Studies on

Energy Conversion Systems
Based on

Bioelectrocatalytic
Reactions

Seilya TSUJIMURA

2007



Table of contents

Page

001 General introduction
Biofuel cells: novel energy conversion systems
based on bioelectrocatalytic reactions

015 Chapter 1 Biocathode (1)
Mediated bioelectrochemical reduction of O,
using bilirubin oxidase
1 Bioelectrocatalytic reduction of dioxygen to water at neutral
pH using bilirubin oxidase as an enzyme and 2,2’-azinobis
(3-ethylbenzothiazolin-6-sulfonate) as an electron
transfer mediator
2 Bilirubin oxidase and [Fe(CN)s]*”*~ modified electrode
allowing diffusion-controlled reduction of O, to water at
pH 7.0
3 Mediated bioelectrocatalytic O, reduction to water at highly
positive electrode potentials near neutral pH

045 Chapter 2 Biocathode (2)
Direct electron transfer-type bioelectrochemical
reduction of O, using bilirubin oxidase
1 Kinetic study of direct bioelectrocatalysis of dioxygen
reduction with bilirubin oxidase at carbon electrodes
2 Bilirubin oxidase in multiple layer catalyzes four-electron
reduction of dioxygen to water without redox mediators

067 Chapter 3 Bioanode
Electro-enzymatic oxidation of biological fuels



Page

075 Chapter 4 Biofuel cell
Bioelectrochemical energy conversion system
1 Bioelectrocatalysis-based dihydrogen/dioxygen fuel cell
operating at physiological pH
2 Photosynthetic bio—electrochemical ceell utilizing
cyanobacteria and water-generating oxidase
3 Glucose/0, biofuel cell operating at physiological conditions

111 Chapter 5 Redox titration of redox proteins
Development of a novel bulk electrolysis method
for in situ spectroscopic measurements

125  Appendix A Theory of bioelectrocatalytic current

135  Appendix B Review of biofuel cell (in Japanese)

154 Acknowledgments

155 List of publications



General introduction

Biofuel cells: novel energy conversion systems based
on bioelectrocatalytic reactions

1 Biological and electrical conversion of chemical energy

Living cells and organisms must perform work to stay alive, to grow, and to
reproduce themselves. The ability to harness energy from a variety of metabolic
pathways so to channel it into biological work is a fundamental property of all living
organisms. Chemical energy is transferred within cells by ATP (adenosine
5'-triphosphate), which is primarily known in biochemistry as the "molecular currency"
of intracellular energy transfer. For ATP to be synthesized in the cellular respiration
from complex fuels, they first need to be broken down into their basic components,
and then oxidized to CO, concomitant with the reduction of NAD* to NADH (and FAD
to FADH,). The maijority of ATP production by a non-photosynthetic aerobic eukaryote
takes place in the mitochondria. In the mitochondria, it is the passage of electron pairs
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Figure 1. Electron and proton flows in respiration chain and biofuel cell.
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from NADH and FADH, through the electron transport chain that powers the pumping
of protons out of the mitochondrial matrix (outer membrane) and into the inner
membrane space, which results in a proton motive force that is the net effect of a pH
gradient and an electric potential gradient across the inner mitochondrial membrane
(Figure 1, left). Flow of protons down the potential gradient provides the driving force
for ATP synthesis by the protein complex ATP synthase. The chemical energy in fuels
is transferred to ATP via proton motive force. The basic concept of biofuel cell is direct
conversion of the fuel’'s chemical energies to electricity using outer electronic circuit

not proton circuit (Figure 1, right).

2 Basic concepts: biofuel cells directly convert fuel to electricity
Biofuel cells (BFCs) utilize biocatalysts such as enzymes and microorganisms for
the conversion of chemical energy into electrical energy in the one of two ways. Either
(i) the biocatalysts can generate the fuel substrates, such as H,, methanol, and
methane, for the fuel cell by biocatalytic transformations or metabolic processes, or
(ii) the biocatalysts may participate in the electron transfer chain between the fuel
substrates and the electrode surface. In this thesis, the author focused on the BFCs,
which directly convert fuels to electricity, that is type (ii) (Figure 2). BFCs represent a
new kind of energy-conversion technology that is distinct from conventional fuel cells,
such as H,/O, and methanol/O, polyelectrolyte membrane-type fuel cells, mainly in
that they can operate under moderate conditions, such as in mild media (near-neutral
pH) and at ambient temperature (20 — 40 °C). Moreover, compared with the
noble-metal catalysts used in conventional fuel cells, the biocatalysts used in the
BFCs are more efficient and selective to the fuel. Therefore, when anodic and
cathodic biocatalysts are completely immobilized on each electrode, it prevents
crossover reactions between anode and cathode, which allows one-compartment
(and miniature) biofuel cells without separator. Also the variety of reactions able to be
catalyzed by biocatalysts makes the use of much wider range of fuel substances
possible. Abundant organic raw materials such as alcohols, organic acids, or sugars
can be used as substrates for oxidation process, and O, or H,O, can act as the
substrate being reduced. In principle, when one moles of glucose is completely
converted to 6 moles of CO, using the cascade enzymatic reactions, a process is
capable of releasing 24 electrons and yields high capacity per weight as large as
3600 Ah kg™'. In case of ethanol, the capacity would increase up to 7000 Ah kg™, the
value being much higher than that of methanol. More remarkably, the biomass
consumed by the BFCs, such as glucose and O,, is generally endogenous to
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Figure 2. A schematic illustration of biofuel cells.

biological systems. As such, BFCs envisaged being able to power the bioelectronics
in vivo, finding uses in systems such as implantable biosensors or pacemakers in the
human body. Biocatalyst can also offer cost advantages over nobel-matallic catalysts
because biocatalysts are derived from natural sources and can be manufactured on a
large scale at very low cost using well-established fermentation techniques. These
striking properties and the potential applications of BFCs have evoked intensive
interest in the basic study and development of BFCs in resent years.

3 History: early work of BFCs

The earliest work in the BFCs’ area was described by M.C. Potter, a professor of
Botany, who observed electricity production by E. coli or yeast in 1911. He placed a
Pt electrode into cultures of microbe and showed that potential difference could be
generated. In 1931, Cohen demonstrated a voltage greater than 35V from microbial
fuel cells connected in electrical series. The expansion of interest in fuel cells
triggered by the USA space program, in the late 1950s and early 1960s, led to the
development of microbial biofuel cells as a possible technology for a power
generation from a waste for space flights. Also in the late 1960s, the biofuel cell using
cell-free enzyme systems began to be used, with the early goal of a power supply for
a permanently implantable artificial heart. Exciting advantages have been made since
that time; still the performance of BFCs, in terms of power density, lifetime, and
operational stability, falls far below that of other conventional chemical fuel cells.
From 1980 onwards, a great number of researches have appeared dealing with
bioelectrocatalysis on the fundamental and applied aspect, especially of the
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second-generation amperometric biosensors. Nevertheless, recent development
from 2000 showed a renewed interest in BFCs. The biocatalytic reduction of oxidizers
has attracted much less attention than the biocatalytic oxidation of fuels. Nonetheless,
in order to construct a biofuel cell element, it is essential to design a functional
cathode for the reduction of the oxidizer that is coupled to the anode and allows the
electrically balanced current flow. Conventional O.-reducing cathodes used in fuel
cells are usually not compatible with biocatalytic anodes since high temperatures and
pressures are applied for their operation. Thus, biocatalytic reductive processes at
the cathode should be considered as a strategy to design all biomaterial-based
functional fuel cells. BFC becomes to be considered as a general device for power
generation. The author first emphasized the development of the bioelectrochemical
reduction of O, to water at neutral pH, and successfully achieved it (described in
chapter 1 and 2). Therefore, recent studies have directed toward special and
concrete applications such as implantable devices, sensors, drug delivery systems,
microchips, and portable power supplies.

4 Future applicative works: prospective directions of BFCs

There are several potential uses of biofuel cells, with the ones receiving most
interest being illustrated in Figure 3. The most obvious target for biofuel cells research
is still for in vivo applications where the fuel used could be withdrawn virtually without
limit from the flow of blood to provide a long-term or even permanent power supply for
such medical devices as pacemakers, glucose sensors for diabetics, electric
neuro-stimulator, or small valves for bladder control. The function of sensing and

power generation and capability to be minimizing would contribute to the
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Figure 3. Characteristics of biofuel cells and prospective applications
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development drug delivery system (DDS). The living system where BFCs run is not
restricted to the human body; for example, fresh vegetables, fruit, fish, and animals
would be used for BFC system, since the oxygen and fuel required for their operation
can conceivably be taken from their immediate environment. Theses power
supplement would contribute to the development of the field of ubiquitous networks
and computing.

Ex vivo proposed applications are various. The large scale is represented by
proposed power recovery from waste streams with simultaneous remediation by
bioelectrochemical means, or purely for power generation in remote areas, the
medium scale by power generating systems for specialist applications such as the
robot, and perhaps of greatest potential the small scale power generation to replace
battery packs for consumer electronic goods such as laptop computers or mobile
telephones. In the future, especially, there would arise a significant demand for power
souse for the miniaturization and portability of computing and communications
devices. BFCs would be a promising candidate because they can be small and light,
and the fuel can be taken from familiar concentrated chemical energy sources (e.g.,
juices and alcohols).

The larger scale applications tend to be organism based and the smaller scale
ones more likely to be enzymatic. In the case of enzymatic fuel cells, at least, the
major barrier to any successful application is component lifetime, particularly in view
of the limited enzyme lifetime and problems of electrode fouling/poisoning.
Implantable medical devices need power supplies that will operate for extremely long
durations, as maintenance would necessitate surgery.

Although, BFC would be used as multi-cell stacks to produce the desirable output
voltage of 1 — 5V, it would be difficult to keep its output against the rapid change.
Hybrid devices combining fuel cells and rechargeable batteries or capacitors would
be desired. One candidate is redox flow—type cells, in which energy can be stored in
chemical form (resembling mediator) until the cell is discharged in BFC to generate
current and power can be supplied to the cell to drive a charging set of reactions. A
bio-redox flow cell has not yet been reported, but some reported BFC using mediator
works as redox flow mechanism in principal.

5 Mechanism: key performance characteristics of BFC

In a fuel cell, an oxidation reaction occurs at the anode and a reduction reaction at
the cathode. The oxidation releases electrons, which travel to the cathode via the
external circuit doing electrical work. The circuit is completed by the movement of a
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Figure 4. i -V curve of biofuel cells

1, the factors regulated the cell voltage: formal potential of
mediator (or enzyme) and its electrode reaction kinetics. 2, the
factors regulated the cell voltage: mass transfer rate or
biocatalytic reaction rate

compensating charge through the electrolyte often in the form of positive ions.

The extractable power of a fuel cell (Pc) is the product of the cell voltage (Vcen)

and the cell current (icen) (equation (1)) as illustrated in Figure 4.
Peeil = Veell X lcell (1)

Although the ideal cell voltage is affected by the difference in the formal potentials
of the oxidizer and fuel compounds (E°; — E%.), Vcer for an indirect fuel cell is
determined by the difference of mediators in the anode and cathode compartments.
Irreversible losses in the voltage as a result of kinetic limitations of the electron
transfer processes at the electrode interfaces (and between enzyme and mediator
using mediator), ohmic resistances and concentration gradients, lead to decreased
voltage values. Thus, cell voltage can be expressed by current-potential curve
analysis:

Vee = Eo — Ea — iRinner 2)

Ec and E, are experimental potentials referred to a reference electrode of the
cathode and anode, respectively. V¢ would decrease with increasing the cell current
i.

Similarly, the cell current is collectively and individually controlled by the rate of
electron transfer at the respective electrode surfaces, the electrode sizes, the ion
permeability and transport rates across the membrane separating the catholyte and
anolyte compartments of the biofuel cell. The maximum current density is determined
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by the surface biocatalytic reaction velocity, which is the product of surface
concentration of biocatalyst and its kinetics. These different parameters collectively
influence the biofuel cell power, and for improved efficiencies, the V e and ice values
should be optimized. For example, to obtain an optimal voltage from a cell it is
desirable to maximize the driving force (E; — E,) and to minimize the ohmic resistance
losses, iRmer. The latter can be achieved through appropriate cell design
considerations such as minimizing the inter-electrode gap or optimizing electrode
configurations. Towards this goal, it is essential to tailor integrated
enzyme-electrodes that exhibit electrical contact and communication with the
conductive supports. The detailed characterization of the interfacial electron transfer
rates, biocatalytic rate-constants and cell resistances is essential upon the
construction of the biofuel cells. Identification of the rate-limiting steps allows then the
development of strategies to improve and enhance the cell output.

