recombinant glucose oxidase from Penicillium amagasakiense for efficient bioelectrochemical applications in physiological conditions[END_REF] However, Penicillium species are less stable than the A. niger counterpart.

Glycosylation

Glycosylation can vary between 11 and 30 wt% of the total molecular weight depending on the GOx species and the host choose to overexpress the enzyme. Eight potential Nglycosylation have been identified in A. niger among which at N43, N89, N161, N168, N258, N355, N388, and N473 (Figure 1). [START_REF] Frederick | Glucose oxidase from Aspergillus niger. Cloning, gene sequence, secretion from Saccharomyces cerevisiae and kinetic analysis of a yeast-derived enzyme[END_REF][START_REF] Kalisz | Effects of carbohydrate depletion on the structure, stability and activity of glucose oxidase from Aspergillus niger[END_REF] The carbohydrate moiety is a high mannose and oligomeric polysaccharide attached through asparagine, serine or threonine residues. [START_REF] Takegawa | Effect of deglycosylation of N-linked sugar chains on glucose oxidase from Aspergillus niger[END_REF] In P.

amagasakiense, seven out of the 8 glycosylation sites identified in A. niger are conserved. In both cases, N89 (N93 in P. amagasakiense) is an extended carbohydrate moiety forming a bridge between both monomers. This moiety is providing extra stability of the GOx.

Deglycosylation is essential for the crystallization of GOxs. [START_REF] Kalisz | Crystallization and preliminary X-ray diffraction studies of a deglycosylated glucose oxidase from Aspergillus niger[END_REF] By incubating GOx from A.

niger with endoglycosidase H and α-mannosidase, Kalisz et al. could cleaved 95% of the carbohydrate moieties with no effect on the three-dimensional structure or on the enzyme kinetic properties. [START_REF] Kalisz | Effects of carbohydrate depletion on the structure, stability and activity of glucose oxidase from Aspergillus niger[END_REF] The remaining 5% (~2 kDa) corresponds to 8 mannose and 2 Nacetylglucosamine. A similar decrease was observed for P. amagasakiense. [START_REF] Kalisz | Structural and biochemical properties of glycosylated and deglycosylated glucose oxidase from Penicilium amagasakiense[END_REF][START_REF] Witt | Structural and kinetic properties of nonglycosylated recombinant Penicillium amagasakiense glucose oxidase expressed in Escherichia coli[END_REF] For both species, the remaining carbohydrate chain, unaltered upon deglycosylation, corresponds to N89 or N93.[102]

Substrates and Inhibitors

The greatest advantage and characteristic of GOx is its high specificity to β-glucose. [START_REF] Keilin | Specificity of glucose oxidase (notatin)[END_REF] GOxs species can oxidize other sugars such as D-galactose, D-mannose, 2-deoxy-D-glucose, and D-xylose but at a slower rate. [START_REF] Semashko | Extracellular Glucose Oxidase of Penicillium funiculosum 46.1[END_REF][START_REF] Witt | Structural and kinetic properties of nonglycosylated recombinant Penicillium amagasakiense glucose oxidase expressed in Escherichia coli[END_REF][START_REF] Adams | Specificity of glucose oxidase[END_REF][START_REF] Pazur | The Oxidation of Glucose and Related Compounds by Glucose Oxidase from Aspergillus niger[END_REF][START_REF] Jithendar | Research journal of pharmaceutical, biological and chemical sciences purification, characterization, thermostability and shelf life studies of glucose oxidase from Aspergillus niger PIL7[END_REF] The main inhibitor is hydrogen peroxide which inactivates the enzyme by oxidizing key methionine residues. [START_REF] Kleppe | The Effect of Hydrogen Peroxide on Glucose Oxidase from Aspergillus niger[END_REF][START_REF] Bao | Competitive inhibition by hydrogen peroxide produced in glucose oxidation catalyzed by glucose oxidase[END_REF]. Other inhibitors include gluconic acid [START_REF] Kleppe | The Effect of Hydrogen Peroxide on Glucose Oxidase from Aspergillus niger[END_REF] and divalent cations (Cu 2+ , Cd 2+ , Hg 2+ , Pb 2+ ) for concentration> 50 mM. [START_REF] Rogers | Interaction of halides ions with aspergillus niger Glucose oxidase[END_REF][START_REF] Tongbu | The production of glucose oxidase using the waste myceliums of Aspergillus niger and the effects of metal ions on the activity of glucose oxidase[END_REF] The interaction of monovalent cations with GOx could lead to a compaction of the enzyme resulting in enhanced stability against thermal and urea denaturation. Such a stabilizing effect followed the Hofmeister series. [START_REF] Ahmad | Monovalent cation-Induced conformational chnage in glucose oxidase leading to a stabilization of the enzyme[END_REF] Below 1M, divalent cations such as Ca 2+

or Mg 2+ can stabilize the enzyme while above 2M, they induce dissociation of the GOx. [START_REF] Akhtar | Divalent cation induced changes in structural propertie sof the dimeric enzyme glucose oxidase: duel effect of dimer stabilization and dissociaion with loss of cooperative interactions in enzyme monomer[END_REF] 

FAD binding site

At few exception, the FAD-binding site is almost identical in P. amagasakiense and A.

niger. The active sites residues in A. niger include tyrosines (Y68 and Y515), threonine (T110), arginine (R512), asparagine (N514) and three histidines (H78, H516, and H559), all forming hydrogen bonds with the cofactor (Figure 2). In P. amagasakiense, T110 is replaced by S110, Y515 by W515 and H78 by Q78. [START_REF] Wohlfahrt | 1.8 and 1.9 Ã… resolution structures of the Penicillium amagasakiense and Aspergillus niger glucose oxidases as a basis for modelling substrate complexes[END_REF] It is unknown if such substitutions are the reason for the difference in specificity/activity between both species. Among the two conserved catalytic histidines (His516/His559) in A. niger and (His520/His563) in P. amagasakiense, only one of the histidine (His516/H520) is found in all members of the GMC family. It highlights its crucial importance in the reductive half-reaction to help the formation/stabilization of the anionic superoxide species.

Substrate binding site

Because of the inherent difficulties in getting enzyme-substrate complexes, docking, molecular mechanics and quantum chemical studies were performed to give an insight into the position of glucose within the active site. [START_REF] Wohlfahrt | 1.8 and 1.9 Ã… resolution structures of the Penicillium amagasakiense and Aspergillus niger glucose oxidases as a basis for modelling substrate complexes[END_REF][START_REF] Meyer | Aspects of the mechanism of catalysis of glucose oxidase: A docking, molecular mechanics and quantum chemical study[END_REF] 12 hydrogen bonds and three hydrophobic contacts to three neighboring aromatic residues to FAD stabilize glucose. In A. niger, the O1 hydroxyl group of glucose is located at equidistance between H516 and H559. Glucose molecules form hydrogen bonds with Y68, N514, R512, H516, H559, T110 and are further stabilized by hydrophobic interactions with F414 and W426. (Figure 3) In P. amagasakiense, the involved residues are Y73, S114, F418, W430, R516, N518, H520, and H563. In this enzyme, reports showed that R516 and to a lesser extend N518 are critical amino acids for the binding of glucose. [START_REF] Witt | Conserved arginine-516 of Penicillium amagasakiense glucose oxidase is essential for the efficient binding of glucose[END_REF] 2.9. Electron pathways within Glucose Oxidase

Because of the restricted size of the enzyme pocket, it has been hypothesized that the size of some redox mediators was too large to reach the active site pocket of GOx, implying that long-range electron transfer throughout the protein should take place. Alvarez-Icaza et al. [START_REF] Alvarez-Icaza | The design of enzyme sensors based on the enzyme structure[END_REF] performed modeling studies using the X-rays structure of GOx from Aspergillus niger.

[53] The authors identified three putative pathways linking the FAD to the enzyme surface. The first pathway end at R95 near the interface between the two monomers and may not be accessible for redox mediators, whatever their size/polarity. The second pathway emerges at D573 near the C terminus of the enzyme and was used by Hall et al. to immobilize GOx on a modified glassy carbon electrode. [START_REF] Demim | Breaking the barrier to fast electron transfer[END_REF] Predictions indicated that the third pathway was the most probable even if it ends at C164 and is surrendered by N161 and N 168 when the enzyme is glycosylated. Electrons would leave the FAD to reach a T110 continuing to W111, then the side chain of E144, to H165 to finally reach C164.(Figure 4A) Interestingly, a similar pathway exists in GOx from P. amagasakiense (Figure 4B, in yellow). However, no experimental evidence is available to confirm the existence of such pathways.

