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Abstract:



Enzyme based bioelectronics have attracted increasing interest in recent years because of their applications on biomedical research and healthcare. They also have broad applications in environmental monitoring, and as the power source for portable electronic devices. In this review, the technology developed for fabrication of enzyme electrodes has been described. Different enzyme immobilisation methods using layered structures with self-assembled monolayers (SAM) and entrapment of enzymes in polymer matrixes have been reviewed. The performances of enzymatic biofuel cells are summarised. Various approaches on further development to overcome the current challenges have been discussed. This innovative technology will have a major impact and benefit medical science and clinical research, healthcare management, energy production from renewable sources.
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1. Introduction


Enzymes are known for their highly specific catalytic activities for bioreactions. The interest in developing enzyme based bioelectronics, i.e. fuel cells and sensors, has arisen due to the increasing number of implantable medical devices developed for the healthcare applications in the last decade. Many applications of the technology are proposed as biosensors for monitoring the changes in physiological substances, such as glucose sensing for diabetes patients [1,2], and in vivo biofuel cells as the power sources for implantable devices [3,4,5]. Figure 1 shows a schematic diagram of a biofuel cell working in blood vessel using glucose and dissolved oxygen as fuel and oxidant, respectively. Electrochemical glucose sensors are most successful commercial biosensor devices for point-of-care and personal use because of the simplicity, flexibility and low cost of electrochemical transduction instrumentation. Enzymes have been also used on environmental sensors to monitor some specific pollutants [6,7,8]. Portable electronic devices, such as laptops, mobile phones and mp3 players, are new areas to use enzymatic biofuel cells [9,10,11]. Sony has developed a biofuel cell using sugar as the fuel and enzymes as catalysts to power a Walkman® [12]. Enzymatic bioelectronics show promising applications in various areas.


Figure 1. Schematic diagram of an enzymatic biofuel cell working in blood.
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Enzyme based fuel cells have been reported since the 1960s [13]. However, the development of enzymatic biofuel cells is still in its early days. Compared to conventional fuel cells, research on enzymatic biofuel cells are still in the fundamental research stage because of their low stability and power output. Electrodes biocatalytically modified with enzymes are the key for performance of biofuel cells. Research in the development of enzyme electrodes for biofuel cell and biosensor applications has been carried out extensively in recent years. Studies on understanding the reaction mechanisms of enzyme catalytic reactions [14,15], developing new biomaterials [16,17,18,19,20], on enzyme modification [21,22,23,24,25,26,27], enzyme immobilisation methods [28,29,30,31,32,33,34], and enzyme electrode structures [35] have been reported in the literature in an effort to improve the performance of enzyme electrodes.




2. Types of Biofuel Cells and Enzymes


2.1. Types of biofuel cells


Based on the functions of the biocatalysts (enzymes), biofuel cells can be classified into two categories:

	
Product type. In this type of fuel cells enzymes are not involved in direct energy generation, and the energy generation is realised by a conversional fuel cell. Enzymes generate the fuel substrate for fuel cell by a biocatalytic transformation or metabolic process. There have been several studies that have demonstrated the use of hydrogenase to produce hydrogen from glucose for conventional hydrogen-oxygen fuel cells [36,37]. This type of biofuel cell is less common in enzymatic fuel cells.



	
Direct energy production type. In this type of biofuel cells, enzymes are directly involved in the bioreactions for energy production. Enzymes participate in the electron transfer chain between the fuel and the anode. On the anode, enzymes oxidise organic matters and produce electrons, and on the cathode, enzymes act as catalysts for oxidant reduction and accept electrons, the same principle as the conventional fuel cells. The performance of the fuel cell is mainly dependant on the enzyme activity. Most enzymatic fuel cells are this type. One of the main challenges for this type of fuel cells is to establish efficient electron transfer between enzymes and electrode supports.









2.2. Types of enzymes based on electron transfer methods


Redox enzymes can be divided into three groups (Figure 2) based on the location of enzyme active centres and methods of establishing electron transfer between enzymes and electrodes [38,39].


Figure 2. Three groups of enzymes based on location of enzyme active centre (A) Diffusive active centre (B) Active centre located on the periphery of the enzyme, (C) Strongly bound and deep buried redox centres [38,39].
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	(1)

	
Enzymes with nicotinamide adenine dinucleotide (NADH/NAD+) or nicotinamide adenine dinucleotide phosphate (NADPH/NADP+) redox centres, which are often weakly bound to the protein of the enzyme. Glucose dehydrogenase and alcohol dehydrogenase belong to this group.