6 Bioelectrochemical cells involving a whole organism

In the microbial fuel cell, the fuel (involving complex fuels, such as raw biomass,
and wastes) is oxidized through the cascade process of enzyme-catalyzed reactions.
The two classical methods of operating the microbial fuel cells are (1) use of the
electroactive compounds, such as H, and methanol, produced in the metabolic
process, and (2) use of mediators molecules which take electrons from the biological
electron transport chain of the microorganisms (that is, metabolic and photosynthetic
reactions) and transport them to the anode of the biofuel cell. In this paper, the latter

type BFC based on the bioelectrocatalysis is focused (Figure 5).
Mediated electron transfer-type bioelectrocatalytic reactions
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Figure 5. Bioelectrocatalytic reactions in microbial fuel cells.
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In this case, the biocatalytic process performed in the microorganisms becomes
different from the natural one since the electron flow goes to the anode instead of to a
natural electron acceptor. Since the natural electron acceptor is usually more efficient,
it can compete with the desired scheme, so it is usually removed from the system. In
most cases, the microbiological system operates under anaerobic conditions (when
O, is removed from the system), allowing electron transport to the artificial electron
relays and, finally, to the anode. Low molecular weight redox species may assist the
shuttling of electrons between the intracellular bacterial space and an electrode.

However, there are many important requirements that such a mediator should
satisfy in order to provide an efficient electron transport from the bacterial metabolites
to the anode: (a) The oxidized state of the mediator should easily penetrate the
membrane to reach the reductive species inside the bacterium. (b) The redox
potential of the mediator should fit the potential of the reductive metabolite (the
mediator potential should be positive enough to provide fast electron transfer from the
metabolite, but it should not be so positive as to prevent significant loss of potential).
(c) Neither oxidation state of the mediator should interfere with other metabolic
processes. (d) The reduced state of the mediator should easily escape from the cell
through the bacterial membrane. (e) The mediator should be chemically stable in the
electrolyte solution, be well soluble, and not adsorb on the bacterial cells or electrode
surface. (f) The electrochemical kinetics of the oxidation process of the
mediator-reduced state at the electrode should be fast (electrochemically reversible).
Many different organic and organometallic compounds have been tested in
combination with bacteria to test the efficiency of mediated electron transport from the
internal bacterial metabolites to the anode of a biofuel cell.

Photo-microbial fuel cells (photo-bioelectrochemical cells) using photosynthetic
cyanobacterium have much in common with other microbial fuel cells, differing only in
that the energy converted to electricity comes originally from a light source rather than
a fuel substrate. The excited electrons by illumination may be extracted by a soluble
mediator, such as quinones, transporting electrons to electrode. By combining
photosynthetic anodic reaction, in which the oxidation of water to produce O, and
protons, and cathodic reaction of O, reduction, a photo-microbial biofuel cell with no
special fuel requirement can be produced (section 2 in chapter 4).

Mediatorless electron transfer in microbial biofuel cell system is achieved by
culture of microbial cell, which belong to the group of Shewanella or Geobacter, on
the electrode surface combined with an organism with electron transfer groups

naturally incorporated into the cell membrane. Cytochromes, quinone compounds, or
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electrically conductive pilus-like appendages called bacterial nanowires are
considered as the candidates for the electron transfer pathway from cells to anodes,
however the details of electron transfer mechanism are not clear.

7 Biofuel cells utilizing a purified enzyme

Upon utilizing enzymes as catalytically active ingredients in biofuel, one may
apply oxidative biocatalysts in the anodic compartments for the oxidation of the
fuel-substrate and transfer of electrons to the anode, whereas reductive biocatalysts
may participate in the reduction of the oxidizer in the cathodic compartment of the
biofuel cell.

Redox enzyme is categorized into two groups by the view of bioelectrocatalytic
reactions. The first group enzymes has nicotinamide adenine dinucleotide
(NADH/NAD™) or nicotinamide adenine dinucleotide phosphate (NADPH/NADP™)
redox centers, which are often weakly bound to the protein of the enzyme and diffuse
away from the enzyme, acting as carriers of electrons. To complete the electron
transfer to the electrode, produced NADH or NADPH should be oxidized at electrode
without kinetic losses by using some suitable electrocatalyst including enzymes
(diaphorase) (described in chapter 3).

The other type of enzyme is the enzyme with a strongly bound redox center
deeply bound in a protein or glycoprotein shell. In addition, enzymes in this group are
classified into three types, peroxidases and dehydrogenase. Oxidases use dioxygen
as electron acceptor and dioxygen is reduced to water or hydrogen peroxide.

Mediated electron transfer-type bioelectrocatalytic reactions
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Figure 6. Enzymatic bioelectrocatalytic reactions.
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Peroxidases catalyze the oxidation of substrate by a hydrogen peroxide.
Dehydrogenases catalyze the oxidation reaction of substrate by transferring one or
more protons and a pair of electrons to an electron acceptor, except for dioxygen and
peroxide. The enzyme-catalyzed reaction is characterized into two types from the
view of bioelectrocatalytic electron transfer mechanisms: one is mediated electron
transfer (MET) type and direct electron transfer (DET) type, where the enzymatic and
electrode reactions are coupled by direct (mediatorless) electron transfer (Figure 6).

In MET, a low molecular weight, redox-active species, referred to as a mediator, is
introduced to shuttle electrons between the enzyme active site and the electrode. In
this case, the enzyme catalyzes the oxidation or reduction of the redox mediator.
Therefore, the mediator acts as a substrate for the enzymatic reaction: for example,
the electron-donating substrate in oxidase or peroxidase reactions, and the electron
acceptor in the dehydrogenase reaction can be a mediator. The regeneration of the
mediator occurs on the electrode surface preferably at low overvoltage
(electrochemically reversible). The significant advantage of MET system is that this
system can be applied to most of redox enzymes. In addition, the MET-type
bioelectrocatalytic reaction offers the current density advantage over the DET-type
one as long as the mediator concentration is sufficiently high describe in appendix A.
Mediators can exist free in solution; physically entrapped behind a membrane;
immobilized in a matrix along with the biocatalyst; immobilized on the surface of
electrode; or covalently bound to a surface or polymer network, wherein the polymer
can be conductive or insulating. Selected immobilization chemistries reported in
relation to enzymatic biofuel cells are reviewed in the sections below (REF).
Immobilization will also increase the surface concentration of mediators and enzymes,
which may lead to an increase in the current density of bioelectrocatalysis.

However, the MET system has several disadvantages also. One of disadvantages
is concerned with the thermodynamic loss, which is arisen from negative standard
Gibbs energy change required for fast electron transfers between enzymes and
mediators. The rate constant between enzymes and mediators increases
exponentially with their formal potential difference (due to linear free energy
relationship) in a series of compounds and tends to reach a constant value
independent of the potential difference (due to microscopic diffusion control). In order
to minimize the thermodynamic loss, one must select suitable mediators in view of
thermodynamics and kinetics. Another disadvantage is that the system has high risk
of mediator-leaking (or desorption) from electrodes, which causes serious crossover
reactions: mediators desorbed from anodes will react at cathodes or vice versa,

10
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leading to a decrease in the cell power by merely converting the redox reaction
energy into heat. In order to avoid the risky crossover, separators may be
incorporated into biofuel cells, which would lose simplicity in structure of biofuel cells.

In DET, the electron is transferred directly from the electrode to the substrate
molecule (or vice versa) via the active site of the enzyme. According to this
mechanism, the electrode itself acts as the enzyme substrate. The catalytic effect of
the enzyme is the reduction of the overvoltage for reaction of the substrate. Since the
system is free from several restrictions concerning mediators, it becomes easy to
construct DET-type biofuel cells. The cell would not require separators because the
crossover would not occur in principle due to the substrate specificity of enzymes as
long as enzymes are immobilized on electrodes and dehydrogenase (that is, redox
enzymes reacting with electron acceptors except dioxygen) are utilized as anode
catalysts. Current-potential curves in DET-type bioelectrocatalysis are expressed in
terms of enzyme kinetics and electrode reaction kinetics between enzymes and
electrodes. This means that the electrode potential is controlled by the formal
potential (redox potential) of the redox site in enzymes communicating with
electrodes, the electrode reaction kinetics and the enzyme kinetics in DET-type
biofuel cells. Therefore, a set of a dehydrogenase with a negative formal potential (for
the oxidation of fuels) and an oxidase with a positive formal potential (for the dioxygen
reduction) are preferable as catalysts of DET-type biofuel cells.

Most redox enzymes lack direct electrical communication with electrodes due to
the insulation of the redox center from the conductive support by the protein matrices.
The key challenge with this type of enzyme is of orienting the enzyme on the
electrode for maximum activity, both for rapid electron transfer and also for diffusional
access of the substrate to the enzyme. The use of nano (micro)- structured electrode
was also studied for increasing the ratio of electro-active enzyme to inactive one by
increasing the contacting surface area. Several other methods have been applied to
electrically contact redox enzymes and electrode supports; for example, the use of
bioengineered structural mutants designed for DET reaction, the stepwise
nanoengineering of electrode surfaces modified with functional molecules to enhance

their electrical communication with electrodes.

8 Problems to be solved

There are a number of problems, however, the most important of which is that
most of the enzyme modified electrodes to date have lifetimes in the order of weeks,
whereas the order of years would be required for practical application. Unfortunately

11
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most of the biofuel cells described today would be capable of meeting demands for
short term application only.

Although the stabilization of enzymes has been an active area for many years, the
state-of-the-art is not capable of meeting the requirements of such devices. Suitable
immobilization of enzymes would extend its lifetime as shown by practical bioreactors.
It is probable that enzymes will have to be modified by routes such as genetic
engineering if the required enzyme stabilities are to be met. In addition to that, it
would be necessary to develop the screening test for the new enzyme suitable for the
fuel cell.

Biofuel cell can exhibit higher operational voltage as described above. The current
density is still small in the order of two or three compared with the conventional fuel
cell or batteries, although hundreds or more current density compared with 10 years
ago. It would be needed the further development of immobilization method using
micro- (or nano-) structured material, and also the search for the new enzyme with
much higher activity. An enzyme-electrode would encounter the problem of the mass
transfer of fuels in the stage of obtaining the current density in the order of 100 mA
cm™2 and more.

As for anodes in enzymatic fuel cells, most of the enzymatic reactions using solo
enzyme are two electrons oxidation of reducing fuel. It would cause the accumulation
of oxidized product. Cascade reaction constructed from the multiple reactions, such
as citrate cycle and pentose phosphate cycle, would be needed to make a gaseous
product, such as CO,, or insoluble product in order to easily exhaust from the system.

A problem for biomedical devices implanted that must be addressed is that of
biocompatibility; the biofuel cell must be capable of existing in the physiological
environment without an unacceptable degree of biofouling occurring over extended
periods of time. Coating of biocompatible polymer, such as MPC polymer, to prevent
the protein adsorption and fouling on the enzyme electrode.

9 Concluding remarks

During the 20th century, energy consumption increased dramatically and an
unbalanced energy management exists. Every year, to construct the sustainable
energy cycle, increasing attentions have been paid to the global energy, and the
research into alternative renewable energy instead of petroleum. Fuel cells offer a
possible solution to this problem, with the fuel needed for conventional cells usually
being either hydrogen or methanol. Hydrogen is gaseous and this gives rise to
storage and transport problems. Methanol also has a problem in safety. Many of the

12
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alternative fuels that could be used within fuel cells are still dependent on petroleum
products and therefore offer few advantages.

Biofuel cells for the generation of electrical energy from abundant organic
substrates can be organized by various approaches. All compounds to be utilized by
living things such as sugars, alcohols, amines, organic acids and hydrogen and also,
in principle, other variety of large molecular-weight biomasses are possible
substances for biofuel cell. For example, if a molecule of glucose is oxidized
completely to CO, with O, as the oxidant, there are 24 electrons available for current
generation. Furthermore, the glucose is produced of photosynthesis, and then the
process is carbon neutral, which clearly offers environmental benefits. One approach
involves the use of microorganisms as biological reactors for the fermentation of raw
materials to fuel products, e.g., hydrogen, that are delivered into a conventional fuel
cell. A further methodology to develop biofuel cells involves the application of redox
enzymes (microorganisms) for the targeted oxidation and reduction of specific fuel
and oxidizer substrates at the electrode supports and the generation of the electrical
power output. The development of biofuel cells for practical applications is a field
which is still in its infancy, although there is unquestionably much potential for further
improvement.