Glucose oxidation mechanism

Deciphering the mechanism of glucose oxidation has been the subject of intense research. It is admitted that glucose oxidation follows a Ping-Pong Bi-Bi mechanism [START_REF] Segel | Enzyme Kinetics: Behavior and Analysis of Rapid Equilibrium and Steady-State Enzyme Systems[END_REF] since the 70's [START_REF] Gibson | Kinetics and mechanism of action of glucose oxidase[END_REF][START_REF] Swoboda | The relationship between molecular conformation and the binding of flavin adenine dinucleotide in glucose oxidase[END_REF][START_REF] Bright | The pH Dependence of the Individual Steps in the Glucose Oxidase Reaction[END_REF][START_REF] Weibel | The glucose oxidase mechanism. Interpretation of the pH dependence[END_REF][START_REF] Stankovich | Determination of glucose oxidase oxidation-reduction potentials and the oxygen reactivity of fully reduced and semiquinoid forms[END_REF]. Since then, our understanding has considerably evolved, and several reviews have summarized the detailed kinetic mechanism of GOx, even though some questions remain unanswered. [START_REF] Dijkman | Flavoprotein oxidases: Classification and applications[END_REF][START_REF] Wohlfahrt | The chemical mechanism of action of glucose oxidase from Aspergillus niger[END_REF][START_REF] Leskovac | Glucose Oxidase from Aspergillus Niger: The mechanism of action with molecular oxygen, quinones, and oneelectron acceptors[END_REF][START_REF] Mattevi | To be or not to be an oxidase: challenging the oxygen reactivity of flavoenzymes[END_REF] The work of Klinman and co-workers [START_REF] Su | Nature of oxygen activation in glucose oxidase from Aspergillus niger: The importance of electrostatic stabilization in superoxide formation[END_REF][START_REF] Klinman | Life as aerobes: are there simple rules for activation of dioxygen by enzymes?[END_REF][START_REF] Roth | Catalysis of electron transfer during activation of O2 by the flavoprotein glucose oxidase[END_REF][START_REF] Roth | Oxygen isotope effects on electron transfer to O2 probed using chemically modified flavins bound to glucose oxidase[END_REF][START_REF] Klinman | How do enzymes activates oxygen without inactivating themselves[END_REF] who studied in details the O2 reactivity of flavoproteins is of particular interest. [START_REF] Massey | Activation of molecular oxygen by flavins and flavoproteins[END_REF][START_REF] Prabhakar | A theoretical study of dioxygen activation by glucose oxidase and coper amine oxidase[END_REF][START_REF] Gadda | Oxygen Activation in Flavoprotein Oxidases: The Importance of Being Positive[END_REF] Glucose oxidation (Figure 5) occurs in two sequential reductive (Eq 1) and oxidative half-reactions (Eq 2). In the reductive half-reaction, β-D-glucose is oxidized to D-glucono-δlactone further non-enzymatically hydrolyzed to gluconic acid. In the oxidative half-reaction, molecular oxygen, the natural co-substrate of the enzyme, enter the active site after the release of D-glucono-δ-lactone and is reduced to hydrogen peroxide.

Mechanistically, for the reductive half-reaction (Figure 6), glucose is first replacing a water molecule (W110) within the oxidized active site simultaneously with the departure of a proton from His516. This residue, acting as a Lewis base, is a key residue involved during the oxidative half-reaction. [START_REF] Roth | Oxygen isotope effects on electron transfer to O2 probed using chemically modified flavins bound to glucose oxidase[END_REF] Then a concerted hydride anion and proton transfer respectively from the C1-substrate to the N5-flavin and to His516 is occurring. A new molecule of water then replaced D-glucono-δ-lactone. It results in transferring two protons and two electrons at the site of the reduced flavin and the protonated histidine. The proper acidity of the active site is presumably maintained by E412. A remote R224 could also play a role in promoting the electron/proton transfer from the glucose to the FAD. [START_REF] Deng | The remote arginine promoting the dehydrogenation of glucose in glucose oxidase via a proton-coupled double-electron transfer mechanism[END_REF] In the oxidative half-reaction, two protons and two electrons are transferred from the reduced FAD to molecular oxygen via two single electron transfer steps, yielding hydrogen peroxide and regenerating the oxidized state of the enzyme. In all GOx structures, a water molecule is present in the active site located 2.8 Å from His516 (Figure 7). During the reaction of the reduced enzyme with O2, it may offer a preorganized binding site for the superoxide species. It would, therefore, be necessary that O2 diffuse to the active site and displaces the water molecule. Whether O2 reaches the active site by protein breathing [START_REF] Mattevi | To be or not to be an oxidase: challenging the oxygen reactivity of flavoenzymes[END_REF] or through defined channels guiding O2 to the C(4a) atom of the reduced flavin [START_REF] Piubelli | On the oxygen reactivity of flavoprotein oxidases: an oxygen access tunnel and gate in brevibacterium sterolicum cholesterol oxidase[END_REF][START_REF] Leferink | Identification of a Gatekeeper Residue That Prevents Dehydrogenases from Acting as Oxidases[END_REF][START_REF] Baron | Multiple pathways guide oxygen diffusion into flavoenzyme active sites[END_REF] as yet to be determined.

Recent structural analysis has suggested that a non-polar site, near the protonated His, is likely to be a feature of flavoprotein oxidases and would be a critical feature to accommodate O2. [START_REF] Gadda | Oxygen Activation in Flavoprotein Oxidases: The Importance of Being Positive[END_REF] In GOx from A. niger, it would be V560 and V564 in P. amagasakiense. All experimental attempts to identify O2 within the active site, even by using chloride anions as a surrogate, have been unsuccessful so far. [START_REF] Kommoju | Probing Oxygen Activation Sites in Two Flavoprotein Oxidases Using Chloride as an Oxygen Surrogate[END_REF] After diffusion and binding of O2, the transfer of the first electron results in the formation of a thermodynamically unfavorable O2 -• /flavin semiquinone pair stabilized through electrostatic or hydrogen-bond by the positively charged His516. (Figure 8)

The protonation state of His516 is crucial at this step. [START_REF] Petrović | Shuffling Active Site Substate Populations Affects Catalytic Activity: The Case of Glucose Oxidase[END_REF][START_REF] Su | Nature of oxygen activation in glucose oxidase from Aspergillus niger: The importance of electrostatic stabilization in superoxide formation[END_REF][START_REF] Klinman | How do enzymes activates oxygen without inactivating themselves[END_REF][START_REF] Kohen | Effects of protein glycosylation on catalysis: changes in hydrogen tunneling and enthalpy of activation in the glucose oxidase reaction[END_REF][START_REF] Seymour | Comparison of rates and kinetic isotope effects using PEGmodified variants and glycoforms of glucose oxidase: the relationship of modification of the protein envelope to C-H activation and tunneling[END_REF] Such stabilization prevents the accumulation of toxic reactive species and permits the transfer of a second electron/proton leading to the formation of H2O2. During this reaction, the rate-limiting step is the transfer of the first electron.

Wohlfahrt et al. summarized in details the kinetic with various quinone derivatives. [START_REF] Wohlfahrt | The chemical mechanism of action of glucose oxidase from Aspergillus niger[END_REF] Modeling studies showed that the oxidative half-reaction occurs in two electron transfer steps.

(Figure 9) The first step is a hydride anion transfer to one of the quinone, reorienting the substrate within the active site, followed by a proton transfer to His516. For redox mediators only able to exchange one electron at a time, the oxidative half-reaction occurs in multiple steps.

This is only true if O2 does not compete with the redox mediator for glucose oxidase electrons.