	(2)

	
Enzymes in which at least part of the redox centre is conveniently located at or near the periphery of the protein shell. Peroxidases, laccase and other multi copper enzymes fall into this category. Peroxidases, such as horseradish peroxidises and cytochrome c peroxidise have been commonly used enzyme reactions and immunoassay.




	(3)

	
Enzymes with a strongly bound redox centre deeply bound in a protein or glycoprotein shell. Glucose oxidase is the most studied enzyme example of this type.









The first two groups are able to carry out direct electron transfer (DET) between the enzyme active centre and the electrode surface. For the second group, the orientation of enzyme on the electrode surface is the key affecting the activity of the enzyme. Enzymes in the third group are not able to have direct electron transfer between the active centres and electrodes due to the large distance, >21A, between enzyme active centres and the electrode surface. In this case, for enzymes with the active centre deeply buried inside protein shell, direct electrical communication with electrodes can be established by using electron-transfer mediators. These artificial electron donor or acceptor molecules (in case of reductive or oxidative enzymes, respectively), can be accepted by many redox-enzymes in place of their natural oxidants or reductants. They have a wide range of structures, and hence properties, including a range of redox potentials. Figure 3 demonstrates the work principle of mediated electron transfer (MET) in enzymatic biofuel cells. It is clear that the performance of an enzymatic biofuel cell is largely dependent on the properties and activities of enzyme and mediator molecules.


Figure 3. Schematic diagram of work principle for mediated electron transfer in enzymatic biofuel cells.
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Mediators act as the electron transfer relay are based on a diffusional mechanism. Diffusional penetration of the oxidised or reduced relay into the protein can shorten the electron transfer distance between the enzyme active centre and electrode [40]. Ferrocene derivatives are the one of the most commonly used mediator for glucose oxidase. ‘Wired’ enzyme by covalently binding mediator molecule to enzyme to establish electron transfer was first developed by Degani and Heller [41]. Benzoquinone, hydroquinone and pyrroloquinoline quinine have been also reported as mediator for glucose oxidase.





3. Fabrication of Enzyme Electrodes


The proper functioning of an enzyme-based electrode relies on both the chemical and physical properties of the immobilised enzyme layer. Methods for immobilisation of enzymes can be divided into physical methods and chemical methods.



Physical methods include: (1) Gel entrapment. Enzymes were entrapped in a gel matrix, such as gelatine and polyacrylamide, as well as dialysis tubing [42]. (2) Adsorption. It is simple and no additional reagents are required but only weak bonding involved between enzymes and electrode surface. Enzyme electrodes using Ni-Fe hydrogenase and laccase for biofuel cell were prepared by adsorption of enzymes to graphite surface by Armstrong group in Oxford University [43]. Rapid electrocatalytic oxidation of hydrogen by hydrogenase that is completely unaffected by carbon monoxide was obtained. The reaction was only partially inhibited by oxygen.



Chemical methods are the main methods used for fabricating enzyme electrodes for biofuel cell applications. The methods include covalent immobilisation and immobilising enzyme in polymer matrix.



3.1. Enzyme electrodes with layered structures


Covalent immobilisation is the most irreversible and stable immobilisation technique. Most used materials are noble metals and carbon material. Enzyme electrodes with layered structure have developed based on covalent bindings. Enzymes immobilised on the electrode surface with self-assembled monolayer (SAM) or layer-by-layer structure binding mediator to transfer electrons from the site of fuel oxidation at the enzyme to the electrode surface.



Katz and Willner developed a method to establish direct electron transfer between the active centre of glucose oxidase and the electrode surface through a defined structured path by reconstitution of the enzyme with nitrospiropyran-modified and 2-aminoethyl modified flavin adenine dinucleotide, FAD, cofactor [23,24,44,45,46,47]. They produced a fuel cell using enzymes on both anode and cathode. The electrode substrate was gold. The anodic reactions (defined as below) were glucose oxidation using reconstituted glucose oxidase connecting with a monolayer of pyrroloquinoline quinine (PQQ) as the mediator, and the cathodic reaction was reduction of hydrogen peroxide by microperoxidase-11 (MP-11) [44]. The open circuit voltage of the cell was ca. 310mV, and the maximum power density was around 160 µW cm−2.