In future, one of the most active areas in the field is focused towards developing
power sources for implantable devices within humans as the alternative use of
lithium—iodine batteries in implantable devices such as pacemakers, pumps (e.g.,
insulin pumps), sensors and prosthetic units. Implanted biofuel cell would use a
biological fuel source such as glucose or lactate, and O,, both of which are readily
available in physiological fluids such as blood. Other possibilities for biofuel cell
research include the future development of power supplies for use in remote areas. In
an ideal scenario biofuel cells such as these should be capable of using readily
available fuel sources. Plant saps, for example, often contain high levels of sugars,
which could be used as a fuel. Many conventional hydrogen or alcohol fuel cells
require expensive noble metal catalysts and moreover often require extreme
conditions of pH or high temperature. Thus, disposable style maybe suitable for
biofuel cells until enough stability can be secured. Microbial fuel cells may also in the
future be used to help degrade organic waste such as sewage sludge (and also
produce electricity). Problems of lifetime, stability and power density all need to be
addressed, although the possible benefits of this technology are likely to drive
continuing research. It needs to improve our knowledge of biocatalysis, electron
processes at surfaces, biological and other material stability to realize this vision.

13
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Biocathode (1)

Mediated bioelectrochemical reduction of O, using
bilirubin oxidase

Bioelectrocatalytic reduction of dioxygen to water at

neutral pH using bilirubin oxidase as an enzyme and
2,2’-azinobis (3-ethylbenzothiazolin-6-sulfonate) as an
electron transfer mediator

Electrochemical reduction of dioxygen to water proceeds very effectively at 0.4 V vs.
Ag|AgCl in pH 7.0 solution at an ambient temperature through the 2,2'-azinobis
(3-ethylbenzothiazoline-6-sulfonate) (ABTS?*)-mediated and bilirubin oxidase (BOD)
[EC 1.3.3.5]-catalyzed reaction of dioxygen. Electrochemistry of the ABTS?™ oxidation
and the indirect catalytic reduction of dioxygen with ABTS*" and BOD have been
studied in detail to elucidate fully the bioelectrocatalytic behavior. The
bioelectrocatalytic system using a carbon felt electrode has been examined and
discussed in view of the cathode reaction in a biofuel cell.

Introduction

Electrochemical reduction of dioxygen to water without overvoltage has been a
challenging subject in the field of fuel cell-related electrochemistry. Electrocatalysis
using metal complexes [1, 2] and redox enzymes [3-9] has been studied to realize a
fast electrochemical reduction of dioxygen at moderate temperatures under mild
conditions. The author has been interested in the use of redox enzymes and
microorganisms, because they are catalytically active under mild conditions, easily
renewable, and free from environmental pollution. Laccase has been utilized as a

biocatalyst for electrocatalytic reduction of dioxygen to water without a mediator

15
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compound [3, 4] and with 2,2-azinobis (3-ethylbenzothiazolin-6-sulfonate) (ABTS?)
as a mediator [5]. The bioelectrocatalysis without mediator reported by Tarasevich et
al. appears to be attractive because of the operation with a low overpotential, but
extensive data obtained under fully specified experimental conditions are lacking [3].
Anson et al. have studied extensively the laccase-catalyzed electrolytic reduction of
dioxygen and revealed that the reaction proceeds at about 0.5 V vs. SCE at pH lower
than 5.5 [4]. More recently, Yaropolov et al. have investigated bioelectrocatalysis for
dioxygen reduction based on direct electron transfer between carbon electrodes and
copper-containing enzymes (laccase, tyrosinase, ascorbate oxidase and
ceruloplasmin) [6]. Palmore et al. have reported bioelectrocatalysis of laccase with
ABTS? as a mediator to demonstrate that the bioelectrocatalytic reduction of
dioxygen occurs at about 0.5 V vs. SCE at pH 4.0 [5]. The same system using
laccase from different origin has also been reported by Bourbonnais et al. [7]. The
author has demonstrated that whole cells of Thiobacillus ferrooxidans function as
effective biocatalyts to produce a cathodic current at about 0.3 V vs. Ag|AgCl at pH
2.0 for the bioelectrocatalytic reduction of dioxygen to water [8]. It is noted that these
reactions proceed under acidic conditions. Considering that biocatalytic anodic
oxidation of such substrates as glucose [9, 10], NADH [9, 11, 12], methanol [12],
ethanol [13] and hydrogen [8, 14, 15], which can serve as an anodic reaction in a
biofuel cell system, proceeds at around pH 7.0, the author needs to operate the
cathodic reaction under neutral conditions. Bioelectrocatalytic reduction of dioxygen
at pH 7.0 has been realized by a combination of cytochrome ¢ and cytochrome
oxidase, but the reduction occurs at a less positive potential, 0.0 V vs. SCE [16-18].

Bilirubin oxidase (BOD) [EC 1.3.3.5, from Myrothecium verrucaria) catalyzes the
oxidation of bilirubin to biliverdin [19]. It has molecular mass of 60 kDa and is a
multi-copper oxidase containing type 1, type 2, and type 3 coppers (in the ratio 1:1:2)
similar to laccase, ascorbate oxidase, and ceruloplasmin [20-23]. It has been reported
that BOD can catalyze the oxidation of ABTS? and syringaldazine with dioxygen at
the optimum pH 4.0 and 8.0, respectively [24]. The author has examined BOD as a
catalyst for the ABTS?*-mediated bioelectrocatalytic reduction of dioxygen to water
and found that the system allows electrocatalytic reduction of dioxygen at 0.5 V vs.
Ag|AgCl at pH 7.0. This paper describes the details of the bioelectrocatalytic behavior
at pH 7.0. The bioelectrocatalytic reduction of dioxygen with a carbon felt electrode is
also examined to characterize the bulk electrolytic behavior of the reaction.
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Experimental
Materials

Bilirubin oxidase (BOD, Amano, lot No. BOV02512) [EC 1.3.3.5] from
Myrothecium verrucaria was obtained from Amano Pharmaceutical Co. Japan. The
concentration of bilirubin oxidase in a stock solution was determined
spectrophotometrically using & = 4800 M cm™ [23]. 2,2-Azinobis
(3-ethylbenzothiazoline-6-sulfonate) diammonium salt was purchased from Sigma
Chemical Co. and used without further purification. All other chemicals used were of
reagent grade.

Apparatus, electrodes, and electrochemical measurements

Cyclic voltammetry and chronoamperometry were performed using a
Bioanalytical systems (BAS) CV-50W electrochemical analyzer. A glassy carbon
electrode with ¢ = 3.0 mm (BAS, No. 11-2013) was used as the working electrode. A
platinum disk and Ag|AgCI|KCl(sat.) were used as the counter and reference
electrode, respectively. A homemade one-compartment electrolysis cell with the
solution volume of 1 cm® was used. A glassy carbon electrode modified with
immobilized BOD was prepared by the method reported previously [11]. In brief, 10 pL
aliquot of the BOD solution (50 mg BOD mL™") was dropped onto the surface of a
glassy carbon electrode with a surface area of 0.07 cm?. After the solvent was
allowed to evaporate at room temperature, the electrode was covered with a dialysis
membrane having a thickness of 20 um in the dry state. The BOD-modified electrode
was stored at 4 °C in pH 7.0 phosphate buffer when not in use. Bulk electrolysis and
chronamperometry were carried out using a carbon felt sheet (TORAY Co., 1.5 cm x
1.5 cm x 1.0 mm) as the working electrode in an H-type electrolysis cell separated
from the counter electrode with a sintered glass disc and a KCI salt bridge tube.
Potentiometery with the carbon felt electrode was performed on an Advantest R6450
digital voltmeter (Tokyo, Japan). Dioxygen concentration was measured with a
Clark-type oxygen electrode (Oriental Electronics, two-electrode system). All
measurements were carried out in a phosphate buffer of pH 7.0 with ionic strength 0.1
(adjusted with KCI) at 25 °C unless stated otherwise. The concentration of oxygen in
pure water saturated with air is calculated to be 254 uM from the solubility data of
oxygen at 25 °C [25]. Solubility in an aqueous solution is somewhat different from that
in pure water and depends on the kind and concentration of the salt present [25]. The
salt effect has been corrected by taking the ratio of the limiting current at an oxygen
electrode in pure water to that in the buffer solution; the oxygen concentration in the
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buffer saturated with air was determined to be 248 uM. All potentials are referred to
the Ag|AgCI|KCl(sat.) electrode.

Results and discussion
Electrochemical behavior of ABTS®™ in pH 7.0 phosphate buffer

2,2’-Azinobis (3-ethylbenzothiazoline-6-sulfonate) (ABTS?) produced
well-defined two-step one electron reversible waves on a cyclic voltammogram (CV)
at pH 4.0 at the potential scan rate v =1 Vs~ (Figure. 1A) as reported previously [7].
The waves appearing at the mid-potentials (the potentials at mid point between the
anodic and cathodic peaks) Enig) = 0.505 V and Enigz) = 0.900 V correspond to the
reactions of redox couples ABTS?/ABTS' and ABTS"/ABTS, respectively, as
illustrated in Scheme 1 [26]. On the other hand, CVs at pH 7.0 revealed that the
second wave is irreversible at this scan rate (Figure 1B) and becomes reversible at a
higher scan rate 20 V s™" (Figure 1C). This result suggests that ABTS is subjected to
decomposition by a series of unknown chemical reactions proceeding in the vicinity of
the electrode surface. Figure 2 confirms the decomposition of ABTS. Bulk electrolysis
of 0.5 mM ABTS? in pH 7.0 phosphate buffer was carried out at 1.0 V for 5, 10, and
20 min using a carbon felt electrode, and CVs of the electrolysis solution was
recorded at v = 20 mV s™'. At this scan rate, the irreversible nature of the second

300 4

200+ ; :
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200 400 600 800 1000 1200
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Figure 1. CVs of ABTS? (A) in pH 4.0 acetate bufferat v=1V s and in
pH 7.0 phosphate buffer at (B) v =1V s and (C) 20 V s™'. ABTS*
concentration: 1.5 mM.
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Figure 2. CVs of the ABTS? solution after the bulk electrolysis of 0.5 mM
ABTS? in pH 7.0 phosphate buffer at 1.0 V for (A) 0, (B) 5, (C) 10, and
(D) 20 min. v=20mVs™.

wave becomes more evident as seen in Figure 2A. The magnitude of the second
wave relative to the first wave became larger and the second wave was followed by a
new oxidation wave around 1.1 V, suggesting a complicated electrochemistry of the
second wave. When the solution was subjected to bulk electrolysis, both the first and
second waves were decreased (Figures 2B and 2C) and finally the waves
disappeared after 20 min bulk electrolysis (Figure 2D). Thus, the author may
conclude that ABTS is gradually decomposed and then irreversibly oxidized at pH
7.0.

SO5” S05” S05”

2— o
048 ABTS 04 ABTS 0.8 ABTS

Scheme 1. The structure and redox reaction of ABTS?/ABTS" /ABST
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Figure 3. CVs of 0.25 mM ABTS? in pH 7.0 phosphate buffer in the
range between 0.3 and 0.75 V at various potential scan rates. The CVs
were recorded from 0.75 V.

When the potential scan was limited in the range between 0.3 and 0.75V, stable
CVs were obtained for the redox reaction of ABTS?/ABTS" as illustrated in Figure 3,
where the CVs were recorded from the positive potential at 0.75 V after the electrode
had been kept at that potential for 20 s to produce ABTS® in the vicinity of the
electrode surface. CVs of ABTS?*/ABTS" behaved reversibly at the scan rates
between 5 to 200 mV s™'; the peak current was proportional to v'’2, while the peak
potential and the peak separation were independent of v, though the value of the
peak separation 70 mV was somewhat larger than that expected for a reversible
wave. The peak current yielded the diffusion coefficient of ABTS?" (Dagrs) as 3.2 x
107 cm? s™', which agreed with the Dagrs value reported at pH 4.0 [5]. The standard
rate constant for the electron transfer between a glassy carbon electrode and
ABTS*/ABTS" was estimated to be 1 x 107 cm s™' from the CVs measured at the
higher scan rates up to 30 Vs™' under the assumption that the transfer coefficient is
0.5 [27]. This value is higher than the value 4.54 x 10 cm s™" at pH 4.0 reported by
Palmore et al. [5]. The Eniq1) value of the CVs in Figure 3, 505 mV, is close to the
redox potential of dioxygen/water E’ozater 615 mV at pH 7.0.
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Figure 4. CVs of (A) pH 7.0 phosphate buffer, (B) (A) + 0.25 mM ABTS?,
and (C) (B) + 0.11 yM BOD. v=10mV s~

Mediated bioelectrocatalytic reduction of dioxygen

Figure 4 demonstrates that BOD is effective to produce a cathodic current for
the ABTS?-mediated catalytic reduction of dioxygen to water. The CV of ABTS? for
the redox reaction of ABTS?/ABTS"" (Figure 4B) was independent of the presence or
absence of dioxygen in the solution (data not shown). However when BOD was
added to the air-saturated solution, ABTS? produced a sigmoidal cathodic wave for
the catalytic reduction of dioxygen to water (Figure 4C). The wave has the half-wave
potential E» of 490 mV, which is similar to the potentials of the catalytic currents
produced by laccases from several origins in the absence (direct electron transfer)
(pH 3.1 [4] and pH 5.01 [6]) and presence of ABTS?" (pH 4.0) [5, 7], and is much more
positive than the potential 45 mV of the catalytic current produced by cytochrome
c/cytochrome oxidase system at pH 7.0 [16-18]. The redox potential of BOD has been
reported to be 373 mV (pH 7.8) [23] and 285 mV (pH 5.3) [24], which is more negative
than the Ej, of the catalytic current in Figure 4C. This means that the electron
transfer from ABTS? to BOD is an uphill reaction. In spite of this, the BOD-catalyzed
reduction of dioxygen produces the large cathodic catalytic current as observed in
Figure 4C. In the absence of ABTS?, the current for the reduction of dioxygen was
not observed. When pyrolytic graphite (edge plane) was used as an electrode
(geometrical surface area 0.07 cm?) and when BOD (0.1 mg) was entrapped behind a
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dialysis membrane on the electrode surface, a very small cathodic current started to
appear from 0.4 V in an air-saturated buffer at v= 10 mV s™, the magnitude being 15
nAat0.2V.