Redesigning Glucose Oxidase

Most of the engineering work on glucose oxidase has been performed in homogeneous solution either to decipher the glucose oxidation mechanism or to tune the selectivity of the enzyme. Few reports describe the redesign of glucose oxidase by enzyme engineering for bioelectrochemical applications. Among those reports three strategies were adopted: rational or semi-rational strategies, directed evolution or a combination of those methods. [START_REF] Wong | Protein engineering in bioelectrocatalysis[END_REF][START_REF] Güven | Protein Engineering -An Option for Enzymatic Biofuel Cell Design[END_REF][START_REF] Caruana | Biosensors and biofuel cells with engineered proteins[END_REF] Rational or semi-rational strategies require the knowledge of the 3D structure of the enzyme while directed evolution do not, but will require a reliable screening process. In the following paragraphs is described the attempt to redesign GOx with the aim to increase the rate of electron transfer between GOx and the electrode surfaces and/or decrease the O2 sensitivity of the enzyme.

Most of the work has been reported with GOx from A. niger or P. amagsakiense and this review will be focused on those enzymes. We can note that a different glucose oxidase from Penicillium pinopilum [START_REF] Rando | Production, purification and characterization of glucose oxidase from a newly isolated strain of Penicillium pinophilum[END_REF] displaying a low KM for glucose (6.2 mM) was used to build a glucose/O2 biofuel cell to maximize the power density at low glucose concentration. [START_REF] Mano | A 280 microW cm -2 biofuel cell operating at low glucose concentration[END_REF] In presence of 5mM glucose concentration, the power density with the new enzyme was 3.1 fold higher than a biofuel cell prepared with GOx from A. niger.

Increasing the rate of electron transfer

One of the main difficulties in bioelectrochemistry is to properly connect enzymes onto electrodes surfaces to increase the rate of electron transfer. This is true for GOx but also for any enzymes. Electrons and holes can be tunneled over ~14Å. [START_REF] Marcus | On the theory of oxidation-reduction reactions involving electron transfer[END_REF][START_REF] Marcus | Electron transfers in chemistry and biology[END_REF] The rate of electron transfer increases by 2.71 each time the distance between enzymes and electrodes is decreased by 0.8 Å. Shortening the distance between the redox centers of the enzyme and the electrode surface is, therefore, the easiest way to increase the rate of electron transfer. In direct electron transfer, it can only be done if the enzyme is properly oriented and/or if the enzyme is engineered to bring the redox center close to the electrode surface. In mediated electrode system, it can be done by using properly engineered redox mediators (gold nanoparticles, osmium redox polymer,..) splitting the distance that holes and electrons need to travel, and increasing the rate of tunneling. The following part presents various strategies employed to electrically connected GOx onto electrodes surfaces aiming at enhancing electron transfer rate.

Rational or semi-rational strategy

Effect of the orientation

It has been hypothesized that one of the shortest electron transfer route from the redox site of GOx to the enzyme surface exits at N577, near the C terminus. [START_REF] Alvarez-Icaza | The design of enzyme sensors based on the enzyme structure[END_REF] Therefore, Hall et al. [START_REF] Demim | Breaking the barrier to fast electron transfer[END_REF] proposed to orient GOx to the electrode surface via the C end of the protein. They produced a non-glycosylated GOx from P. amagasakiense [START_REF] Witt | Structural and kinetic properties of nonglycosylated recombinant Penicillium amagasakiense glucose oxidase expressed in Escherichia coli[END_REF] and added at the C-terminus an hexa histidine sequence to specifically orient the enzyme on nitrilotriacetic acid functionalized glassy carbon electrode. They measured a 350 s -1 electron transfer rate under N2 conditions and 160 s -1 in O2 conditions. The competition with O2 explained the difference in the rate constant. The authors hypothesized that the high electron transfer rate may be due to the bent conformation of the FAD within the enzyme upon immobilization on the electrodes surface. With the same philosophy, Chung et al. [START_REF] Bong | A glucose sensor comprising glucose oxidase variant in[END_REF] have reported genetically engineered GOx mutants tagged with arginine for improved attachment to metal surfaces.

The use of nanoparticles

Metallic particles, including gold nanoparticles (AuNPs), are now used in bioelectrochemical systems to provide for a higher specific surface, better enzyme orientation, enhance electron transfer or a combination of each. [START_REF] Kizling | Gold nanoparticles in bioelectrocatalysis -The role of nanoparticle size[END_REF][START_REF] Pankratov | The influence of nanoparticles on enzymatic bioelectrocatalysis[END_REF] Most of the reported work on GOx consists in the addition of metallic particles within polymeric matrixes [START_REF] German | The use of different glucose oxidases for the development of an amperometric reagentless glucose biosensor based on gold nanoparticles covered by polypyrrole[END_REF] or the direct attachment of GOx on Pt [START_REF] Trifonov | Enzymatic self-wiring in nanopores and its application in direct electron transfer biofuel cells[END_REF] or gold particles [START_REF] Malel | Direct Electron Transfer between Glucose Oxidase and Gold Nanoparticles; When Size Matters[END_REF][START_REF] Ramanavicius | Evaluation of Electron Transfer in Electrochemical System Based on Immobilized Gold Nanoparticles and Glucose Oxidase[END_REF] to shorten the distance between the FAD/FADH2 and electrode surfaces. But, such methodologies do not allow the control of the amount of enzyme attached to the AuNps neither their specific orientation.

Willner et al. reported the first rational approach to the use of AuNps. Around the year 2000, they developed a strategy aiming at improving the electrical connection between enzymes and electrodes by aligning enzymes on electrodes surface by reconstituting apo-enzymes on FAD or PQQ/FAD based monolayers. [START_REF] Riklin | Improving enzyme-electrode contacts by redox modification of cofactors[END_REF][START_REF] Willner | Electrical Wiring of Glucose Oxidase by Reconstitution of FAD-Modified Monolayers Assembled onto Au-Electrodes[END_REF][START_REF] Zayats | Electrical Contacting of Glucose Oxidase by Surface-Reconstitution of the Apo-Protein on a Relay-Boronic Acid-FAD Cofactor Monolayer[END_REF][START_REF] Raitman | Integration of Polyaniline/Poly(acrylic acid) Films and Redox Enzymes on Electrode Supports: An in Situ Electrochemical/Surface Plasmon Resonance Study of the Bioelectrocatalyzed Oxidation of Glucose or Lactate in the Integrated Bioelectrocatalytic Systems[END_REF][START_REF] Willner | Integrated nanoparticle-biomolecule systems for biosensing and bioelectronics[END_REF] They extended their concept by incorporating non-diffusing and bounded nanoparticles which could act as a relay between enzymes and electrodes. In 2003, Xiao et al. [START_REF] Xiao | Plugging into Enzymes " : Nanowiring of redox enzymes by a gold particles[END_REF] reported the reconstitution of an apo-GOx from A niger on 1.4 nm gold AuNP functionalized with FAD.(Figure 10A) This work is the first example allowing the specific and control immobilization of one, and only one AuNp, per enzyme.(Figure 10B) The electron transfer rate of the reconstituted bioelectrocatalyst was 5000 per second, 7 fold higher than the native enzyme with its O2 natural co-substrate. This is the highest rate reported so far in the literature. But the oxidation of glucose (Figure 10C) under N2 saturated conditions occurred at very large overpotentials (~+0.7 V vs Ag/AgCl).

Holland et al. have taken an additional step forward allowing not only the control of the number of immobilized AuNps on GOx and their specific position on the enzyme. (Figure 11A)

They were the first to attach their AuNps to the surface of GOx via protein re-engineering. [START_REF] Holland | Engineering of Glucose Oxidase for Direct Electron Transfer via Site-Specific Gold Nanoparticle Conjugation[END_REF] Glucose oxidase was genetically modified to display a free cysteine near its active site to ease the site-specific attachment of a modified gold nanoparticle to the enzymes, enabling DET between the enzyme and the electrode. The authors used an earlier develop double mutant GOx from A niger (T56V/T132S) overexpressed in S. cerevisiae and displaying better catalytic properties than the native enzyme. [START_REF] Holland | Rational Redesign of Glucose Oxidase for Improved Catalytic Function and Stability[END_REF] They mutated to valine one free cysteine present near the active site of the enzyme (C521) to prevent unwanted AuNPs attachment. It resulted in the triple mutant (T56V/T132S/C521V). Cys residues were then introduced on 5 positions ranging from 13.8 Å to 28.5 Å from the FAD by site-directed mutagenesis. 1.4nm maleimide-modified gold nanoparticle could then react with the different mutants. They observed a dramatic decrease in activities for all mutants. The most promising mutant H447C, with the shortest distance between the FAD and Cys, was tested electrochemically by drop casting modified GOx onto the gold electrode (Figure 11B). In the presence of 1 mM glucose in N2 saturated buffer, the authors observed an onset of glucose oxidation at -0.4V vs. Ag/AgCl, only 60 mV more oxidizing than the -0.46V vs. Ag/AgCl redox potential of the FAD/FADH2 at pH 7.9. Indicating that AuNps enable direct electrical connection to the electrode surface. In the two works cited above, experiments were performed under Ar. Therefore it is not clear if AuNps permits increasing so much the rate of electron transfer so it prevents/decreases the competitive reaction with O2. Finally, this strategy is considered to be DET in the literature. However, since gold particles are acting as a shuttle of electrons between the redox centers of the enzyme and the electrode surfaces, this author thinks it would rather be MET.