Electrode–PQQ–FAD–GOx + Glucose → Electrode–PQQ–FADH2–GOx + Gluconic acid



(1)






Electrode–PQQ–FADH2–GOx → Electrode–PQQH2–FAD–GOx



(2)






Electrode–PQQH2–FAD–GOx → Electrode–PQQ–FAD–GOx + 2H+ + 2e−



(3)







Self-assembled monolayers are fabricated using thiol [48,49,50] group attaching to the gold electrode surface. SAMs with biospecific affinity for lactate dehydrogenase for the electroenzymatic oxidation of lactate were developed to produce enzymatic electrodes [51]. Gooding et al. [33], Sato et al. [52] and Dong and Li [53] have covalently immobilised redox proteins, enzymes, and phospholipids onto the self-assembled monolayers (SAMs) of 3-mercaptopropionic acid on a gold electrode surface. The electrochemical characteristics of self-assembled octadecanethiol monolayers on polycrystalline gold electrodes were studied simultaneously by means of cyclic voltammetry and by measuring the monolayer transient total capacitance as well as differential capacitance changes during the CV scan in the presence of various redox probes in bulk of the supporting electrolyte [54]. The results showed that the capacitance measurements are very sensitive to the changes in the structure of a monolayer in the course of redox reaction.



Enzyme electrodes with multi-layer structures have been studied with mono- and bienzymes for molecular recognition and generation of electrical signals [55,56,57,58]. Calvo et al. established enzyme electrodes using layer-by-layer supramolecular structures composed of alternate layers of negatively charged enzymes and cationic redox polyelectrolyte. Glucose oxidase (GOx), lactate oxidase (LOx) and soybean peroxidase (SBP) have been electrically wired to the underlying electrode by means of poly(allylamine) with [Os(bpy)2ClPyCOH]+ covalently attached (PAA-Os) in organized structures with high spatial resolution. The concentration of redox mediator integrated into the multilayers, obtained from the voltammetric charge and an estimation of the layer thickness, exceeds by 100-fold the amount of deposited enzyme assessed by quartz crystal microbalance [59]. An electrode was fabricated by alternate layer-by-layer deposition of periodate-oxidized glucose oxidase (GOx) and poly(allylamine) (PAA) by Zhang et al. [32]. The covalent attachment process was followed and confirmed by electrochemical impedance spectroscopy (EIS). The gold electrodes modified with the GOx/PAA multilayers showed excellent electrocatalytical response to the oxidation of glucose with ferrocenemethanol as the mediator. From the analysis of voltammetric signals, the coverage of active enzyme on the electrode surface had a linear relationship with the number of GOx/PAA bilayers suggesting that the analytical performance can be tunable by controlling the number of attached bilayers.




3.2. Enzyme electrodes with polymer matrix


Although enzyme electrodes with layered structures have shown efficient electron transfer in various applications, there are some limitations. First, the amount of enzymes immobilised on the electrode is limited by electrode surface due to a monolayer covalent binding scheme. Second, the more molecular layers immobilised on the electrode surface, the more electric resistance would be introduced to the electrode, which in turn could affect the electronic response of the electrode. Also, the electrode activity will be influenced by the orientation of the enzymes and mediator molecules.



Conducting redox polymers can be a solution to overcome these limitations. Conducting polymers, such as polypyrrole and polyaniline, are very common to immobilise enzymes and fabricating enzyme electrodes. Polypyrrole (Ppy) is one of the most extensively used conducting polymers in the design of bioanalytical sensors. It has unique properties of prevention of some undesirable electrochemical interactions and facilitation of electron transfer from some redox enzymes [60]. Enzyme electrodes with polypyrrole are fabricated by electropolymerisation and enzymes are entrapped in the polymer as a dopant during the polymerisation process [22,61,62,63,64,65,66]. Polypyrrole can also be functionalised by adding cationic pendant groups, such as tris(bipyridyl)ruthenium(II) complex to the polymer films to introduce an electron relay [67]. A two-step method consists of the adsorption of an aqueous amphiphilic pyrrole monomer-enzyme mixture on an electrode surface followed by the electropolymerization of the adsorbed monomers was developed by Cosnire [68]. A new biotin derivative functionalized by an electropolymerizable pyrrole group has been synthesized. The electrooxidation of this biotin pyrrole has allowed the formation of biotinylated conducting polypyrrole films in organic electrolyte, which revealed an avidin-biotin-specific binding at the interface of polymer-solution. It provided an easy electrochemical approach for the reagentless immobilization of enzymes on electrode surfaces [69,70]. Figure 4 shows the SEM and AFM imagines of the polypyrrole film entrapped with ferrocene modified glucose oxidase [22].