An empirical equation has been derived for the steady-state catalytic current /s
of a mediated bioelectrocatalysis [28], which can be written in the present case by

i, = nFA DABTSkcat[BOE] .[ABTS?] /f (1)
K ars +[ABTSZ)/2

with

fole [ABTS* )/K st
- 2
0.848 ([ABTS? ]/K sgrs | +11.4 ([ABTS? |/K ygrs )+ 17.9

under the assumptions that the BOD-catalyzed enzymatic reaction follows an
ordinary ping-pong bi-bi mechanism and that [O,] is sufficiently large compared with
the Michaelis constant Ko, for dioxygen. In eq. 1, k.t and Kagrs are the catalytic
constant and the Michaelis constant for ABTS?, respectively, [ABTS?] and [BOD] are
the concentrations of ABTS?  and BOD, and n, F and A are the number of electrons,
the Faraday constant, and the electrode surface area, respectively. The steady-state
limiting catalytic current in Figure 4C increased with increasing [ABTS?]. The
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0.0 0.5 1.0 1.5

[ABTS]/mM

Figure 5. Plot of js against [ABTS?7]. is was measured at 0.2 V in 0.11 uM
BOD solution of pH 7.0. The solid curve is the one calculated by eq. 1
with the k.t and Kagts values in the text.
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dependence of is on [ABTS?*] in Figure 5 obtained by chronoamperometry was
analyzed by eq. 1 with Dagrs = 3.2 x 10° cm? s™'and [BOD] = 0.11 pM to give the ke
value as 8.2 x 102 s™' and KasTs value as 11 uM using non-linear curve fitting. The
solid curve is the one calculated by eq 1 with the k.ot and Kagrs values.

The dependence of the BOD-catalyzed reaction on the concentration of
dioxygen was studied by an ordinary method of measuring dioxygen consumption
rate with a Clark-type oxygen electrode under the conditions [BOD] = 11 nM, [ABTS?]
= 250 uM, and [O;] = 10 to 248 uM. Analysis of the results by an ordinary
Michelis-Menten type equation yielded the values of Ko, = 51 uM and kot = 2.3 % 102
s'. The Ko, value confirms that the condition [O2] >> Koz assumed in eq. 1 is satisfied
in air-saturated solution, and the k.. value, as requested, is in fair agreement with that
determined above from the data in Figure 5. From these data, the author can
calculate the bimolecular rate constants, k../Kagts for the reaction between ABTS?
and BOD and k../Ko for the reaction between BOD and dioxygen as 7.5 x 10" and
4.5 x 106 M~ s, respectively. These bimolecular rate constants are large enough for
the enzyme catalytic reactions to be close to a diffusion-controlled reaction. This is an
encouraging result for the mediated bioelectrocatalysis to be utilized as a cathodic
reaction in a fuel cell system. The pH dependence of the mediated catalytic current is
given in Figure 6, showing that the bioelectrocatalytic reaction produces comparable
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Figure 6. pH dependence of BOD activity expressed as the pH
dependence of is measured at 0.2 V in air-saturated Briton Robinson
buffer solutions containing 0.25 mM ABTS?* and 0.11 uM BOD.
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magnitudes of the current in the range between pH 4.0 and 7.5. The catalytic current
also depended on the ionic strength of the solution adjusted with KCI; it decreased to
45% with the increase in ionic strength from 0.1 to 0.2, and to 30% and 25% at the
ionic strength of 0.3 and 0.4, respectively. The catalytic current remained unchanged
in magnitude for more than 120 h when the current was measured periodically at 24 h
interval with the glassy carbon electrode modified with immobilized BOD, which was
prepared by the method described in Experimental section.

Stoichiometry of the reaction between ABTS®~ and dioxygen

Although BOD is known to catalyze the oxidation of bilirubin to biliverdin
concomitant with the four-electron reduction of dioxygen to water, the reduction
product of dioxygen might depend on substrates used. In order to determine whether
dioxygen is reduced to water or hydrogen peroxide when ABTS? is used as a
substrate, the author measured the amount of dioxygen consumed in the solution
containing ABTS? and BOD at pH 7.0 with a Clark-type oxygen electrode (Figure 7).
When BOD was added in air-saturated solutions containing (A) 0.5 and (B) 0.25 mM
ABTS?, a rapid decrease in the current, that is, the decrease in the dioxygen
concentration [O,] was observed in both A and B. Considering that the initial [O;] is
0.25 mM in an air-saturated solution, the author can estimate that 0.12 and 0.06 mM
dioxygen is consumed by the rapid decrease. This result indicates that the
stoichiometric ratio of ABTS?™ to dioxygen is 4:1 in agreement with the four-electron
reduction of dioxygen written by eq. 2

4ABTS*+ O, + 4H" — 4ABTS" + 2H,0 (2)

The reaction should terminate after the rapid decrease when ABTS? is used up.

However, [O,] continued to decrease slowly after the rapid decrease, reaching
zero (Figure 7A) and 0.13 mM (Figure 7B). This slow decrease suggests regeneration
of ABTS? by the disproportionation of ABTS®™ written by

2ABTS"™ — ABTS?+ ABTS (3)

ABTS? thus generated is again consumed by the BOD-catalyzed reaction to
consume dioxygen (eq. 2), and ABTS generated at the same time is consumed by the
decomposition reaction mentioned above. The concentrations of ABTS* and ABTS
[ABTS] in equilibrium are related to the concentration of ABTS" [ABTS®] by the
formation constant Ksem = [ABTS  #{[ABTS?][ABTS]}. Since Kem is calculated to be
1.2 x 10° from the separation between the two mid-potentials (Figure 1) as has been
reported in the literature [24] and since [ABTS"] ~ [ABTS?° (initial concentration of
ABTS?), [ABTS?] (= [ABTS]) is calculated as 0.5 and 0.25 yM when [ABTS?]° = 0.5
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Figure 7. Time courses of dioxygen consumption in air-saturated (A) 0.50
and (B) 0.25 mM ABTS? solutions measured with an oxygen electrode.
BOD was added to the solutions at the point indicated by the arrow to
make the solution 0.11 uM in BOD.

and 0.25 mM, respectively. The actual [ABTS?>] may be around the calculated
[ABTS?7] values, though they will depend on the relative rate of the BOD-catalyzed
reaction to that of the decomposition reaction. The calculated [ABTS?] values are
small enough for the BOD-catalyzed reaction rate to be written by Vgop =
(keat! KnaTs)[BOD][ABTS?]. In satisfying with this equation, the initial slope of the time
course in the slow decay in Figure 7 is proportional to [ABTS?]°, which is presumed
to determine the actual [ABTS?7] as mentioned.

The BOD-catalyzed reaction terminates when the consumption of the total
amount of ABTS?" [ABTS?]° is completed by the decomposition reaction of ABTS
through the disproportionation reaction. The final stoichiometry of the reaction
between ABTS? and dioxygen is given by the sum of eq. 2 and eq. 3:

2ABTS? + O, + 4H" — 2ABTS + 2H,0 (4)
Eq. 4 explains the final [O,] close to zero mM in Figure 7A (0.5 mM ABTS?) and of
0.13 mM in Figure 7B (0.25 mM ABTS?). The time courses in Figure 7 were not
affected by the addition of catalase catalyzing the reaction: 2 H,O, — 2 H,O + O,
(data not shown), assuring that H,O, was not produced during the BOD-catalyzed
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reaction.

Bulk electrolysis of dioxygen to water at a carbon felt electrode and the
equilibrium potential of the electrode

A carbon felt sheet would be an electrode material suitable for the biofuel cell
operation because of a large surface to volume ratio [29]. Figure 8 depicts cathodic
currents for the electrolysis of dioxygen measured at 0 V at a carbon felt electrode in
air-saturated stirred 0.5 mM ABTS? solution at pH 7.0. The cathodic current started
to appear after the addition of 0.11 yM BOD. The sharp increase in the current is,
however, followed by a gradual decrease in the current (Figure 8A). This current
decrease is attributable to the depletion of dioxygen in the solution, and, in fact, when
the solution was bubbled with oxygen gas the current continued to increase to reach
a steady state remaining unchanged until 1200 s (Figure 8B). It is noted that the same
magnitude of the steady state current is obtained when air is bubbled instead of
oxygen gas because of the small Ko, value determined above. When the electrolysis
was continued for a longer period of time, the current again started to decrease in
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Figure 8. Time courses of the currents observed with a carbon felt
electrode for the bioelectrocatalytic reduction of dioxygen to water in
air-saturated pH 7.0 buffer containing 0.5 mM ABTS?. At the point
indicated by BOD, BOD was added to the solution to make 0.11 uM. In
curve (B), oxygen gas was bubbled through the solution during the
measurement and 100 yL 1M HCI was added to the solution at the point
indicated by HCI.
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spite of the bubbling of dioxygen gas. This is explained by that the solution pH shifted
to a higher value as a result of the electrolytic dioxygen reduction. The pH of the
solution after the electrolysis was measured to be pH 8.9, where the activity of BOD is
greatly decreased (Figure 6). This explanation is supported by the fact that the
addition of HCI to the electrolysis solution caused a sharp increase in the current
(Figure 8B). The electrode system using the carbon felt electrode produced a steady
state cathodic current of 0.5 mA per cm? of the projected surface area of the electrode
for more than 2 h when the solution pH was maintained at pH 7.0. The potential of the
carbon felt electrode at an open circuit was measured as 210 mV against the
Ag|AgCI|KCl(sat.) electrode in a solution containing ABTS?, which is 185 mV more
negative than the Egyq¢) value of 505 mV. When the solution was aerated and
contained BOD, the electrode potential was shifted to 585 mV, which is more positive
than Enig1y and close to E'oynzo value of 615 mV. These results confirm that the
electrode potential is in equilibrium with the redox level of the solution consistent with
the fast bioelectrocatalytic reaction as revealed above.

Concluding remarks

The author may say that the bioelectrocatalytic system using a carbon felt
electrode satisfies the requirement for the operation at pH 7.0 as a cathode in a
biofuel cell. Although the gradual decomposition of ABTS is a disadvantage of the
bioelectrocatalytic system, the decomposition rate would be slow in biofuel cell
operation. This is because the concentration of ABTS® is relatively small in the
vicinity of the electrode surface owing to the reduction of ABTS" to ABTS?™ at the
electrode during the continuous current flow using an electrolysis cell with large A/V
ratio. The study in this direction in combination with the anodic reaction composed of
Desulfovibrio vulgaris-catalyzed electrocatalytic hydrogen oxidation [15] and
cyanobacteria-catalyzed photosynthetic oxidation of water will discuss in chapter 4.

The immobilization of ABTS using the electrostatic interactions or covalent
immobilization was really difficult because of the decomposition. Most of the
immobilization procedure is mixing enzyme stock solution, ABTS, and immobilization
reagent on the electrode surface. When the mixture is exposed to air, the enzyme
reaction would occur immediately and high concentration ABTS®*” would be produced.
ABTS would be decomposed before the immobilization procedure is complicated.
The needs for the mediator-modified cathode would arise to construct a
one-compartment biofuel cell. The best way to answer the requirement would be to
develop an alternative mediator.
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2 Bilirubin oxidase and [Fe(CN)s]*’* modified
electrode allowing diffusion-controlled reduction of
O, to water at pH 7.0

An enzyme-modified electrode was prepared producing a diffusion-limited
bioelectrocatalytic current for the reduction of O, to water at neutral pH and at
ambient temperature. The electrode uses bilirubin oxidase as an enzyme and
[Fe(CN)s]*"* as a mediator, both of which are immobilized on the surface of a glassy
carbon electrode by electrostatic entrapment with poly-lysine.