Deglycosylation

Glycosylations act as an insulating membrane and increase the distance the electrons need to travel to reach the electrode surface. Deglycosylation permits shortening this distance and has only minor effects on GOx activity in homogeneous solution. [START_REF] Hecht | Crystal structure of glucose oxidase from Aspergillus niger refined at 2.3 Ã reslution[END_REF][START_REF] Kalisz | Structural and biochemical properties of glycosylated and deglycosylated glucose oxidase from Penicilium amagasakiense[END_REF][START_REF] Courjean | Effect of degree of glycosylation on charge of glucose oxidase and redox hydrogel catalytic efficiency[END_REF][START_REF] Kalisz | Effects of carbohydrate depletion on the structure, stability and activity of glucose oxidase from Aspergillus niger[END_REF][START_REF] Kalisz | Crystallization and preliminary X-ray diffraction studies of a deglycosylated glucose oxidase from Aspergillus niger[END_REF][START_REF] Kohen | Effects of protein glycosylation on catalysis: changes in hydrogen tunneling and enthalpy of activation in the glucose oxidase reaction[END_REF] In 1989, Kalisz et al. [START_REF] Kalisz | Elektrode mit deglykosyliertem glykoprotein-enzym und deren verwendung[END_REF] reported a deglycosylated GOx from P. amagasakiense oxidizing glucose at 0V vs. Ag/ AgCl on graphite electrode. Later, Gratzel et al. [START_REF] Fraser | Mediation of glycoslated and partiallydeglycosylated glucose oxidase of Aspergillus niger by a ferrocene-derivatised detergent[END_REF] reported the immobilization of a partially deglycosylated GOx from A. niger in combination with a ferrocene derivatives redox mediator on a graphite electrode. They observed a 100 fold increase in the second-order rate constant compared to a non-deglycosylated GOx, indicating a better electron transfer.

Courjean et al. [START_REF] Courjean | Deglycosylation of glucose oxidase for direct and efficient glucose electrooxidation on a glassy carbon electrode[END_REF] reported a purified and nearly fully deglycosylated GOx from A.

niger. Upon immobilization on glassy carbon electrode, a strong and reversible peak attributed to the FAD/FADH2 redox centers at -0.49V vs. Ag/AgCl was observed. This signal could not be due to FAD impurities since the GOx was purified. [START_REF] Bartlett | There is no evidence to support literature claims of direct electron transfer (DET) for native glucose oxidase (GOx) at carbon nanotubes or graphene[END_REF] In presence of 45 mM glucose, a current of 235 μA.cm -2 was reached in a 20 mM phosphate buffer pH7.4 while no current was observed with the native and fully glycosylated GOx. Deglycosylation permits to efficiently decrease the distance between the redox centers of the GOx and the electrode surface, yielding an electrically connected GOx able to oxidize glucose. A closer look at the catalytic CV shows a half wave potential of -0.4V vs. Ag/AgCl, more oxidizing than expected. Therefore, it is not excluded that the catalysis observed is due in part by some FAD molecules leaving the redox centers and acting as a shuttle of electrons between the electrode and the enzyme. Particularly since a mixture of globular and butter-fly shaped GOx were observed by atomic force microscopy on the electron surface. While it is clear that native and glycosylated GOx cannot undergo DET, [START_REF] Bollella | Enzyme based amperometric biosensors[END_REF][START_REF] Wilson | Native glucose oxidase does not undergo direct electron transfer[END_REF][START_REF] Bartlett | There is no evidence to support literature claims of direct electron transfer (DET) for native glucose oxidase (GOx) at carbon nanotubes or graphene[END_REF] whether DET is feasible or not with deglycosylated GOx is still the subject of intense debate. [START_REF] Luong | Achievement and assessment of direct electron transfer of glucose oxidase in electrochemical biosensing using carbon nanotubes, graphene, and their nanocomposites[END_REF] To decrease the tunneling distance between GOx and redox mediators, Prévoteau et al. [START_REF] Prévoteau | Deglycosylation of glucose oxidase to improve biosensors and biofuel cells[END_REF] immobilized deglycosylated GOx from A. niger within osmium based redox polymers on glassy carbon electrodes. Heller and co-workers pioneered osmium based redox polymers acting as a shuttle of electrons between the FAD/FADH2 redox centers and the electrode surface. [START_REF] Heller | Electrical wiring of redox enzymes[END_REF][START_REF] Gregg | Redox polymer films containing enzymes. 1. A redox-conducting epoxy cement : synthesis, characterisation, and electrocatalytic oxidation of hydroquinone[END_REF][START_REF] Gregg | Redox polymer films containing enzymes. 2. glucose oxidase containing enzymes electrodes[END_REF][START_REF] Heller | Electrical Connection of Enzyme Redox Centers to Electrodes[END_REF] It permits yielding electrically connected GOx in three-dimensional redox hydrogels whatever their orientation. It is done by creating an electrostatic adduct between negatively charged GOx and positively charged osmium polymer at pH 7, which can be further cross-linked to offer better stability. The mobility of the osmium complexes that can collide by segmental collisions between oxidized and reduced state induces electron conduction within those hydrogels. [START_REF] Heller | Electron-conducting redox hydrogels: design, characteristics and synthesis[END_REF][START_REF] Mano | Electro-oxidation of glucose at an increased current density at a reducing potential[END_REF][START_REF] Ruff | Redox polymers in bioelectrochemistry: Common playgrounds and novel concepts[END_REF]. The glucose oxidation current was 38% higher when deglycosylated GOx was used compared to the native GOx. But, the increase in current was because of a better interaction between the enzyme and the redox polymer leading to a more efficient hydrogel structure, rather than due to an increase in the rate of electron transfer between the GOx redox site and the osmium polymer.

To further explore the impact of glycosylations, different GOx with various degree of glycosylation, and resulting in different molecular weight, were produced by the same authors:

GOx from P. amagasakiense overexpressed either in E. coli (132 kDa), in P. pastoris (155 kDa), or overexpressed in P. pastoris and deglycosylated (139 kDa) and GOx from A. niger (158 kDa) which was used as a control. [START_REF] Courjean | Effect of degree of glycosylation on charge of glucose oxidase and redox hydrogel catalytic efficiency[END_REF] All GOx showed the same activity in homogeneous solution. To find whether the charge and /or the size of the GOx affect the hydrogel structure and dictate the current, the authors modified electrodes with osmium based redox polymers and each GOx. They found none correlation between the magnitude of the current density and the size of the enzyme. The controlling parameter was the surface charge of the enzyme, regardless of its size. (Figure 12) The work cited in this paragraph illustrates that downsizing the GOx's dimension allows for a better electron transfer. But this increase in rate constant is not necessarily because of a decrease distance between the FAD/FADH2 redox site and the redox mediators/electrode surface. It can be due to better binding between the GOx and the redox mediator.

Increasing the interaction between glucose oxidase and redox mediators.

In 2002, Cass et al. [START_REF] Chen | Genetic modification of glucose oxidase for improving performance of an amperometric glucose biosensor[END_REF] genetically modified a recombinant GOx from A. niger with a peptide chain linked on one side at the C terminal and to a polylysine chain at the other end.