Figure 4. Au electrode coated with a polypyrrole-FeFcGOx layer.
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Polyaniline is another extensively used polymer for enzyme immobilisation. An enzyme-mediator-conducting polymer model using benzoquinone (Q)-polyaniline (Pani) system was established by Cooper and Hall. An enhanced current can be obtained on Pani [71]. Ratiman et al. [72] integrated polyaniline/poly(acrylic acid) films and redox enzymes for the study of the bioelectrocatalyzed oxidation of glucose or lactate. Improved selectivity and stability of glucose biosensor was obtained based on in situ electropolymerized polyaniline-polyacrylonitrile composite film [73]. A novel method was developed by the Willner’s group to generate an integrated electrically contacted glucose dehydrogenase electrode by the surface reconstitution of the apo-enzyme on a pyrroloquinoline quinone (PQQ)-modified polyaniline [74]. The same group also developed an integrated enzyme-electrode where the glucose oxidase reveals direct electrical contact with the electrode using poly(aniline-aniline boronic acid) wires generated on ds-DNA templates [75].



In order to establish electron transfer between enzyme active centre and also provide the structure for enzyme immobilisation, polymer mediators have been developed and applied for the enzyme electrodes. Osmium based polymers are the most studied polymer in this context. The commercially available continuous glucose sensors have been using osmium based polymers to fabricate enzyme electrodes. The advantages of these polymers include wide redox potential windows from different derivatives for various redox reactions, fast electron transfer rate and good chemical stabilities.



In 1991, Heller’s group developed a redox epoxy. The redox epoxy, designed for use in enzyme electrodes, was formed by reaching two water-soluble components (a poly(vinylpyridine) complex of Os(bpy)2Cl and a diepoxide) under near-physiological conditions. The binding simultaneously immobilizes the enzyme, glucose oxidase, and connects it electrically with the electrode. The catalytic "reaction layer" extends through the entire film [76,77]. Since then they have developed various Os polymer derivatives used for enzymatic oxidation and oxygen reduction reactions, as well as biofuel cells with these enzyme electrodes [2,78,79,80,81,82,83,84,85,86,87]. Micro enzyme electrodes were developed with 7 µm diameter carbon fibres using poly [(vinylpyridine)Os(bipyridine)2Cl] derivative-based redox hydrogels to immobilise glucose oxidase [88]. A miniaturised biofuel cell with this carbon fibre electrode configuration was developed [89]. The power density of this device was five times greater than the previous best biofuel cells. At 37 °C, a power output of 600 nW was obtained, which was enough to power small microelectronics.



For implantable applications, there is a concern about the leaching out of Os compounds for long term application because of their toxicity. Biocompatibility is another issue for implantable devices. Biopolymers based on phospholipid polymer mimicking the cell membrane were developed. Those polymers have good biocompatibility, and inhibit the adhesion and activation of blood cells, thus minimises blood coagulation when contacts blood [17,19,90]. Feasibility of introducing redox property to phospholipid polymers was investigated. By modification of polymer side chain, it is possible to use the biopolymers for enzyme electrodes for implantable applications [91]. A hydrophilic copolymer, poly(vinylferrocene-co-2-hydroxyethyl methacrylate) (poly(VFc-co-HEMA)), also a biopolymer, was prepared as a polymeric electron-transfer mediator for producing amperometric biosensors. The poly(VFc-co-HEMA) membrane is useful as an enzyme-immobilizing carrier matrix for fabricating glucose sensors as well as a polymeric electron-transfer mediator [92].





4. Performance of Enzymatic Biofuel Cells


One of the first enzymatic biofuel cells reported by Willner and Katz used a pyrroloquinoline quinone (PQQ) monolayer-functionalized-Au-electrode as the anode and a microperoxidase-11 (MP-11)-modified Au-electrode was used as the cathode [44]. The H2O2 was the cathodic oxidiser whereas the anodic fuel-substrate is 1,4-dihydronicotinamide adenine dinucleotide, NADH. The biofuel cell generates an open-circuit voltage of ca. 320 mV and a short-circuit current density of ca. 30 µA cm−2. The maximum electrical power extracted from the cell is 8 µW at an external load of 3 kΩ.



