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Abstract. 
The recent development of nanostructured electrodes for bioelectrocatalytic dioxygen reduction catalysed by two copper oxidoreductases, laccase and bilirubin oxidase, is reviewed. Carbon-based nanomaterials as carbon nanotubes or carbon nanoparticles are frequently used for electrode modification, whereas there are only few examples of biocathodes modified with metal or metal oxide nanoparticles. These nanomaterials are adsorbed on the electrode surface or embedded in multicomponent film. The nano-objects deposited act as electron shuttles between the enzyme and the electrode substrate providing favourable conditions for mediatorless bioelectrocatalysis.


1. Introduction
Although the first report on a dioxygen-glucose biofuel cell working at neutral pH was published in the early 60’s [6], construction of electrodes suitable for this device became challenging research area in the late 90’s. Similar to the conventional fuel cell dioxygen remains the oxidant in biofuel cells, because of its ubiquity, in particular its presence in the air and body fluids of mammals. Contrary to inorganic catalysts, enzymes allow for significant decrease of the dioxygen reduction overpotential also at neutral pH. This aspect is important if the biofuel cell is prepared to generate electricity in human body. Among the enzymes two types of copper oxidoreductases as high potential laccases and bilirubin oxidase [7–9] are superior, and electrodes modified by these proteins are the subject of almost all studies of prospective biocathodes. Although electrodes modified by high potential laccases allow for the larger decrease of the dioxygen reduction overpotential, bilirubin oxidase is more active at pH close to neutral as in physiological fluids [2, 10]. This property together with the fact that it retains its activity in the presence of chloride ions makes bilirubin oxidase modified electrode prospective biocathode working at physiological conditions without membrane separator. However, the problem of its deactivation in the presence of other species such as urates [11] is still needed to be solved.
Both laccase and bilirubin oxidase contain two separate active sites embedded in polypeptide chains being close enough for electron transfer between them. Three-copper ion cluster is responsible for the binding of dioxygen and a separate copper ion responsible for electron transfer with the exterior substrate [22, 23]. Establishing direct electronic communication between the latter and the electrode surface becomes of central interest for enzyme-based mediatorless electrocatalysis. T1 center of laccase or bilirubin oxidase (Figure 1) is hidden in hydrophobic pocket of the protein, and it is accessible for electrons from electrode as it is for organic mediator. It has been shown that attachment of polyaromatic functionalities provides favourable conditions for efficient electron transfer to the acceptor site of the enzyme [1, 24–26]. However, the catalytic current density obtained on these electrodes is limited by the low coverage of the electrode with the enzyme. The use of conductive nanomaterials like carbon nanotubes or various nanoparticles for biocathode modification provides an alternative and frequently used option. Due to the similar sizes of the flexible enzyme and the rigid nanoparticles (or other nanoobjects), the electron transfer distance can be decreased without deterioration of enzyme activity [27, 28]. The increase of the electroactive surface after modification with nanomaterials is another important advantage.   Reconstitution of the enzyme may also bring conductive nanoparticles close to the active site of the enzyme [29, 30] possibly accelerating bioelectrocatalytic process. 





	
		
			
		
		
			
		
		
			
				
			
		
	


Figure 1: Three-dimensional representation of the copper binding sites of bilirubin oxidase from Myrothecium verrucaria. The copper centers of T2/T3 type are represented by brown spheres, whereas the T1 copper is represented by blue sphere. Red sphere represents O2 bound to the trinuclear cluster (from [1]).


Early papers from the Tarasevich group [36, 37] are often cited as the first example of mediatorless catalysis with laccase adsorbed on carbon black. Indeed the high current density of dioxygen reduction reported on these materials may be connected with their specific nanosized features allowing for favourable orientation of the adsorbed enzyme. However, in the first few years of the 21st century the majority of research was oriented towards mediated bioelectrocatalysis following the concept of “wiring” the enzyme to osmium redox polymers [38–41]. Later when the application of nanomaterials for electrode modification became increasingly popular, it was found that nanostructured electrodes further modified by copper oxidoreductases are suitable materials for mediatorless bioelectrocatalysis of dioxygen reduction [2, 42–44]. Not only carbon nanoparticulate materials and carbon nanotubes but also films consisting of graphenes, metal or metal oxide nanoparticles were successfully applied for mediatorless dioxygen bioelectrocatalysis. This paper reviews the recent efforts to construct nanoparticulate biocathodes.
2. Electrodes Modified with Nanoparticulate Carbon Materials
Almost 30 years passed from the first observation of mediatorless bioelectrocatalysis at laccase adsorbed on carbon black [36, 37] until a well-defined carbon-based nanomaterial was used for this purpose. The Kano group prepared a carbon aerogel (22 nm average pore size) poly(vinylidene fluoride) film on glassy carbon with adsorbed laccase or bilirubin oxidase [2]. The use of a copper-oxidoreductase-modified carbon nanostructured material resulted in a significant overpotential decrease compared with Pt electrodes. The electrocatalytic activity of these electrodes resulted in a dioxygen reduction current density of ca. 4 mA cm−2 as measured at rotating disc electrode (Figure 2).
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(b)
Figure 2: Linear sweep voltammograms of (a) Pt (1) and laccase-adsorbed carbon aerogel electrode (2) in pH 5 McIlvaine buffer and (b) bilirubin oxidase-adsorbed carbon aerogel electrode (2) in pH 7 phosphate buffer at 25°C. The measurements were done in O2-saturated solution at 1000 rpm at scan rate 0.02 V s−1 (from [2]).