(Figure 13) A positively and hydrophilic chain was chosen to avoid its folding onto the GOx, potentially affecting its native structure. With such a strategy, the authors expected to anchor more redox mediator to the mutant enzyme compared to a non-modified GOx by introducing a specific binding between them. The modified mutant exhibited the same kinetics characteristics than the native enzyme. Screen printed electrodes prepared with the new mutant displayed a two-fold increase in current at 50 mM glucose and better stability compared to the native enzyme, illustrating a better interaction between the redox mediator and the mutant GOx.

While enzyme purification is a common practice in molecular biology/enzymology, it is not always the case in bioelectrochemistry. Gao et al. [START_REF] Gao | An improved glucose/O2 membrane-less biofuel cell through glucose oxidase purification[END_REF] investigated the effect of the purity of a commercial GOx from A. niger on the glucose oxidation current when osmium based redox polymers were used as redox mediators. In presence of 5mM glucose in an O2 saturated pH7.2 buffer at 37°C, the oxidation current was three-fold higher when a purified GOx was used compared to a non-purified enzyme. This was explained by a better interaction between the purified GOx and the redox polymer allowing to maximize the electron transfer to the osmium complexes rather than to O2.

In order to further increase the interaction between osmium based redox polymers and GOx from P. amagasakiense, Suraniti et al. [START_REF] Suraniti | Uncovering and Redesigning a key amino acid of Glucose Oxidase for Improved Biotechnological Applications[END_REF] rationally redesigned the entrance pocket of the enzyme. The authors found that while GOx from P. amagasakiense exhibited better kinetics than GOx A. niger in homogeneous solution, once immobilized within osmium based redox polymer, its glucose oxidation current was 35% lower. They attributed this difference by the absence of negatively charged amino acids around the entrance pocket of GOx from P.

amagasakiense compared to A. niger.(Figure 14) They speculated that negatively charged residues in A. niger permitted increasing the electron transfer by favoring the interaction between the positively charged osmium complexes and the enzyme. Therefore, the author redesigned the entrance pocket of GOx from P. Amagasakiense overexpressed in E.coli to make it more negative. Site-directed mutations and their combination were performed on 4 residues; K424, Q75, Q184, and G423 either with E or D to keep the size of the amino acid constant. All mutants displayed the same activity in homogeneous solution. Modified electrodes were prepared and tested electrochemically with 1 mM glucose in a 20 mM phosphate pH 7 at 37°C, under Ar and O2. Only the K424E mutation resulted in a significant enhancement in the current.

Under Ar, the oxidation current for an electrode made with the K424E mutant increased 2.4 fold and 1.4 fold under O2 compared to the native enzyme. The substitution of a K by a E in position 424 placed a negative charge next to the entrance of the active site increasing the interaction between the positively charges osmium and the enzyme. Those results illustrate that by redesigning the entrance pocket of the enzyme and by making it more negative, one can get a better interaction between the Os and the GOx, thereby enhancing the rate of electron transfer.

But, this study illustrates that this increase is still not fast enough to compete with O2.After such redesign, the current was 1.8 fold higher for an electrode made with GOx P. amagasakiense compared to GOx A. niger. More attempts to increase the negative charges around the entrance pocket led to a sharp decrease in current density, indicating that 424 was a key and unique position. This work suggest that there may be a pathway linking the FAD to the outer surface of the enzyme through position 424. Such mutant was also used with success with other positively charged redox mediators. [START_REF] González-Arribas | Transparent and Capacitive Bioanode Based on Specifically Engineered Glucose Oxidase[END_REF] This work shows that minor remodeling can have a huge impact on the current and that not all effort should be dedicated to doing mutations near the active site. It highlights that the interaction between redox mediators and enzyme must be carefully engineered.

In 2018, Arango Gutierrez et al. [START_REF] Gutierrez | How to engineer glucose oxidase for mediated electron transfer[END_REF] combined theoretical and docking modeling, to study the interaction of three redox mediators, two quinone diimine redox mediators differing in their polarity and ferrocenemethanol, within the active site of GOx. They used a sextuple mutant previously discovered [START_REF] Gutierrez | How to engineer glucose oxidase for mediated electron transfer[END_REF] and performed saturated site-directed mutation on position 414. Four beneficial mutations (Y, M, L, V) and particularly the substitution of I by Y lead to a 4.8 fold increase activity for the more polar redox mediator. They showed that the two quinone diimine mediators preferentially bind in the active site of the GOx, 3.5 Å away from the N5 atom of the FAD. They concluded that position 414 modulates the electron shuttling from the FAD to the redox mediators depending on their size/polarity. (Figure 15)

Directed evolution

In 2012, Holland et al. rationally redesigned a glucose oxidase for improved catalytic activity and stability by combining the benefits of GOx from A. niger and GOx from P.

amagasakiense. [START_REF] Holland | Rational Redesign of Glucose Oxidase for Improved Catalytic Function and Stability[END_REF] By comparing their gene, they identified 17 residues differing between the two GOx species, particularly between the FAD-binding region and their active site. 15 residues selected in A. niger were subjected to site-directed mutation or saturation mutagenesis to mirror comparable residues in P. amagasakiense. A library of 4800 mutants was obtained among which 1200 were first screened colorimetrically than electrochemically because electrochemical probing on 4800 mutnats would be to lenghty. Electrochemical experiments were performed by recording the reduction of H2O2 on a Pt electrode poised at +600 mV vs.

Ag/AgCl and immersed in a buffer containing GOx. Four mutants (T110SS, T110S/T34V, V20Y, T110S/V20Y) displayed a 3 to 4.5 fold improvement in the catalytic rate constant as determined electrochemically. The authors attributed the highest activity recorded for the T110S mutant by the replacement of the threonine by a smaller residue reducing the steric hindrance near the isoalloxazine ring and therefore favoring the stabilization of the peroxy adduct.(Figure 16) The authors did not excluded either that such mutation may affect glucose oxidation since it has been hypothesized that T110S could be a ligand for the binding of glucose. [START_REF] Meyer | Aspects of the mechanism of catalysis of glucose oxidase: A docking, molecular mechanics and quantum chemical study[END_REF] The effect of the V20Y and T34Y mutations are unknown. This work illustrates that electrical connection has been improved but concomitant with an improved O2 reduction.

It also demonstrates that electrochemical screening is a valuable tool to identify new improved mutants but is, today, a lengthy process and unsuitable for the screening of thousands of mutants.

Schwaneberg et al. [START_REF] Zhu | Making glucose oxidase fit for biofuel cell applications by directed protein evolution[END_REF] reported the first overall strategy aiming at tailoring GOx from A. niger overexpressed in S. cerevisiae for electrochemical applications. They first developed a screening system in homogeneous solution based on the detection of gluconic acid rather than H2O2. Therefore, this method allows the screening of GOxs without using O2 as an electron acceptor. They identified a mutant I94V which was 1.3 times more active for glucose oxidation but was 1.5 fold more active for O2 consumption than the WT GOx.(Figure 17) One year later [START_REF] Zhu | Directed evolution of glucose oxidase from aspergillus niger for ferrocenemethanol mediated electron transfer[END_REF], they developed a mediated screening system for the directed evolution of GOx in homogeneous solution in 96 well screening plate with ferrocenemethanol as a redox mediator.

Among the 4000 screened GOx mutants, a double mutant (T30S/I94V) exhibited a 1.9 times increase in enzymatic activity in presence of the redox mediator, increased thermostability and pH stability at basic pH when compared to the native WT, while KM for glucose remained unchanged. But, the double mutant exhibits the same oxygen consumption when compared to the wild type GOx. They further characterized the electrochemical properties of this new mutant by embedding it in a poly(vinylferrocene-co-2-hydroxyethylmethacrylate) redox polymer. [START_REF] Yu | Electrochemical Oxidation of Glucose Using Mutant Glucose Oxidase from Directed Protein Evolution for Biosensor and Biofuel Cell Applications[END_REF] In a deaerated 100 mM phosphate buffer pH 7 containing 5 mM glucose, the current density at +0.5V vs Ag/AgCl of the mutant electrode was 23% higher compared to an electrode modified with the native WT and, 10% higher at 1mM glucose. Better interaction between the redox polymer and the GOx mutant explained such a difference. This result shows a great difference between the efficiency of glucose oxidation in solution and on the electrode surface illustrating the difficulty to predict the behavior of an immobilized enzyme from the data obtained in homogeneous solution.