Another biofuel cell developed by Willner and Katz was a novel glucose/O2 biofuel cell without compartmentalisation between anode and cathode. The anode consisted of a surface reconstituted glucose oxidase monolayer, whereas the cathode was presented by the reconstituted cytochrome c/cytochrome oxidase couple. The system paves the way to tailoring implantable biofuel cells for generating electrical power [93].



Katz et al. applied the property of conductivity change for oxidation and reduction status of Cu-poly(acrylic acid) polymer and developed an electroswitchable and tunable biofuel cell based on the biocatalyzed oxidation of glucose. By the cyclic electrochemical reduction and oxidation of the polymer films associated with the anode and cathode between the Cu-0-poly(acrylic acid) and Cu2+poly(acrylic acid) states, the biofuel cell performance is reversibly switched between "ON" and "OFF" states, respectively. The open-circuit voltage of the cell was 120 mV, and the short-circuit current density reached 550 µA cm−2. The maximum extracted power from the cell is 4.3 µW at an external loading resistance of 1 kΩ. The slow reduction of the Cu2+polymer films allows for the controlling of the content of conductive domains in the films and the tuning of the output power of the biofuel cell [94].



An enzyme-based biofuel cell with a pH-switchable oxygen electrode, controlled by enzyme logic operations processing in situ biochemical input signals, was developed recently [95]. Two Boolean logic gates (AND/OR) were assembled from enzyme systems to process biochemical signals and to convert them logically into pH-changes of the solution. The electrochemical activity of the modified electrode was switchable by alteration of the solution pH value. The electrode was electrochemically mute at pH > 5.5, and it was activated for the bioelectrocatalytic oxygen reduction at pH < 4.5. The sharp transition between the inactive and active states was used to control the electrode activity by external enzymatic systems operating as logic switches in the system.



The latest development from Mano et al. for a miniature, membrane-less glucose-O2 biofuel cell built with Os derivatives polymer mediators for glucose and bilirubin oxidase on anode and cathode, respectively was reported with a power density of 4.8 μW mm−2 produced at the voltage of 0.60 V in a physiological buffer at 37.5 °C [82].



Fruit juices, such as orange juice, grape juice and banana juice have been used as fuels for a membraneless biofuel cell. The cell was facile prepared based on glucose oxidase and laccase as anodic and cathodic catalyst, respectively, by using 1,1'-dicarboxyferrocene as the mediators of both anode and cathode. This research demonstrated the possibility of using easy access fruit juice to power portable electronics [9].



For implantable medical devices, nontoxic mediators for enzyme electrodes are essential. In Kyoto University, a biofuel cell was developed using vitamin K-3-modified poly-L-lysine (PLL-VK3) as the electron transfer mediator during catalytic oxidation of NADH by diaphorase (Dp) at the anode of biofuel cell. PLL-VK3 and Dp were co-immobilized on an electrode and then coated with NAD(+)-dependent glucose dehydrogenase (GDH). An oxidation current of ca. 2 mA cm−2 was observed when the electrochemical cell contained a stirred 30 mM glucose, 1.0 mM NAD(+), pH 7.0 phosphate-buffered electrolyte solution. The open circuit voltage of a glucose/O2 biofuel cell with the PDMS-coated Pt cathode was 0.55 V and its maximum power density was 32 µW cm−2 at 0.29 V when a pH 7.0 buffered fuel containing 5.0 mM glucose and 1.0 mM NAD(+) was introduced into the cell at a flow rate of 1.0 mL min−1. The cell's output current density declined by ca. 50% during 18 h operation [96].



Apart from glucose, other organic fuels such as alcohol and glycerol have been also used in enzymatic biofuel cells. An enzymatic biofuel cell using ethanol and operate at ambient temperature has been developed. The anode of the biofuel cell was based on immobilized quino-hemoprotein-alcohol dehydrogenase (QH-ADH), while the cathode on co-immobilized alcohol oxidase (AOx) and microperoxidase (MP-8). The enzymes are able to have direct electron transfer (DET) to the electrode surfaces. The maximal open circuit potential of the biofuel cell was 240 mV [97].