Introduction

The author has previously shown that bilirubin oxidase (BOD) is a remarkable
enzyme exhibiting a high catalytic activity at neutral pH to produce a large
bioelectrocatalytic current for the reduction of O, to water [1]. This is a significant
property of the enzyme allowing the four electron reduction of O, at a bio-cathode of a
biofuel cell operating at neutral pH [2] and is contrasted to the catalytic property of
laccases that are active in acidic pH and accordingly produce appreciable
bioelectrocatalytic currents only under acidic conditions [3-6 BOD is a multi-copper
oxidase with a molecular mass of 60 kDa [7-10] catalyzing the oxidation of bilirubin to
biliverdin [11] which can use 2,2-azinobis (3-ethylbenzothiazoline-6-sulfonate)
(ABTS) as an electron donor in place of bilirubin [12]. The bioelectrocatalytic behavior
of BOD has been studied in detail using ABTS as an electron transfer mediator [1].
The electrocatalytic reduction of O, to water occurs at the potential at which ABTS is
electrochemically generated from the oxidized form, thus the voltammogram for the
O, reduction attains a limiting current at 0.40 V vs Ag/AgCl at pH 7.0 with the
half-wave potential, 0.49 V, close to the redox potential of ABTS, 0.505 V, which is
0.11 V more negative than the redox potential of dioxygen/water, E’ o220 = 0.615 V, at
this pH. Kinetic analysis of the bioelectrocatalytic current has revealed that the BOD
reaction has a high catalytic constant, k.ot = 2.3 x 102 57!, with the Michaelis constant
Kasts = 11 uM for ABTS. The large catalytic constant and the small Michaelis constant
are ideal properties for the enzyme to be used in a bio-cathode reaction of a biofuel
cell.

However, there is a problem that it is difficult to immobilize ABTS on an
electrode surface for obtaining a higher current density. Very recently, Heller et al
have used BODs to realize the bioelectrocatalytic reduction of O, at pH 7.4 and at
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37.5 °C using a redox polymer as a mediator, in which BOD has been cross-linked
with the polymer on carbon fibers [113, 14].

Here, the author reports on the use of [Fe(CN)s]*~ as a mediator, which is easily
immobilized on an electrode surface by an electrostatic entrapment with a cationic
polymer [15, 16]. Both BOD and [Fe(CN)s]*” were entrapped with a cationic polymer
poly-L-lysine (PLL) on a glassy carbon electrode.

Experimental

A stock solution was prepared by dissolving 6.0 mg of BOD (EC 1.3.3.5, from
Myrothecium verrucaria, a gift from Amano Pharmaceutical Co. Japan) and 4.4 mg of
PLL (average molecular weight of 8000, purchased from Peptide Institute Inc. Osaka)
in a phosphate buffer (0.0465 M, pH 7). 10 uL of the solution was syringed on the
surface of a glassy carbon (GC) electrode (diameter, 3 mm). After allowing
evaporation of the solvent, the electrode was immersed in 5 mM potassium
hexacyano ferrate (lll) for 5 min. Then the electrode was rinsed with a distilled water
and 5 L of 2.2 % PLL solution was further syringed to cover the BOD-Fe(CN)s*>-PLL
layer. The electrode (BOD-[Fe(CN)e]*"*- PLL GCE) was stored in a phosphate buffer
(pH 7.0) at 5 °C.

Cyclic voltammetry was performed using a BAS 50W voltammetric analyzer in a
three electrode system with Ag|AgCl(sat. KCI) and a Pt disk as the reference and
counter electrodes, respectively. In this paper, potentials are referred to Ag|AgCl(sat.
KCI) unless otherwise stated. A homemade one-compartment electrolysis cell with
the solution volume of 1 cm® was used.

Dioxygen concentration was measured with a Clark-type oxygen electrode
(Opto-sciences, Kyoto). All measurements were carried out in a phosphate buffer of
pH 7.0 with ionic strength 0.1 (adjusted with KCI) at 25 °C unless stated otherwise.

Results and discussions

As shown in Figure 1, the BOD-[Fe(CN)s]*"*-PLL GCE produced peak-shaped
cyclic voltammograms (CVs) in a deaerated solution. The peak current increases
linearly with the increase in the scan rate, which is typical of the current due to a
surface-confined redox species, and the waves are attributable to the redox reaction
of [Fe(CN)e]*™ electrostatically entrapped in the BOD-Fe(CN)s>-PLL layer on the
GCE surface. The peak potentials of the anodic and cathodic waves shift positive and
negative directions, respectively, with increasing scan rate, which reflects an

34—

irreversible nature of the electrode reaction of [Fe(CN)eg]”"~. The amount of the
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Figure 1. Cyclic voltammograms of a BOD-[Fe(CN)s]>*”*-PLL GCE in a
deaerated phosphate buffer of pH 7.0 at the scan rates: a, 5; b, 10; c, 20;
d, 50 mV/s

[Fe(CN)s]>™ confined on the GCE is calculated as 0.85 mol from the areas of the
peak-shaped waves, which leads 1.2 x 10 mol cm™ with the GCE. It is noted in the
CVs that the mid-potential (formal potential) of [Fe(CN)e]*"*", 240 mV vs Ag/AgCl, is

3-/4—

35 mV more positive than the formal potential of [Fe(CN)g] in solution (data not

3-/4— and

shown). This is attributed to the electrostatic interaction between [Fe(CN)g]
PLL; simple calculation reveals that the shift of 35 mV corresponds to 52 times
stabilization of Fe(CN)s* ion compared with Fe(CN)s>~ ion. The positive shift is a
favorable direction allowing the occurrence of a bioelectrocatalytic current at a less
negative potential.

When the same solution as in Figure 1 is air-saturated, the
BOD-[Fe(CN)s]*™-PLL GCE produces large cathodic currents as illustrated in Figure
2. The cathodic current has an irreversible character, and the peak current increases
linearly with the square root of the scan rate. This is typical of an irreversible
voltammogram of a redox species in solution. Thus the author attributes the
voltammogram to the reduction of O..

Applying the theory of a totally irreversible voltammogram [17]:
i, = n(2.99x10°)’"? Ac, D*v""? (1)

(where i, n, a, A, ¢* D, and v are the peak current, number of electrons, transfer
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Figure 2. CVs of a BOD-[Fe(CN)s>”-PLL GCE in an air-saturated
phosphate buffer of pH 7.0 at the scan rates: a, 5; b, 10; c, 20; d, 50 mV/s.

coefficient, electrode surface area, bulk concentration of the species j, diffusion
coefficient of j and the scan rate, respectively,) The author obtained the D value of 5.2
x 107° cm? s from the dependence of i, on v"?with n = 4 (for O, reduction to water), A
= 0.071 cm?, ¢; = 0.25 mM (the concentration of O,) and a = 0.38. The a value was
estimated from the CVs by the equation [17]:
|Ep — Eppo| = 47.7/a mV (2)

(whre E, and E,; are the peak potential and the potential where the current is at half
the peak value). Almost the same D value, 4.4 x 10° cm? s™', was obtained from the
chronoamperometry at the BOD-[Fe(CN)e]*™*—PLL GCE at —0.1 V, the current being
corrected for the current measured at the same electrode in a deaerated solution.

The value of 5.2 — 4.4 x 10° cm? s is somewhat larger than the reported D
value of O,, 2.0 — 2.5 x 107° cm? s™'[13]. This result is interpretable by an idea that
effective area of diffusion-controlled biocatalytic conversion from O, to [Fe(CN)e]*™
is larger than A. In any event, Figure 2 is the first demonstration of the
diffusion-controlled CVs for the four-electron reduction of O, to water at neutral pH. It
should be noted, however, that the electrochemical reduction of O, proceeds
indirectly by the BOD-catalyzed reduction through the mediation of [Fe(CN)s]*"* i
the BOD-[Fe(CN)s]**—PLL layer. The « value is thus attributed to the electrode
reaction of Fe(CN)s*", though the overall reaction is the reduction of O,. The validity of

n

eq. (1) and eq. (2) for the analysis of the CVs in Figure 2 is not self-evident, but the
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Figure 3. O, consumption in the BOD reaction with Fe(CN)s>™ as an
electron donor. 0.25 mM Fe(CN)s*~ was successively added at the point
indicated by the arrows into the phosphate buffer (pH 7.0) containing
BOD (5 nM).

use of the equations seems to be appropriate. This is supported by the fact that the D
values determined from the CVs and the chronoamperogram agree well as
mentioned above.

The author has confirmed by the measurements of O, consumption in the BOD
reaction in a solution (Figure 3) that four moles of Fe(CN)s*™ are consumed for the
reduction of one mole of O,. Measurements of the enzyme kinetics of the BOD
reaction revealed that the catalytic constant is 200 s™' and the Michaelis constants for
0, and Fe(CN)¢* are 50 uM and 2.7 uM, respectively. The large catalytic constant is
indispensable for realizing the mass transfer-controlled bioelectrocatalytic current.
The small Michaelis constants are also favorable for the mass transfer-controlled
overall reaction. This is because the rate of the BOD reaction is almost independent
of the concentrations of both O, and remains constant independent of the
concentrations of both O, and Fe(CN)64‘ down to the values as low as the Michaelis
constants and kept a high value even at a much lower O, concentration at the
electrode surface owing to the mass-transfer limited depletion.

The author has observed a steady-state limiting current as large as 150 pA (2.1
mA/cm? by the calculation using A = 0.071 cm?) at the BOD-[Fe(CN)s]*"*-PLL GCE in
a dioxygen-saturated phosphate buffer (pH 7.0) when the solution was stirred with a
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Figure 4. CVs of a BOD-[Fe(CN)e]S‘“‘-PLL GCE (solid line) and a bare
GCE (broken line) in an O,-saturated phosphate buffer of pH 7.0 at the
scan rates 20 mV/s. O, gas was bubbled into the solution and solution
was stirred with a magnetic stirrer at 1400 rpm. A = 0.071 cm?*

stirring bar (ca. 1400 rpm) (Figure 4). Comparing the resultant CV obtained with the
bare GCE (broken curve), modified electrode can successfully realize to reduce the
ca. 800 mV of overvoltage at 100 yA. A higher current density per projected surface
area will be expected with the use of carbon materials of a large surface to volume
ratio as a basal electrode, and the O, reduction at more positive potentials would be
expected with the use of other kinds of cyano-metal complexes.
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3 Mediated bioelectrocatalytic O, reduction to water at
highly positive electrode potentials near neutral pH

Combinations of bilirubin oxidase and metal complexes: [W(CN)g]*”*", [Os(CN)s]*"*
and [Mo(CN)g]*’* (the formal potentials, £°'(M), being 0.320, 0.448, and 0.584 V vs.
Ag|AgCl, respectively, at pH 7.0), allowed bioelectrocatalytic reduction of O, to water
at their formal potentials near neutral pH. The O, reduction current appeared even at
the standard potential of the O,/H,O redox couple, £'(0./H,0), when [Mo(CN)g]*"*
was used at pH 7.4, though the magnitude was small. The magnitude of the
bioelectrocatalytic current systematically decreased with the decrease in the potential
difference between £'(0,/H,0) and £’'(M). A limiting current as large as 17 mA per
square centimeter of a projected electrode surface area was obtained at 0.25 V (-0.37
V vs. £(0,/H,0)) for the O, reduction at pH 7.0 with a carbon felt electrode modified

3-/4-

with electrostatically entrapped bilirubin oxidase and [W(CN)s] at the electrode

rotation rate of 4000 rpm.

Introduction

Recently the author has demonstrated that bilirubin oxidase (BOD), a
multi-copper enzyme catalyzing oxidation of bilirubin to biliverdin with O,, has an
excellent property of producing a mediated bioelectrocatalytic current for the
reduction of O, to water near neutral pH [1]. This is contrasted to the hitherto reported
mediated bioelectrocatalytic O, reductions using laccases; the laccase-based
bioelectrocatalytic currents appear in an appreciable magnitude only in acidic
solutions (less than pH 5.0) owing to the very low activity of laccases above pH 5.0
[2-5]; therefore a biofuel cell utilizing laccase for the dioxygen reduction reaction
should operate in acidic condition [6-9].