Decreasing the competitive effect of O2

Competition between O2 (eq 1) and redox mediators (RM-eq 2) as electrons acceptor during the oxidative half-reaction is one of the main issues to solve, particularly since harmful H2O2 is produced.

GOx-FADH2 + O2 → GOx-FAD + H2O2 (1) GOx-FADH2 + (2/x) RM(OX) → GOx-FAD + (2/x) RM(RED) + 2 H + (2) 
(where x = 1 or 2 is the number of electrons collected by the oxidized redox mediator)

In glucose oxidase based sensors, variations in O2 concentrations may lead to erroneous glucose measurements. [START_REF] Ginsberg | Factors Affecting Blood Glucose Monitoring: Sources of Errors in Measurement[END_REF] In glucose/O2 biofuel cells, it may result in a decrease of power density because of O2 depletion at the cathode. Various strategies were proposed to decrease the competitive effect of O2. For example, by tuning the thickness and composition of redox hydrogels [START_REF] Mao | Long tethers binding redox centers to polymer backbones enhance electron transport in enzyme "Wiring" hydrogels[END_REF][START_REF] Grattieri | Facilitated Electron Hopping in Nanolayer Oxygen-Insensitive Glucose Biosensor for Application in a Complex Matrix[END_REF], by using enzymatic scavenging systems, [START_REF] Mano | Detection of Glucose at 2 fM Concentration[END_REF][193][START_REF] Plumeré | Enzyme-Catalyzed O2 Removal System for Electrochemical Analysis under Ambient Air: Application in an Amperometric Nitrate Biosensor[END_REF][START_REF] Lopez | An O2 Tolerant Polymer/Glucose Oxidase Based Bioanode as Basis for a Self-powered Glucose Sensor[END_REF] or by tuning electrodes geometry and size. [START_REF] Ikeda | Glucose Oxidase-Immobilized Benzoquinone-Mixed Carbon Paste Electrode with Pre-Minigrid[END_REF][START_REF] Pishko | Amperometric Glucose Microelectrodes Prepared through Immobilization of Glucose Oxidase in Redox Hydrogels[END_REF][START_REF] Yarnitzky | Part I. Design and construction of a potentiostat for a chemical metalwalled reactor[END_REF][START_REF] Yarnitzky | Part II. Potentiodynamic on-line monitoring of the concentration of glucose in metal-walled bioreactors[END_REF] But, most of the efforts have been essentially directed to the design of new redox mediators or the improvement of enzymes immobilization to capture the FADH2 electrons more rapidly than O2. Enzyme engineering is an alternative strategy to decrease the O2 sensitivity of GOx but has only be used in homogeneous solution to decipher the oxidative half-reaction mechanism. Below is discussed the few reports aiming at rationally redesigning O2 insensitive GOx for electrochemical applications.

Rational or semi-rational strategy

Cofactor redesign

Cofactor redesign consists in replacing the natural flavin with an unnatural one.

Klinman et al. used this strategy with GOx from A. niger to probe the O2 effect during the oxidative half-reaction. [START_REF] Roth | Oxygen isotope effects on electron transfer to O2 probed using chemically modified flavins bound to glucose oxidase[END_REF] They showed that by substituting by chloride the methyl groups in position 7 and 8 in the natural flavin, the KM (O2) was 25 fold higher compared to the native GOx. With the aim to decrease the competitive effect of O2, Tremey et al. used this flavin analog to elaborate GOx bioelectrode. [START_REF] Courjean | A two-step synthesis of 7,8-dichloro-riboflavin with high yield[END_REF][START_REF] Tremey | Switching an O2 sensitive glucose oxidase bioelectrode into an almost insensitive by cofactor redesign[END_REF] Figure 18 is the 6 steps protocol used to replace the natural flavin with the unnatural analog; 7,8-dichloro-FAD. The authors prepared modified electrodes by embedding the new analog within osmium based redox polymers. [START_REF] Tremey | Switching an O2 sensitive glucose oxidase bioelectrode into an almost insensitive by cofactor redesign[END_REF] Figure 19 shows the dependence of the normalized oxidation current density on the glucose concentration for electrodes modified with native GOx (triangles) and 7,8-dichloro-FAD-GOx (circles). As seen for glucose concentration <10 mM, the current density for the 7,8-dichloro-FAD-GOx electrode is higher compared to the native enzyme and almost independent of the concentration of O2. The O2 sensitivity is decreased by 90% while the electron transfer rate is increased 1.3 fold. Since the unnatural GOx is less sensitive to O2, the electrons generated upon the oxidation of glucose are captured by the redox polymer rather than by O2. Cofactor replacement is a valuable strategy to tune the reactivity of GOx since a large quantity of apoenzyme can be produced easily, but is a lengthy process.

Enzyme engineering

Sode et al. were the first to report a genetically engineered recombinant GOx in E. coli less sensitive to O2 and its used in glucose sensors. The authors successfully redesigned O2insensitive frucosyl amino acid oxidase [START_REF] Kim | Engineering of dye-mediated dehydrogenase property of fructosyl amino acid oxidases by site-directed mutagenesis studies of its putative proton relay system[END_REF] and fructosyl peptide oxidase [START_REF] Kim | Construction of engineered fructosyl peptidyl oxidase for enzyme sensor applications under normal atmospheric conditions[END_REF] by identifying and performing mutations on the amino acids responsible for the electron transfer to O2. They highlighted that the pathway for electron transfer to redox mediators was distinct from the one to O2. Based on this success, the same method was applied to GOxs. The authors first identify the amino acids that would interact with O2 during the oxidative half-reaction. Then the X-rays structure of cholesterol oxidase (PDB: 1mxt) [START_REF] Lario | Sub-atomic Resolution Crystal Structure of Cholesterol Oxidase: What Atomic Resolution Crystallography Reveals about Enzyme Mechanism and the Role of the FAD Cofactor in Redox Activity[END_REF] obtained in presence of O2 was used as a template to build corresponding models of GOx from A. niger and P. amagasakiense with O2.

(Figure 20) Superimposition structures of GOxs and ChOx respectively revealed eight and five potential residues involved during the oxidative half-reaction with O2 for P. amagasakiense and A. niger. They performed rational alanine substitution on those residues. [START_REF] Horaguchi | Construction of Mutant Glucose Oxidases with Increased Dye-Mediated Dehydrogenase Activity[END_REF] Among those mutants, S114A for P. amagasakiense and T110A for A. niger [START_REF] Kojima | Glucose oxidas mutants, compositions, devices, kits and uses thereof Ultizyme International[END_REF] displayed 6.6 and 12.3-fold reduced O2 consumption. Because of the advantageous kinetic of P. amagasakiense, they further combined S114A with F355A, the second best mutant obtained by alanine substitution, and performed saturation mutagenesis on this position. The most promising mutant S114A/F355L was 88% less sensitive to O2 than the native GOx and was further tested electrochemically. [START_REF] Horaguchi | Engineering glucose oxidase to minimize the influence of oxygen on sensor response[END_REF] The double mutant and the WT were immobilized on glassy carbon electrodes with photoreactive polyvinyl alcohol. The effect of O2 on the glucose oxidation was tested at 25°C in a 100 mM phosphate buffer pH 7 using methoxy methylphenazinium methylsulfate as a redox mediator. In presence of 1 mM glucose, the double mutant was 5 times less sensitive to O2 than the WT compared to anaerobic conditions but its absolute current was significantly lower than the WT.(Figure 21) This work illustrates that introducing mutations within the putative residues involved in the oxidative half-reaction allow engineering a GOx less sensitive to O2. But, this work points out that such mutation affects the reductive halfreaction and is responsible for a decrease in enzyme activity.