More importantly similar current densities were obtained in quiescent conditions when Toray carbon paper was used as support for the carbon aerogel [3] (Figure 3). 



	
	
	
	
	
	
	
	
	
	
		
	


	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	

Figure 3: Cyclic voltammograms obtained on laccase adsorbed on carbon-aerogel-modified carbon paper electrode in pH 5 McIlvaine buffer under (1) anaerobic and (2) dioxygen-saturated conditions. Enzyme concentration 5.5 × 10−6 mol dm−3. Scan rate 0.02 V s−1 (from [3]).


This indicates that not only the structure and composition of the nanostructured film electrode but also the support material affect efficiency of the bioelectrocatalytic process. The extremely high current density (20 mA cm−2) was obtained in quiescent conditions with a polytetrafluoroethylene-Ketjen black composite deposited on carbon paper in contact with air [45]. However, in these experiments another copper oxidoreductase—copper efflux oxidase—was used for modification of the air breathing cathode. Although very high current densities and remarkable stability can be obtained with this enzyme on mesoporous carbon supports [46], its dioxygen reduction overpotential is too large to be applied in a biofuel cell. 
Another commercially available carbon black—Vulcan XC72R—embedded in a Nafion film with bilirubin oxidase provides a rather modest 0.05 mA cm−2 catalytic current determined by cyclic voltammetry at 0.003 V s−1 in quiescent O2-saturated solution [47]. Gas-diffusion electrodes with immobilised bilirubin oxidase [48] or laccases [4] were prepared with the same carbon material hydrophobized with Teflon. With the first enzyme catalytic current density above 0.1 mA cm−2 was determined by cyclic voltammetry at 0.02 V s−1 and up to 0.35 mA cm−2 at 0.5 V versus Ag/AgCl from polarisation curve [48]. Polarisation curves also show a three times increase of the current as compared with aqueous dioxygen supply. Even larger current densities and excellent stability was observed for a similar laccase-modified electrode with significant difference between tree and fungal laccases (Figure 4) [4].
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(c)
Figure 4: (a) Current-voltage behaviour of fungal (squares, triangles) and tree (circles) laccase-based gas diffusion cathodes. Influence of oxygen on the polarisation curve obtained for fungal laccase in air (triangles) and oxygen (squares) stream conditions. (b) Tafel plots obtained from polarisation data for fungal (squares, triangles) and tree (circles) laccase. (c) The difference between potentials obtained in oxygen and air as a function of current density (from  [4]).


Based on a similar principle, “floating,” air diffusion biocathode prepared from hydrophobic carbon black modified with Trametes Hirsuta laccase exhibits a current density up to 0.5 mA cm−2 on a dioxygen saturated buffer solution (pH 4.5) [49]. Importantly this electrode is reported to lose only 5% of its initial activity after 1 month of operation at low current density (0.02 mA cm−2) [49].
One of our groups proposed commercially available hydrophilic carbon nanoparticles functionalised with phenyl sulphonate groups (known as Emperor2000) as biocathode material [50]. The film electrode consisting of these nanoparticles encapsulated into a hydrophilic sol-gel-processed silicate and further modified with adsorbed laccase exhibited mediatorless catalysis with ca. 0.1 mA cm−2 current density obtained by slow scan (0.001 V s−1) cyclic voltammetry in quite conditions. Current density in a similar range was obtained with adsorbed bilirubin oxidase on the same nanoparticles embedded in hydrophobic silicate film functionalised with methyl [5] or imidazolium [51]. It is worth noting that the addition of hydrophilic carbon nanoparticles to hydrophobic silicate-carbon microparticles composite material (carbon ceramic electrode) leads to an increase in the catalytic current density to 0.2 mA cm−2 as measured by cyclic voltammetry with scan rate 0.001 V s−1 in air-saturated solution [5] 