BOD has accordingly been utilized in the constructions of a dioxygen
biocathode operating near neutral pH of a H,/O, biofuel cell [10], a photosynthetic
bioelectrochemical cell [11], and glucose/O, biofuel cells [12, 13]. The potential at
which the bioelectrocatalytic current starts to appear exclusively depends on the
formal potential, E*(M), of the mediator compound employed; that is,
2,2’-azinobis(3-ethylbenzothiazolin-6-sulfonate), ABTS, (E* (M) = 0.505 V vs.
Ag|AgCl) [1, 10, 11], Os(2,2-bipyridine),Cl complexed with a poly(4-vinylpyridine)
(E(M) = 0.350 V vs. Ag|AgCl) [12], and Os(4,4’-dichloro-2,2’-bipyridine),CI
complexed with a 1:7 polyacrylamide-poly(N-vinylimidazole) copolymer (E°’(M) =
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0.350 V vs. Ag|AgCl) [13-15]. In biofuel cell applications, a large current density (that
is, a rapid mediated bioelectrocatalytic reaction) is required at a potential as positive
as possible, ideally at the O,/H,O standard potential, E°~’(O./H,0) (the standard
potential at pH = 0 (at unit activity of H"), E°(O./H,0), is 1.229 V vs. NHE [16]).
Considering the idea of a linear free energy relationship, however, the author may
anticipate that the rate of the bioelectrocatalytic reaction becomes smaller, as E°’'(M)
becomes closer to E°’(O,/H,O) (and also to the redox potential of the enzyme,
E°’(Enz)). The present communication demonstrates that the effect of the potential
differences on the rate of the catalytic reaction is clearly observed in the
bioelectrocatalytic systems of BOD with metal complexes functioning as very effective
mediators: [W(CN)s]*”*, [Os(CN)s]*"* and [Mo(CN)g]*> .

Experimental

BOD (EC 1.3.3.5, 3.31 U mg™') from Myrothecium verrucaria was a gift from
Amano Pharmaceutical Co Japan. The concentration of BOD in a stock solution was
determined by the absorbance measurement at 600 nm with € = 4800 [17]. Metal
complexes [W(CN)s]*, [Os(CN)s]* and [Mo(CN)g]*~ were synthesized as potassium
salts according to the methods in the literatures [18-20]. Cyclic voltammetry was
performed using a BAS 50W voltammetric analyzer in a three electrode system with a
glassy carbon electrode (GCE) (3 mm diameter, BAS), Ag|AgCl(sat. KCI) and a Pt
disk as the working, reference and counter electrodes, respectively. Britton and
Robinson buffer, that was made by mixing 0.1 M boric acid, 0.1 M acetic acid, and 0.1
M phosphoric acid with 1M NaOH to the desired pH, was used to adjust the pH of the
test solutions and the voltammograms of the solutions were recorded at 25 °C. In this
communication, potentials are referred to Ag|AgCl(sat. KCI) unless otherwise stated.

An electrode with immobilized BOD and [W(CN)g]* was prepared by the
following procedure. A carbon felt sheet (1 mm thickness, Toray B0050; a gift from
Toray Co.) was cut into 3 mm diameter disks, and 3 yL BOD (210 uM), 10 uL
[W(CN)g]*™ (10 mM), and 5 pL 1.3% (w/v) poly-L-lysine (PLL) (PLL hydrochloride, cut
off molecular weight 8000, purchased from Peptide Institute INC. Osaka, lot No.
350408) were syringed successively onto the disk. After the solvent of the solution on
the disk was allowed to evaporate in a dry box overnight, the disk with immobilized
BOD and [W(CN)g]*" was mounted on the surface of a glassy carbon electrode and
fixed with a piece of nylon net covering the electrode. Rotated disk voltammograms
were recorded with the BOD- and [W(CN)s]*- modified electrode in a phosphate
buffer at pH 7.0 using a BAS RDE-1.

38



BIOCATHODE (MET)

Results and Discussion

Figure 1 shows cyclic voltammograms of [W(CN)g*, [Os(CN)s]* and
[Mo(CN)g]*~ at pH 5.0 under O,-saturated conditions in the absence and presence of
BOD. The metal complexes produce well-defined reversible cyclic voltammograms
with the formal potentials, E°’(M)s, (mid-potentials of the cathodic and anodic
peak-potentials) of 0.314 V, 0.444 V, and 0.577 V vs. Ag|AgCl, respectively. The
wave heights were proportional to the square root of the scan rate in the range of 5 to
200 mV/s, while the peak-potentials remained unchanged. Under O, saturated
conditions in the presence of BOD, all the metal complexes produce large cathodic
currents attributable to the reduction of O, to water. The four-electron reduction of O,
in the BOD-catalyzed reaction was confirmed by the stoichiometric measurement of
the reaction using a Clark-type oxygen electrode; that is, 0.4 mM of the metal
complexes consumed 0.1 mM O, to be converted to the oxidized form in the
BOD-catalyzed reaction. Figure 1 clearly shows that the current magnitude

14 W(A) Os(A) Mo(A)

il pA
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Figure 1. Base current-corrected cyclic voltammograms of 0.25 mM (W),
[W(CN)g]*", (Os), [0s(CN)e]*™ and (Mo), [Mo(CN)g]*™ in an O,-saturated
buffer solution at pH 5.0 (A) in the absence and (B) presence of 0.21 uM
BOD. Scan rate: 5 mV/s. The cyclic voltammograms were recorded from
the potentials at 0.6, 0.7, and 0.8 V for (W), (Os), and (Mo), respectively,
after the electrodes had been kept at the potentials for 60 s.

39



Chapter 1

decreases with increasing E°(M) of the metal complexes. Similar voltammetric
behavior was observed when measured at pH 7.0 as illustrated in Figure 2. Each
metal complex: [W(CN)s]*", [Os(CN)e]*” and [Mo(CN)g]* has the E°’(M) value 0.320,
0.448, and 0.584 V vs. Ag|AgCl at pH 7.0, which are slightly more positive than those
at pH 5.0. The E®’(M) values of these metal complexes have been measured by cyclic
voltammetry as 0.28 and 0.54 V vs. SCE (0.325 and 0.585 V vs. Ag|AgCl) for
[W(CN)g]*~ and [Mo(CN)g]*", respectively, in 0.1 M KCI (pH 7.0) [21] and as 0.395 V vs.
SCE (0.440 V vs. Ag|AgCl) for [Os(CN)g]* in 0.01M acetate buffer (pH 5.0) containing
0.09 M tetrafluoroacetate [19]. Our E°’(M) values agree well with these reported
values. At pH 7.0 [W(CN)g]* and [Os(CN)e]*" produce the catalytic currents of
comparable magnitudes to those at pH 5.0, while the catalytic current for the reaction
with [Mo(CN)s]*" is considerably small. The author has previously observed a catalytic
current of similar magnitude to that with [Os(CN)s]*™ by the use of ABTS (E°(M) =
0.505 V vs. Ag|AgCl) as a mediator [1].

The overall reaction of the BOD-catalyzed reduction of O, to water with the
metal complexes as electron donors is written by

1- W(A) Os(A) Mo(A)

I I I I
0 200 400 600 800
E/ mV (vs. Ag|AgCl)

Figure 2. Base current-corrected cyclic voltammograms of (W),
[W(CN)g]*", (Os), [Os(CN)g]*™ and (Mo), [Mo(CN)s]*". Conditions are the
same as those in Figure 1 except for pH 7.0.
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Figure 3. Plot of log i against AE = E°’(O,/H,0) — E°(M). Data open
square: at pH 5.0, open circle: pH 6.0 and open triangle: pH 7.0. Arrows
indicate reported values of E°’(Enz) relative to E°’(O,/H,0).

A[M(CN),]* + O, + 4 H" — 4[M(CN),J* + 2H,0 (1)
where [M(CN),]*" stands for [W(CN)g]*", [Os(CN)s]*" or [Mo(CN)s]*". In Figure 3, the
author has tentatively plotted the steady-state currents, /i, in Figure 1 and Figure 2,
and the currents at pH 6.0 (data not shown) as log / against the potential difference
AE = E°(Oy/H,0) — E°(M). It is obvious from Figure 3 that log i (that is, the reaction
rate of eq. 1) varies systematically with the AE value. Interestingly, all the data at the
different pH values are located on the same line, which indicates that the pH
dependence of the catalytic reaction is attributed to the pH dependent-shift of the
E°’'(O,/H,0) value. It should be noted, however, that the reaction 1 is composed of at
least two steps written (in case of a ping-pong mechanism [22]) by

4[M(CN),]*~ + BOD(ox) — 4[M(CN),]*" + BOD(red) (2a)

O, + 4 H" + BOD(red) — BOD(ox) + 2H,0 (2b)

The value of E°’(Enz) should accordingly have an important role in determining
the reaction rate; the reported E°’(Enz) (the redox potential of type | Cu*’?* center in
BOD) values at pH 5.3 (E°’(Enz) = 288 £+ 5 mV [23]) and at pH 7.8 (E°’(Enz) = 373 mV
[17]) are indicated by arrows in Figure 3. Surprisingly, the E°’(Enz) data show that
reaction 2a is an uphill reaction under our experimental conditions except for the

reaction with [W(CN)g]* at pH 7.0. The author has obtained large catalytic currents as
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observed in Figure 1 and Figure 2 in spite of the uphill electron transfer reactions. The
driving force allowing the large catalytic currents must be attributed to the large down
hill reactions as a whole as expressed by the AE values in Figure 3. The small
catalytic current for the reaction with [Mo(CN)g]*~ at pH 7.0 would be explained in
terms of the very small AE value. The author observed a catalytic current even when
AE = 0 (the current for the reaction with [Mo(CN)g]*~ at pH 7.4), though the current
magnitude was small(data not shown). A study for obtaining more systematic
experimental data for the BOD-catalyzed reactions with a variety of metal complexes
as electron donors is underway.

Since the metal complexes [W(CN)g]*~ functioned at pH 7.0 very effectively as a
mediator in producing a large bioelectrocatalytic current for the reduction of O,, the
author has taken the metal complex to immobilize on a BOD-modified carbon felt
electrode by an electrostatic entrapment with PLL as detailed in the experimental
section. Figure 4 shows the rotated disk voltammogram recorded with the BOD- and
[W(CN)g]*- modified disk electrode in an O, saturated solution at pH 7.0. The

-2
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Figure 4. Rotated BOD- and [M(CN),]*"*-modified carbon felt disk
voltammograms in an Oj-saturated buffer solution at pH 7.0 at the
rotation rate: 4000 rpm (a correction was made for an ohmic drop in the
solution between the working electrode and the reference electrode). The
cyclic voltammogram (broken curve) of the electrode was recorded in the
same buffer solution saturated with Ar and in a quiet state.
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voltammogram attained a limiting current at 0.25 V. The current magnitude was very
large as compared with the small surface wave (broken curve in Figure 4) due to the
redox reaction of the metal complex confined in the modified BOD layer on the
carbon-felt disk. Calculation using the projected surface area of the electrode (3 mm
diameter of the carbon felt disk) yields the current density 17 mA/cm? at the rotation
rate of 4000 rpm. Tentative calculation of the effective electrode surface area from the
limiting current by the Levich equation with the diffusion coefficient of O,, D = 2.07
x107° cm? s7" [24] and with the saturated concentration of O,, co, = 1.28 mM [24] lead
to 0.12 cm? for the BOD- and [W(CN)g]*" - modified disk electrodes. The larger
surface area as compared with the projected surface area (0.07 cm?) is indicative of
the convective penetration of the solution within the felt matrix to some extent. The
convective penetration suggests that the felt electrode is capable of producing higher
current densities per projected surface area at higher rates of the convective mass
transfer and is promising for the use as a cathode of a high current density in biofuel
cells.
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Direct electron transfer-type bioelectrochemical
reduction of O, using bilirubin oxidase

1 Kinetic study of direct bioelectrocatalysis of
dioxygen reduction with bilirubin oxidase at carbon
electrodes

Direct electron transfer-type bioelectrocatalysis of four-electron reduction of dioxygen
was successfully realized with bilirubin oxidase (BOD, EC 1.3.3.5, from Myrothecium
verrucaria) at carbon electrode surfaces with high crystal graphite edge density. It was
found that adsorbed BOD functions as a biocatalyst. The current-potential curves were
interpreted by considering the enzyme catalytic constant, surface electron transfer
kinetics, surface concentration of BOD, and the formal potential of BOD. The analysis
suggested that the standard surface electron transfer rate constant and surface
coverage of “active” enzyme depend strongly on functional groups and/or
nano-structure of carbon electrode surface.

Introduction

Direct electron transfer (DET) between enzymes and electrodes has been
attracting considerable attention for construction of the 3rd generation biosensors and
biofuel cells. DET-based catalytic phenomena have been reported for limited species
of enzymes [1-6]. All these enzymes have more than one redox center and it has
been proposed that one of the redox centers can work as a build-in mediator (or a
specific site) for electron transfer (ET) between enzymes and electrodes [5, 6].