Glycerol has attracted increasing interest because it is a by-product of biodiesel production. An enzymatic biofuel cell was developed by using glycerol as the fuel and employing a three-enzyme cascade on the anode that can accomplish the complete oxidation of glycerol [98]. The bioanode that was developed contained PQQ-ADH, PQQ-AldDH and oxalate oxidase immobilised within a tetrabutylammonium-modified Nafion membrane. The glycerol/air biofuel cell yielded power densities of up to 1.32 mW cm−2, and have the ability to operate at high fuel concentrations.



Nano carbon materials, such as carbon fibre and carbon nanotubes have been also applied in enzymatic biofuel cells because of their excellent electronic properties. A passive-type biofuel cell units, which generate a power over 100 mW with the volume of 80 cm3 operated at pH 7. The maximum power density was accomplished of ca. 1.45 ± 0.24 mW cm−2 at 0.3 V. This performance was achieved by densely packed enzymes and mediator on carbon-fiber electrodes with the enzymatic activity retained. The cell units with a multi-stacked structure successfully operate a radio-controlled car [99].



Membrane-less and mediator-free direct electron transfer enzymatic biofuel cells with bioelectrodes comprised of single wall carbon nanotubes (SWNTs) deposited on porous silicon substrates were reported. Anodic glucose oxidase (GOx) and cathodic laccase (Lac) were immobilized on the porous silicon/SWNT substrates used in the fuel cell in pH 7 phosphate buffer solution. A peak power density of 1.38 µW cm2 (with a lifetime of 24 h) down to 0.3 µW cm2 was obtained in 4 mM glucose solution as fuel and air as oxidant [100]. Fuel cell performances are summarised in Table 1 (see next page).



Table 1. Summary of enzymatic biofuel cell performances.







	
Anode

	
Cathode

	
Open circuit voltage/mV

	
Short-circuit current

	
Power/power density

	
Ref.






	
PQQ monolayer-functionalized-Au-electrode

Fuel: 1,4-dihydronicotinamide adenine dinucleotide, NADH

	
microperoxidase-11

(MP-11)-modified

Au-electrode Oxidant: H2O2

	
320

	
30 µA cm−2

	
8 µW

	
[44]




	
reconstituted glucose oxidase monolayer on gold

Fuel: glucose

	
reconstituted cytochrome c/cytochrome oxidase couple

Oxidant: O2

	
130

	
transduced current density at a glucose concentration of 80 mM corresponds to ca. 200 μA cm−2

	
4 µW

	
[93]




	
Fuel: glucose

	
Oxidant: O2

	
120

	
550 µA cm−2

	
4.3 µW

	
[94]




	
Os derivatives polymer mediators

Fuel: glucose

	
Os derivatives polymer mediators

Oxidant: O2

	
600

	

	
4.8 W mm−2

	
[82]




	
glucose oxidase and using 1,1'-dicarboxyferrocene as mediator

Fuel: fruit juices (orange, banana and grape juice)

	
Laccase and using 1,1'-dicarboxyferrocene as mediator Oxidant: O2

	
220 without mediator

195 with ferrocen mediator

Grape juice as fuel: 191

Banana juice as fuel: 202

Orange juice as fuel: 360 six

as-prepared BFCs by using orange juice as fuels in series have reached Voc value of 2.2 V

	
109.8 μA cm−2 with glucose

56 μA (current density ca. 136.6 μA cm−2)

60 μA, current density ca. 146.3 μA cm−2)

72 μA, current density ca. 175.6 μA cm−2)

	
11.66 μW (power density ca. 28.4 μW cm−2)

	
[9]




	
poly-L-lysine (PLL-VK3) as mediator for diaphorase (Dp) oxidation of NADH and then coated with glucose dehydrogenase

Fuel: NADH and glucose

	
PDMS-coated Pt Oxidant: O2

	
550

	
0.13 mA cm−2

	
32 µW cm−2 at 0.29 V when a pH 7.0 buffered fuel containing 5.0 mM glucose and 1.0 mM NAD(+)

	
[96]




	
quino-hemoprotein-alcohol dehydrogenase (QH-ADH)

Fuel: ethanol

	
alcohol oxidase (AOx) and microperoxidase (MP-8)

Oxidant: H2O2

	
240

	
30 μA cm−2 With 25 mM ethanol

	
1.5 µW cm−2

	
[97]




	
PQQ-ADH, PQQ-AldDH and oxalate oxidase immobilised within a tetrabutylammonium-modified Nafion membrane

Fuel: glycerol

	
Oxidant: O2

	

	
3.5 ± 0.48 mA cm−2 with 5 M glycerol

	
1.32 mW cm−2

	
[98]




	
packed enzymes (GDH) and mediator on carbon-fiber

Fuel: glucose

	
PDMS-coated Pt Oxidant: O2

	
800

	
11 mA cm−2

	
100 mW with the volume of 80 cm3 with multi-stacking

1.45 ± 0.24 mW cm−2 at 0.3 V.