In choline oxidase, Orville et al. [START_REF] Orville | Crystallographic, Spectroscopic, and Computational Analysis of a Flavin C4a-Oxygen Adduct in Choline Oxidase[END_REF] identified V564, a non-polar residue guiding oxygen near the C(4a) atom of the reduced flavin. Substitution of V into A or T results in a 50 fold decrease in the oxidative half-reaction. After analysis of the X-rays structure of Penicillium amagasakiense, Tremey et al. [START_REF] Tremey | Designing an O2-Insensitive Glucose Oxidase for Improved Electrochemical Applications[END_REF] identified a similar Valine ∼ 6Å from the Flavin and ∼ 7Å from His 520, which provides a positive charge for O2 activation (Figure 22). After screening in homogeneous solution with ferrocemethanol, the best O2 insensitive mutant was obtained when V was replaced by S. Detailed kinetic analysis showed that only the oxidative halfreaction was affected upon this mutation compared of the native GOx while the reductive halfreaction remained unaffected. They prepared modified electrodes with the new mutant and osmium redox hydrogels. In presence of 2 mM glucose and under 1 atm O2, the current density for the mutant electrode was 27% higher than an electrode made with the native enzyme. The authors proposed that the substitution of the non-polar valine by a polar serine prevents the diffusion of O2 and/or the stabilization of the peroxy adduct, without affecting the glucose oxidation. Because of the limited quantity of hydrogen peroxide produced, the modified electrodes were 4.7 fold more stable compare to an electrode made with a native GOx.

However, as seen in Figure 22 (red circles), 25% of the electrons were still lost to the redox mediators. To further improve the system, the authors combined this mutation with the K424E mutation near the entrance pocket of the active site (blue squares). As illustrated in Figure 22, the double mutant K424E-V464S is independent of O2 over the entire glucose concentration range. These results suggest that during the oxidative half-reaction, the amino acids involved in transferring the electrons to the redox polymer differ from those involved in the transfer to O2. The double mutant combine enhances electron transfer because of the negatively charged glutamic acid at the entrance of the active site pocket while minimizing the influence of O2 because of the presence of a polar serine near the FAD.

Directed evolution

The Schwaneberg's group reengineered glucose oxidase by combining random and saturated sites directed mutagenesis using ABTS or quinone diimine as redox mediators (Figure 17). [START_REF] Gutierrez | Reengineered glucose oxidase for amperometric glucose determination in diabetes analytics[END_REF] In the first random evolution strategy, they identified 4 residues (A173T, A332S, F414L, V560A) with either increases activities with ABTS (A173T, F414L) or decrease O2 activity (A332S, V560A). In the second step of saturated sites directed mutagenesis on those 4 positions, they identified key mutations leading to an increase mediator or decrease O2 activities. Positions 173 and 332 contribute to increasing activities with the mediator and oxygen, and the reasons have yet to be explained. Substitutions (L/P/T/W/Q) in V560 showed a decrease in O2 activity while maintaining the mediator activity. A similar result has been observed by Tremey et al. with GOx from P. amagasakiense. [START_REF] Tremey | Designing an O2-Insensitive Glucose Oxidase for Improved Electrochemical Applications[END_REF] Substitutions in 414 either lead to a reduced O2 activity (F414M) or improved mediator activity (F414L/V/I). F414 is 8.2

Å above the FAD and stabilized glucose with hydrophobic interactions within the active site during the reductive half-reaction. The authors concluded that a difference in flexibility/size of the side chain of the residues may alter the binding efficiency of the redox mediator, once glucose has been oxidized. Combination of those mutations with the I94V and T30V mutations previously discovered led to a sextuple mutant (I94V, T30V, A173V, A332S, F414I, V560T) with a significant 5.7 fold reduced activity for O2 and a 6.4 fold increases activity for glucose oxidation. [START_REF] Bocola | Glucose oxidase variants and methods of using the same[END_REF] 

Conclusions and Outlook

Between 1968 and 2019, more than 15000 papers and 4800 patents have been published

on glucose oxidase and its use. Since 2012, over 1000 papers per year are published on glucose sensors using glucose oxidase, while efficient commercial sensors exist on the market, some of them even operating for 14 days. [START_REF] Bobrowski | Long-term implantable glucose biosensors[END_REF] We can legitimately ask ourselves whether we really needs developing glucose sensors and for what purpose. It is even truer as the systems proposed today are more and more complex, without however solving the problems of O2 sensitivity, stability or biocompatibility, for example. In the 1960s to 1980s, two to three ingredients including an enzyme, a redox mediator and a protective membrane providing biocompatibility and/or controlling the mass transport of glucose composed most of the glucose sensors.

Nowadays, among the countless GOx sensors reported every year, few have been carefully thought and well-engineered. Like a cooking recipe, we can find in the literature glucose oxidase based sensors comprising up to 8 or 9 ingredients including various particles, membranes, electrode materials,…making the manufacture of those sensors complicated, expensive, long and that will probably never be industrialized. In addition, new enzymes such as PQQ-GDH or FAD-GDH are convincing commercial alternatives to glucose oxidase. [START_REF] Ferri | Review of Glucose Oxidases and Glucose Dehydrogenases: A Bird's eye view of glucose sensing enzymes[END_REF][START_REF] Yamashita | Direct electron transfer (DET) mechanism of FAD dependent dehydrogenase complexes ∼from the elucidation of intra-and inter-molecular electron transfer pathway to the construction of engineered DET enzyme complexes∼[END_REF][START_REF] Sode | Novel fungal FAD glucose dehydrogenase derived from Aspergillus niger for glucose enzyme sensor strips[END_REF][START_REF] Yoshida | Structural analysis of fungus-derived FAD glucose dehydrogenase[END_REF][START_REF] Sode | Thermostable chimeric PQQ glucose dehydrogenase[END_REF][START_REF] Milton | Employing FAD-dependent glucose dehydrogenase within a glucose/oxygen enzymatic fuel cell operating in human serum[END_REF][START_REF] Gross | A High Power Buckypaper Biofuel Cell: Exploiting 1,10-Phenanthroline-5,6-dione with FAD-Dependent Dehydrogenase for Catalytically-Powerful Glucose Oxidation[END_REF][START_REF] Yamazaki | Extended-range glucose sensor employing engineered glucose dehydrogenases[END_REF][START_REF] Bennett | Effect of individual plasma components on the performance of a glucose enzyme electrode based on redox polymer mediation of a flavin adenine dinucleotide-dependent glucose dehydrogenase[END_REF] Unfortunately, this tendency to complicate simple system is found with these new enzymes.

But glucose oxidase still has a bright future ahead of because its advantages exceed its disadvantages. Various protein engineering tools have been used to circumvent those limitations. But screening in solution the properties of GOx so it displays the same properties once immobilized is unreliable and, even worse when O2 is utilized as an electron acceptor.

In homogeneous solution, substrates, redox mediators and enzymes are all free in solution. Here, the reaction takes place in the whole reaction volume, and no concentration profiles are encountered. When an enzyme is immobilized on an electrode surface, many of its properties might change. It is not unreasonable to think the adsorbed enzyme will partially change its conformation, which might change, either for better or for worse, the reactivity towards substrate and/or redox mediator, stability, tolerance towards other chemical species, etc. In addition, the binding between the redox mediator and the enzyme should be taken into account. In homogeneous solution, free redox mediators will approach the enzyme at an optimum contact point, while immobilized mediators might be hindered from doing so.

Concentrations gradients may appear when an enzyme is immobilized onto an electrode surface. If only a thin layer of redox mediator is electrochemically active, the current measured electrochemically will therefore be lower than expected from the measurement in homogeneous solution with the same redox mediator. These are some of the reasons why it is almost impossible to anticipate the behavior of an immobilized enzyme based on homogeneous screening. A general engineering approach towards an efficient immobilized glucose oxidase for improved electrochemical applications has not been pursued so far, at the exception of the reports examined in this review, and is needed to develop the next generation of glucose sensors, biocompatible and stable for over 2 weeks. [START_REF] Zhu | Directed evolution of glucose oxidase from aspergillus niger for ferrocenemethanol mediated electron transfer[END_REF] and Yu [START_REF] Yu | Electrochemical Oxidation of Glucose Using Mutant Glucose Oxidase from Directed Protein Evolution for Biosensor and Biofuel Cell Applications[END_REF] for example, the efficiency of glucose oxidase is lower upon immobilization on electrodes surface compared to homogeneous condition. It confirms that predicting the effect of a mutation obtained in homogeneous solution once immobilized onto an electrode surface remains totally elusive. Electrochemical screening in homogeneous solution in presence [START_REF] Luong | Monitoring the activity of glucose oxidase during the cultivation of Aspergillus niger using novel amperometric sensor with 1, 1′-dimethylferricinium as a mediator[END_REF] or absence of redox mediators [START_REF] Holland | Rational Redesign of Glucose Oxidase for Improved Catalytic Function and Stability[END_REF] proved to be feasible but is a lengthy process and cannot be used for high throughput screening. While it is clear that mutations on positions V560 in A. niger and V564 in P. amagasakiense have a significant impact on the O2 sensitivity of GOxs, the nature of the amino acid to be substituted depends on the redox mediator used. In addition, mutations alone on position 560 or 564 do not totally shut down the O2 effect and has to be associated with additional mutations aiming at increasing the interaction between the redox mediators and the GOx. Whether O2 reach the active site by protein breathing or through defined channels to attack the reduced flavin remains to be answered.