Bilirubin oxidase (BOD, EC 1.3.3.5, from Myrothecium verrucaria) is a family of
multi-copper enzyme and contains type 1, type 2, and type 3 coppers (in the ratio of
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1:1:2), as in the case of laccase [7]. The type 1 Cu site accepts electrons from
electron donating substrates, and the type 2-3 cluster serves as electron donating site
to reduce O into water. Considering that BOD has high activity in neural pH at room
temperature, the author first utiized BOD as a catalyst of mediated
bioelectrocatalysis of a four-electron reduction system of O, for a biocathode of
biofuel cells [8-12].

In this work, the author attempted to realize a DET-type catalytic reduction of O,
with BOD. It has been found that BOD exhibits a catalytic wave of O, reduction at
carbon electrodes without any ET mediator. The shape and height of the waves
appeared to depend strongly on properties of carbon electrodes. In order to assess
the surface properties, the current-potential curves were analyzed from kinetic and
thermodynamic viewpoints.

Experimental

BOD (a gift from Amano Pharmaceutical Co.) was dissolved in a phosphate
buffer (0.047 M, pH 7.0). Glassy carbon electrodes (GCE, Bioanalytical system (BAS),
USA), highly oriented pyrolytic graphite electrode (edge plane and basal plane)
(HOPGE, NT-MDT, Russia; a gift from Dr. Abe in Kyoto Univ.), or plastic formed
carbon electrodes (PFCE, Tsukuba Materials Information Laboratory Ltd.) were
polished on emery paper (No. 400), rinsed with distilled water, and sonicated in
distilled water, unless otherwise stated. Cyclic voltammetry was performed on a BAS
CV 50W electrochemical analyzer. All measurements were carried out at a scan rate
of 20 mV s™" and at 25 °C. Pt wire and Ag|AgCl electrodes were used as counter and
reference electrodes, respectively. All potentials are referred to the Ag|AgCI|KCI ¢
electrode.

Results and discussion
BOD-catalyzed O, reduction

O,-saturated solution gave a sigmoidal and steady-state cathodic wave around
0.4 V in the presence of BOD (8 uM) at PFCE, as shown in Figure 1. Such cathodic
waves were not observed in the absence of either O, or BOD. Therefore, it can be
concluded that this cathodic wave is a DET-type BOD-catalyzed reduction of O,.
However, DET signal of BOD itself was not clearly detected in the absence of O,. This
is the first observation of DET-type catalysis with BOD. The limiting catalytic current
density was as large as 0.3 mA cm™. Similar DET-type catalytic O, reduction was
reported for laccase with the current density of 0.1 mA cm™ [2].
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When the immersed electrode was took out from the BOD solution and rinsed well

with distilled water, the voltammogram at the electrode remained almost unchanged
in an Og-saturated buffer in the absence of BOD. The result suggests that BOD
absorbs on the electrode surface from the solution and that the adsorbed BOD
functions as a catalyst.

E / mV (Ag|AgCl) E / mV (Ag|AgCl)
0 200 400 600 0 200 400 600
l 1 l l 1 l l l

-2
50 pA cm’ 2 pAcm
HOPGE
HOPGE (basal plane)

(edge plane)

Figure 1. Background current-corrected steady-state liner sweep
voltammograms recorded with BOD-adsorbed electrodes prepared with
HOPGE (edge plane), PFCE, HOPGE (basal plane), and GCE at pH 7.0.
The open square and circles represent the regression curves based on
Egs. (1)—(3) with the parameter given in the text and Table 1.

ELECTRODE
~"] Type 1 copper
g yp pp 0,
rd
rd
rd
rd
1
1
rd
rd
; Type 2-3 copper cluster

Scheme 1. Schematic representation of DET-type bioelectrocatalytic
reduction of O, with BOD adsorbed on electrodes.
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Interestingly, the BOD-adsorbed electrode lost the catalytic activity completely,
when the electrode was dried out in a desiccator for 1 h at room temperature. This
may be due to denaturation of BOD by losing water molecule surrounding BOD.

The catalytic wave started to increase around 0.5 V, which is very close to the
formal potential of the type | Cu site of BOD [13]. This suggests that electrons are
transferred from electrode to the type 1 Cu site of adsorbed BOD and then to the type
2-3 Cu sites, where O, is reduced to water, as illustrated in Scheme 1.

Significance of electrode material and surface in DET-type biocatalysis

Figure 1 shows the background current-corrected steady-state voltammograms of
the catalytic O, reduction in the presence of BOD at various carbon electrodes. Edge
plane-HOPGE was found to be a good material for the DET-type catalysis of BOD as
in the case of PFCE. In contrast, only low density of the catalytic current was
observed on GCE or basal plane-HOPGE polished with the emery paper. Such
catalytic current was not observed at all, when GCE was polished to a mirror-like
finish with alumina slurry (0.05 pym diameter) or when basal plane-HOPGE was used
just after cutting without polishing.

It is well known that crystal edge plane of graphite enables fast homogeneous ET

of various hydrophilic compounds and that graphite basal plane with extremely
smooth surface is not suitable for fast ET. PFCE contains high density of graphite
edge plane oriented toward the axial direction, and has some structural similarity with
edge plane-HOPGE [14-16]. Polish treatment of GCE and basal plane-HOPGE with
the emery paper may produce similar crystal edge plane in part. Such crystal edge
plane of graphite seems to play an important role in DET of BOD.
Au or Pt electrodes (polished with alumina powder) did not show any BOD-catalyzed
reduction of O,. Modification of Au electrodes with 4,4’-bipyrydine disulfide did not
improve DET-type catalysis of BOD. All these results suggest significance of carbon
material and its surface property for DET of BOD.

Kinetic analysis of DET-type catalysis of BOD
One of the important approaches to understand the DET-type BOD catalysis is
quantitative interpretation of the current-potential curves. Considering the DET-model
given in Scheme 1, the current density (/) can be expressed by:
i nFk.I,
1+k, Ik +k, !k,

(1)
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ke (s7") i
(1072 mol cm™)?
PFCE 130 0.35 13
HOPGE 170 0.35 8
(edge plane)
HOPGE 70 0.3 0.5
(basal plane)
GCE 45 0.3 0.6

a: geometric surface area

Table 1. ET kinetic parameters and surface concentration of BOD at
various carbon electrodes

where n, F, and I are the number of electrons (= 1 for the type 1 Cu of BOD), the
Faraday constant, and the total surface concentration of BOD, respectively. The
catalytic constant k; is a function of the intramolecular ET rate constant from type 1
Cu to type 2-3 Cu cluster and the intermolecular ET rate constant for O, reduction at
the type 2-3 Cu clusters. The surface ET rate constants k; and ky, are expressed by
the following Butler-Volmer-type equations:

k. =k’ exp[-a(nF/RT)E-E"")] (2)

k, =k exp[(l1-a)nF/RT)E -E"")] (3)
where E*’, k°, and a are the formal potential (= 0.460 V) of the type 1 Cu site of BOD
[13], the standard surface ET rate constant at E°°, and the transfer coefficient,
respectively. The derivation of Eq. (1) is summarized in appendix (1-3-4).

In this work, k. value was assumed to be identical with the maximum catalytic
constant of BOD in solution (= 250 s') [17]. The experimental current-potential
curves were fitted to Equations (1)—(3) with k°, [, and a as adjustable parameters
using a non-linear regression analysis program (Excel®). The refined curves were
given in Figure 1 as open squares and circles, and reproduced the experimental
curves well. Table 1 summarizes the refined parameters.

These data clearly show that the crystal graphite edge plane density affects the k°
value. Edge plane-HOPGE and PFCE with high density of crystal graphite edge
exhibited larger k° values than basal plane-HOPGE and GCE with low density of
edge.

The largest value of Iy at PFCE is responsible for the largest density of the
catalytic current among the electrodes used, although I involves the roughness
factor of electrode surface. PFCE would have a larger value in the roughness factor
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than the other electrodes used [14], which would be responsible in part for the large
value of I. In contrast, basal-plane-HOPGE and GCE exhibited small I, in spite of
that the surface roughness factors of these electrodes would be larger than unity
because of polishing treatment with the emery paper.

Judging from k° values at PFCE and edge-plane HOPGE, non-catalytic surface
wave of adsorbed BOD, if observed, would be reversible at least at 20 mV s™' and the
peak current density is expected to be about 0.2 pAcm™? at ;=1 x 107" mol cm™.
The expected peak current density is much smaller than the base current density and
the catalytic current density. This might be the reason why DET signal of adsorbed
BOD could not be identified clearly in the absence of O,. Here, it is noteworthy that
the present analysis allows rough evaluation of DET kinetic parameters (and I of
“active” enzymes adsorbed on electrode surfaces) from current-potential curves of
catalytic waves, although development of another method is demanded for evaluation
of total I'; of “active and denatured” enzymes adsorbed on electrode surfaces.

The present results suggest that functional groups and/or nano-structural
properties of carbon electrode surface would be important factor(s) governing the
surface ET kinetics and the adsorptive property of BOD with retaining enzymatic
function.

Appendix: Expression of steady-state voltammograms in DET-type
bioelectrocatalysis current-potential curve (Eq. (1))

The steady-state current density (/) obtained in the reaction represented as
scheme 1 is given by:

i

na okl s @
i

-k 5
nFA ° R ®)

where [ is the surface concentration of oxidized form of enzyme and and Iy is the
one of reduced enzyme. The maximum current can be expressed by:

i

me _ e [ 6
nFA "t (6)
with
Fo=lo+Ty @)

From Eq. (4), (5), and (7), following equation is obtained:
kch =kf(l—t _I—R)_ka—R
=kfrt_(kf+kb)rR (8)
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Then IR is expressed by
M=ol (9)
k. + (ki +k,)

Egs. (5) can be rewritten with Eq. (9) to give Eq. (1).

i kkT
nFA  k, +(k, +k,)

SO (1)

1+£+£
kf kf
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Bilirubin oxidase in multiple layer catalyzes
four-electron reduction of dioxygen to water
without redox mediators

Bilirubin oxidase (BOD) was immobilized as a multiple layer in a cationic polymer
(poly-L-lysine) matrix on an electrode surface. The BOD-modified electrode catalyzed
four-electron reduction of dioxygen (O,) to water without any mediator to produce a
diffusion-controlled voltammogram for the O, reduction in a quiet solution. The
voltammogram was successfully analyzed by a theory of irreversible voltammogram.
Under convective conditions where O, depletion was negligible near electrode surface,
a steady-state voltammogram was obtained with a limiting current density about 1 mA
cm™. The steady-state voltammogram was explained by an equation derived on the
basis of a reaction layer model, in which BOD was considered to be diffusible in the
immobilized layer.

Introduction

Electrochemical reduction of dioxygen (O,) to water with minimized overvoltage
has been a challenging subject in the field of fuel cell-related electrochemistry.
Enzymes using O, as an electron acceptor in the reactions are useful for the
construction of biocathodes; the enzymes enable four-electron reduction of O,
without formation of the intermediate hydrogen peroxide. The most promising ones
are multi-copper enzymes, which contain type 1, type 2, and type 3 coppers (in the
ratio of 1:1:2). The type 1 Cu site accepts electrons from electron-donating substrates,
and the type 2-3 cluster serves as an electron-donating site to reduce O, into water.
The author has previously shown that bilirubin oxidase (BOD; EC 1.3.3.5, from
Myrothecium verrucaria) [1], a family of the multi-copper enzymes, is an attractive
enzyme exhibiting a high catalytic activity near neutral pH to produce a large
bioelectrocatalytic current for the reduction of O, to water in the presence of a suitable
mediator [2], and that the bioelectrocatalysis using BOD functions effectively as a
biocathode of a H,/O, biofuel cell [3].

To obtain higher current density and to construct membrane-less biofuel cells,
many researchers address their attention to co-immobilization of mediator and BOD
on the surface of carbon electrodes. Electrochemical behavior of BOD-modified
electrodes with Os complex-composite polymers and its application to a biofuel cell
operating at physiological conditions have been reported [4-6]. The author has
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achieved mediated bioelectrocatalytic reduction of O, at pH 7.0 using several
cyano-metal complexes (Fe(CN)s>™, W(CN)g>™*, Os(CN)¢>"*, and Mo(CN)s>™*) as
mediators, in which negatively charged BOD and mediator have been immobilized on
the GC electrode surface with a poly-L-lysine (PLL) as a cationic polymer with the aid
of electrostatic interaction [7, 8]. BOD has a net negative charge in neutral solution,
because the isoelectric point of BOD is 4.2 [1].