	
[99]




	
Anodic glucose oxidase (GOx) immobilized on the porous silicon/SWNT substrates

Fuel: glucose

	
cathodic laccase (Lac) immobilized on the porous silicon/SWNT substrates

Oxidant: Air/O2

	

	
30 μA cm−2

	
1.38 µW cm2 down to 0.3 µW cm−2 in 24 h was obtained in 4 mM glucose solution

	
[100]











5. Conclusions and Outlook


Rapid development on enzymatic biofuel cells has been achieved in the past decade. Much of the research has focused on establish efficient electronic communications and interactions between enzyme-electrode with various approaches. With the demands for reliable power supplies for medical devices for implantable applications, enzymatic biofuel cells has shown particular advantages over conventional energy devices because of the specific activity from enzymes and the capability of miniaturisation. In additional to medical applications, enzymatic biofuel cells can use renewable fuels with high energy density and safety for microelectronics. The technology developed on enzyme electrode fabrication has also stimulated the advances in biosensor applications.



However, there are great challenges hamper further advances in the technology. The most significant issues include: long term stability of the enzyme electrodes, efficient electron transfer between enzymes and electrode surfaces, and improved enzyme biocatalytic activity: for biofuel cells with increased power output. These are the main objectives for the next generation enzyme electrodes for biofuel cells.





In order to overcome the challenges and achieve the goals, these areas are essential to push forward the technology for practical applications and commercialisation.

	(1)

	
Protein engineering to engineering native enzyme molecules with desired properties tailored for specific applications. There two main strategies in protein engineering are rational design, which combines site-directed mutagenesis with the detailed knowledge of enzyme structures and functions or computational models, and directed evolution, which is based on the random synthesis of a pool of mutated enzymes and the subsequent selection by an iterative process [101]. Mutant glucose oxidase obtained from directed evolution has shown improved pH and thermal stability. The biological catalytic kinetics and affinity between mutant enzyme and substrate were improved [21]. Moreover, electrochemical characterisation of mutant enzymes also showed improved electrochemical catalytic activity and electron transfer rate from the mutant glucose oxidase comparing to wild type enzyme [102].




	(2)

	
New immobilisation method and biomaterials to improve the stability of enzymes. Immobilisation of enzymes in hydrophilic sol-gel matrixes and ionic liquids has yielded desired stability and direct electron transfer from enzyme electrodes [103,104,105,106,107]. Biomaterials based on novel phospholipid polymers with unit imitating biomembrane have been developed. They have excellent biocompatibility and the ability of maintaining enzyme activity [20,108]. These new methods and materials provide new means in developing enzyme electrode with required stability.




	(3)

	
Nanomaterials integrated in the enzyme electrode structure to improve the electron transfer and enzyme catalytic activity. Gold nano particles and nano carbon materials have been utilised to establish and improve the electron transfer between enzyme active centre and electrodes because of their excellent electronic properties [100,109,110,111]. Mesoporous materials can be another substrate for enzyme immobilisation. The ordered porous structure with high surface area can increase the enzyme loading and improve the electrode activity.




	(4)

	
Novel design on fuel cell configuration to improve the cell voltage and power out put. For conventional fuel cells, fuel cell stacks are normally developed to achieve high cell voltage and power output. The same principles can be also applied to biofuel cells. Modular microfluidics makes it possible to develop miniaturised biofuel cell stacks with substantial power output.









Successful development of biofuel cell technology requires the joint efforts from different disciplines, biology to understand biomolecules, chemistry to gain knowledge on biochemical reaction and electron transfer mechanisms; material science to develop novel materials with high biocompatibility and maintaining activity from biomolecues and chemical engineering to design and establish the system. This innovative technology will encourage the energy production from renewable sources, and will make major impact and benefit for medical science and clinical research and healthcare management.
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