Rational reengineering of immobilized GOx has been successfully achieved by Tremey et al. [START_REF] Tremey | Designing an O2-Insensitive Glucose Oxidase for Improved Electrochemical Applications[END_REF] by identifying the residues involved in the binding of redox mediators. But as seen in Figure 23, the amino acids involved in the binding of the redox mediators depend on the nature of the redox mediator. There is, right now, no clear rule to predict which residues should be mutated to improve the binding of redox mediators. The choice of the redox mediator and its redox potential are crucial as it needs to compete successfully with O2 for GOx electrons. A rational strategy would consist in identifying by modelling/docking the residues involved in the binding of the redox mediator and tailored those amino acids on demand in function of its size, polarity, charge, redox potentials,… Increasing the binding efficiency will improve the electron transfer rate and the stability.

Ideally, rational redesign should use engineering techniques to improve the specific activity, O2 sensitivity, redox mediator interaction without compromising the enzyme stability.

About the substrate affinity, a reduction of the apparent K'M < 5mM (i.e the value obtained after GOx immobilization) may be useful for biofuel cells while a K'M > 25mM is desired for self-powers system or glucose sensors. Enzyme engineering may not be needed to tune K'M as alternative approaches can be used such as the careful choice of redox mediators and/or mass transport controlling membrane. Long-term stability and biocompatibility are the two biggest engineering challenges to address. This calls for the combination of protein engineering skills with expertise on redox mediator/polymer synthesis and electrochemistry, in combination with modelling/docking studies. The biggest technological challenge, and mandatory, is the development of screening systems with immobilized enzymes and redox mediators combining electrochemical probing, to be as close as possible from the final applications. This field remains almost unexplored at the exception of one study by Bartlett et al.[221] Directed evolution should not be discarded either. But the production of an already functional GOx in E.coli would be great advance in combination with a high throughput electrochemical screening of immobilized enzymes/redox mediators.
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Table 1: Review related to glucose oxidase and electrochemical glucose oxidation active atoms are highlighted in red. Adapted with permission from [START_REF] Roth | Oxygen isotope effects on electron transfer to O2 probed using chemically modified flavins bound to glucose oxidase[END_REF] and from [START_REF] Piano | Flavins as Covalent Catalysts: New Mechanisms Emerge[END_REF].

Copyright 2004, American Chemical Society and Copyright 2017, from Elsevier amagasakiense (B, PDB 1gpe). The arrows show the selected amino acid and their mutation.

Reprint with permission from [START_REF] Suraniti | Uncovering and Redesigning a key amino acid of Glucose Oxidase for Improved Biotechnological Applications[END_REF] Copyrigth 2013, John Wiley and Sons. These images were produced using PyMol 1.7.4.5 (Schrödinger, LLC., New York, NY, USA) 
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 34 belongs to the glucose-methanol-choline oxidoreductase family including for example cholesterol oxidase (EC1.1.3.6), pyranose oxidase (EC1.1.3.10) or methanol oxidase (EC 1.1.3.13) oxidizing primary and secondary alcohols. All those enzymes present a conserved domain which is involved in the binding of the adenosine diphosphate moiety of the FAD and usually, a conserved His residue acting as a base during the reductive half-reaction.[START_REF] Cavener | GMC oxidoreductases: A newly defined family of homologous proteins with diverse catalytic activities[END_REF][START_REF] Fraaije | Flavoenzymes: diverse catalysts with recurrent features[END_REF][START_REF] Dijkman | Flavoprotein oxidases: Classification and applications[END_REF] 

Figure 2 .Figure 3 .Figure 5 :

 235 Figure 2. Two different Pymol generated images of the FAD binding sites residues in GOx fromA. niger (PDB: 1gal). These images were produced using PyMol 1.7.4.5 (Schrödinger, LLC., New York, NY, USA)
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 67111214 Figure 6: Proposed mechanism (A) and zoom of the key residues (B) involved in the reductive half reaction. Hydrogen bonds are indicated by yellow dashed lines. A) Reproduced with permission from[START_REF] Su | Nature of oxygen activation in glucose oxidase from Aspergillus niger: The importance of electrostatic stabilization in superoxide formation[END_REF]. Copyright 1999 American Chemical Society. B) Adapted with permission from[START_REF] Petrović | Shuffling Active Site Substate Populations Affects Catalytic Activity: The Case of Glucose Oxidase[END_REF]. Copyright 2017, American Chemical Society
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 15 Figure 15: A) Schematic view of the mediator QDM-2 bound within the active site of GOx (left) with an enlarged view of the key amino acid residue Y414 (right). The mediator QDM binds in the active site in a location and at a distance that is suited for direct electron transfer (earrow). GOx: gluc ose oxidase; B) QDM: quinone diimine based elec tron mediator. Adapted with permission from [186]. Copyright 2018, Wiley & Sons.
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 1651718 Figure 16. Pymol generated images of GOx from A. niger (PDB: 1gal) showing the location of the mutation obtained by Holland et al.[172]. These images were produced using PyMol 1.7.4.5 (Schrödinger, LLC., New York, NY, USA)

  named it Penicillin B. This new enzyme was considered different from notatin because penicillin B could oxidize glucose, mannose, galactose while Coulthard et al. reported that notatin could only oxidize glucose. In 1943, Kocholaty et al. named Penatin a newly identified enzyme.[START_REF] Kocholaty | Cultural Characteristics of Penicillium Notatum in Relation to the Production of Antibacterial Substance[END_REF][START_REF] Kocholaty | Purification and properties of the second antibacterial substance produced by Penicillium notatum[END_REF] While the authors recognized the probable similarity between penatin and notatin, they doubted it could be identical with penicillin B. Finally the same year, Birkinshaw et al.[START_REF] Birkinshaw | Notatin: an Antibacterial Glucose Aero-dehydrogenase from Penicillium notatum Westling[END_REF] demonstrated that

notatin, penatin, and penicillin B were the same enzymes identical to the GOx initially identified by Müller. The extensive work of Keilin later confirmed it and identified in 1946 the prosthetic
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 2 Figure 23 summarize the few reports aiming at reengineering GOx for improved electrochemical applications and discussed in this review. A critical step has been taken by screening GOx with redox mediator in homogeneous solution. But, as seen in this review with the work of Zhu
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 2 Summary of the mutations realized on GOxs and their effect reported in the literature Figure1. Reconstructed Pymol images of GOX from A. niger (PDB: 1gal). Red: Flavin Adenine

Dinucleotide; Cyan: glycosylations. These images were produced using PyMol 1.7.4.5 (Schrödinger, LLC., New York, NY, USA)

. 20 mM phosphate buffer, 140 mM NaCl, pH 7,

37°C, 1000 rpm. Adapted with permission

dashed line. Reproduced with permission from [START_REF] Klinman | How do enzymes activates oxygen without inactivating themselves[END_REF]. Copyright 2007, American Chemical Society Figure 8. Molecular model of the O2 -• /flavin semiquinone pair. Superoxide anion is complexed with the radical form of the coenzyme. Adapted with permission from [START_REF] Leskovac | Glucose Oxidase from Aspergillus Niger: The mechanism of action with molecular oxygen, quinones, and oneelectron acceptors[END_REF]. Copyright 2005, GOx (squares) or the S114A/F355L mutant (circles). The correlation between current increase and substrate concentration under normal atmospheric conditions (filled symbols) or under argon (white symbols). Curves through the data points are the best fit obtained with an empirical Hill equation by using Graph-Pad Prism 5 software. All points represent averages of at least 5 readings, with coefficients of variation of less than 3%. Reprinted with permission from [START_REF] Horaguchi | Engineering glucose oxidase to minimize the influence of oxygen on sensor response[END_REF].
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