Direct electron transferring (DET)-type biocathodes are also very attractive and
would be important to simplify and/or miniaturize biofuel cells. Bioelectrochemical O,
reduction utilizing fungal laccase (from Polyporous versicolor) adsorbed on a pyrolytic
graphite electrode has been reported [9-11]. These enzyme-modified electrodes can
work only under acidic conditions of pH 3-4. Although the tree laccase from Rhus
vernicifera exhibited a bioelectrocatalytic activity at neutral pH on several carbon
electrodes [12] and 3-mercaptopropionic acid-modified Au electrode [13], the
magnitudes of the catalytic current obtained from these two enzyme modified
electrodes are not so large (ca. 60 [12] and 84 pA cm?[13] at pH 7). It is noted that a
limiting value of the steady-state catalytic current is obtained at 0.05 V vs. Ag|AgCl,
which is largely negative than the formal potential of the O./H,O couple (0.62 V). The
large overpotential may be attributed in part to the low formal potential of the type 1
Cu in these laccases (= 0.2 V) [13].

In contrast, BOD has a type 1 Cu with a formal potential of 0.46 V [14]. The author
has recently achieved DET-type bioelectrocatalytic reduction of O, to water using
BOD as an electrocatalyst at neutral pH [15], in which BOD was just adsorbed on
such carbon electrodes as edge plane of highly oriented pyrolytic graphite electrode
(HOPGE) and plastic formed carbon electrode (PFCE); they contain crystal graphite
edge in high density. The BOD-adsorbed PFCE exhibited a large steady-state
catalytic current density of 300 yA cm™. The current-potential curves were well
interpreted by considering the enzyme kinetics, surface electron transfer kinetics,
surface concentration of BOD, and the formal potential of BOD.

When redox enzymes are adsorbed in a monolayer on electrode surfaces, the
number of active enzyme is limited, and its electrochemical activity would depend on
the orientation of the adsorbed enzyme: only the enzyme molecules oriented with
their redox centers proximal to the electrode surface would be electro-active. In
contrast, when enzymes are immobilized in a hydrogel, electrons may be transferred
to the electrode via mobile enzymes diffusing in the gel. As a result, the number of
active enzymes would increase. When an enzyme is immobilized as a multiple layer
on an electrode surface, the current density is accordingly expected to increase
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compared with that of the monolayer-type electrode. Here the author will report

DET-type bioelectrocatalysis of a four-electron reduction of O, at BOD multiple
layer-modified electrodes. PLL was used to immobilize BOD on PFCE by an
electrostatic entrapment. The electrochemical behavior was discussed in comparison
with the case of monolayer-type BOD-modified electrodes.

Experimental

BOD was kindly donated from Amano Pharmaceutical Co. Japan, and PLL (the
cut-off molecular weight = 8000) was purchased from Peptide Institute Inc. Japan.
BOD and PLL composite film-modified electrodes (BOD-PLL-PFCE) were prepared
as follows. Five yL of a BOD stock solution (3 mg BOD in 0.1 mL of a phosphate
buffer (pH 7)) and 5 pL PLL stock solution (3 mg PLL in 0.1 mL of a phosphate buffer
(pH 7)) were syringed on a PFCE (diameter: 3 mm; Tsukuba Materials Information
Laboratory Ltd., Japan) [16-18], which had been polished on an emery paper (No.
400). The geometrical surface area (0.071 cm?) was used in the following as a value
of the electrode surface area by ignoring the surface roughness. After the solvent was
evaporated at room temperature, the electrode was rinsed with distilled water. Cyclic
voltammetry was performed on a BAS CV 50W electrochemical analyzer. A Pt wire
and a laboratory-made Ag|AgCI electrodes were used as counter and reference
electrodes, respectively. All the potentials are referred to the Ag|AgCI|KCls,. electrode.

Results and discussion
DET-type electrochemistry of BOD immobilized in PLL film

The BOD-PLL-PFCE produced a large cathodic wave with a peak potential (E,) of
+0.25V in the absence of mediator in an O,-saturated buffer solution of pH 7, as
illustrated in Figure 1, curve A. Such cathodic waves were not observed in the
absence of O,. The voltammogram is compared with that observed at a PFCE
prepared by coating PLL (PLL-PFCE) without BOD (Figure 1, curve B); a
non-catalytic (i.e. direct) O, reduction wave appeared at —-0.35 V of E, at the
PLL-PFCE. These results indicate that BOD immobilized with PLL on the PFCE
works as an efficient DET-type electrocatalyst for the O, reduction. The
BOD-PLL-PFCE achieves the decrease of the overvoltage by 0.5 V. During the
bioelectrocatalysis, the oxidized form of BOD must be reduced directly at the
electrode. However, (non-catalytic) direct redox signal of BOD itself was not clearly
detected in the absence of O,.
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Figure 1. Base current-corrected CVs of (a) BOD-PLL-PFCE and (b)
PLL-PFCE in O, saturated condition without stirring. Scan rate was 20
mV s™.

A peak-shaped catalytic reduction wave at the BOD-PLL-PFCE under
O,-saturated conditions (curve A) indicates diffusion controlled reduction of dioxygen.
It is noted that the cathodic peak height is about twice as high as that obtained at the
PLL-PFCE (curve B). The difference is reasonably attributed to the difference in the
number of electrons (n) for the O, reduction. BOD catalyzes a four-electron reduction
of O, at the BOD-PLL-PFCE, while non-catalytic O, reduction at the PLL-PFCE
should be a two-electron process producing H,O; in the potential region investigated.

Similar DET-type bioelectrocatalysis of O, reduction is observed at
BOD-adsorbed carbon electrodes [15], where BOD is adsorbed from a dilute BOD
solution without PLL. Most probably, BOD adsorbs on the electrode surface to form a
monolayer. However, the BOD-adsorbed electrode without PLL was not so stable.
When BOD-adsorbed electrodes were dried out in a desiccator at room temperature
(about 1 h), the adsorbed BOD lost its catalytic activity completely. In contrast,
BOD-PLL-PFCE electrodes have large resistance to dryness: the electrode exhibited
the full bioelectrocatalytic activity even after 3 h dryness in a desiccator. The PLL
hydrogel film seems to retain some water molecules to stabilize BOD under dry

conditions.
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Figure 2. Base current-corrected CVs of a BOD-PLL-PFCE in an
air-saturated phosphate buffer of pH 7.0 at the scan rates: 5, 10, 20, 50
mV/s. Inset: Dependence of reduction peak current on the square root of
the scan rate. The solid curve is the one calculated by Eq. (1) with the
parameters: n=4, a=0.4, ¢ =0.25 mM, and D = 2.45 x 10° cm?s™.

Diffusion-controlled and  kinetic-controlled  voltammograms  of
four-electron reduction of O,

Figure 2 shows the scan rate (v) dependence of the catalytic O, reduction wave at
the BOD-PLL-PFCE in an air-saturated solution. The cathodic wave has irreversible
characteristics, and the peak current (ip) increased linearly with the square root of v
up to 20 mV s™' (open squares in the inset in Figure 2). The E, value shifted to the
negative potential direction with increasing v. Similar irreversible voltammetric
behavior was observed for mediated bioelectrocatalytic systems for O, reduction at
BOD-Fe(CN)s>™-modified electrodes [7] and for NADH oxidation at
diaphorase/quinone-modified electrodes [19]. Such mediated catalytic irreversible
waves are governed by the heterogeneous electron transfer property of the mediator
and mass transfer property of the substrate [7]. No enzyme kinetic information is
obtained accordingly. Similar situation can be considered for the DET-type fast
bioelectrocatalysis presented here, and the i, value can be analyzed by the equation
of a totally irreversible voltammogram: [20]
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Figure 3. CVs recorded with BOD-PLL-PFCE. A) Air saturated condition
in quiet solution. B) O, saturated condition without stirring. C) O,
saturated condition with stirring at 1400 rpm. Dashed line represented the
CV recorded in Ar saturated condition.

i, =n(2.99x10%)a'*cD"?v'"? (1)

where n, ¢, and D are the number of electrons, bulk concentration, and diffusion
coefficient of substrate (O in this case), respectively. The parameter « is the transfer
coefficient of enzyme (BOD in this case) and may be estimated from the half-peak
width of the voltammograms by:

|Ep — Epi2| = 47.7/a mV (2)
where E,; is the potential where j = /2. The voltammograms in Figure 2 yielded a =
0.4. By using values of n = 4 (as discussed before), D =2.45 x 10° cm?s™ [21] and ¢

= 0.25 mM [2], i, was calculated as a function of v

. The calculated linear line given
in the inset of Figure 2 reproduces the experimental data well at least in the region of
v < 20 mV s™'. The analysis clearly supports our idea that diffusion-controlled
four-electron reduction of O, proceeds as a DET-type bioelectrocatalysis at the
BOD-PLL-PFCE.

Figure 3 compares the catalytic waves of the O, reduction under several
conditions of the O,-mass transfer at pH 7. Under quiet conditions without stirring, the

i value in an Oy-saturated solution (curve B) was about 5 times as high as that
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obtained in an air-saturated solution (curve A). The i, ratio reflects the bulk

concentration ratio of O, as explained by Eq. (1). The data also support the diffusion
controlled catalytic reduction of O,. The E, value shifted to the negative potential
direction as in the case of increasing v given in Figure 2 reflecting the effect of
electrode kinetics of BOD.

The catalytic current further increased by convection in an O,-saturated solution
at the BOD-PLL-PFCE, as shown by curve C in Figure 3. When the solution was
stirred with a magnetic stirrer, the wave became steady states with a sigmoidal shape
at increased convection. However, the steady-state limiting current (plateau current)
became independent of the stirring rate over 1000 rpm. The maximum limiting current
density was as large as 845 pA cm™. The half-wave potential (E;,) obtained from the
steady-state sigmoidal wave is 0.33 V (Figure 3, curve C). The value is somewhat
negative than the formal potential (E°’ = 0.46 V) of the type 1 Cu of BOD [14], which is
the most plausible electron-accepting site of BOD. Therefore, such steady-state
voltammograms is considered to be governed by both heterogeneous electron
transfer kinetics and enzyme kinetics of BOD.

Analysis of kinetic-controlled steady-state catalytic voltammogram
The author may propose two types of direct electrochemical communication of
BOD with the electrode. One is that some part of BOD is adsorbed in a monolayer on
the PLL-modified electrode, and the adsorbed BOD is responsible for the DET-type
bioelectrocatalysis (adsorption model). The other is that BOD within a PLL hydrogel
layer on the electrode is free in moving and diffusible in part and participates in the
DET-type bioelectrocatalysis as illustrated in Scheme 1, which may be called a
reaction layer model. The reduced enzyme (ER) is oxidized in a PLL hydrogel layer
with O,. The oxidized enzyme (Eo) diffuses toward the electrode surface and is
re-reduced at the electrode. Under the steady-state conditions, the concentration
profile of Eo and Egr becomes a steady state and the surface concentration ratio of Eg
and Er ([Eo]o/[Er]o) is determined by the heterogeneous electron transfer kinetics of
the enzyme and the enzyme kinetics.
The steady-state current density (/s) for the adsorption model is given by: [15]
i, = ngFk, I, 3)
I+k Tk +ky Ik

where ng, F, and I, are the number of electrons of the enzyme (= 1 for the type 1 Cu

of BOD), the Faraday constant, and the total surface concentration of the enzyme
[mol cm™], respectively. k. is the catalytic constant [s™'], and in the case of BOD it
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Scheme 1. Schematic representation of “a reaction layer model” and
concentration polarization curve of BOD in the PLL film. Eo and Egr
represent oxidized and reduced forms of BOD.

includes the stoichiometric number (n/ng = 4) and is a function of the intramolecular
electron transfer rate constant from type 1 Cu to type 2-3 Cu cluster and the
intermolecular electron transfer rate constant for O, reduction at the type 2-3 Cu
cluster. The surface electron transfer rate constants k;s and k, s are expressed by the
following Butler-Volmer-type equations:

ki, =k, exp[-a(F/RT)E-E"")] 4)

koo =ks exp[(l-a)(F/RT)E-E")] ()

where ks’ is the standard surface electron transfer rate constant at E” of the adsorbed
enzyme [s™"]. The DET-type bioelectrocatalysis of O, reduction at a BOD-adsorbed
PFCE was well explained by Eq. (3). An example is given in Figure 4 as curve B. The
steady-state voltammogram of the BOD-adsorbed PFCE is well reproduced by Eq. (3).
Two adjustable parameters were evaluated as k/k° = 1.4 and k[ = 2.0 x 10~ mol
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s™' cm™. The regression curve is depicted open squares in Figure 4, curve B [15].
When the steady-state voltammogram at the BOD-PLL-PFCE was fitted to Eq. (3)
using a non-linear regression analysis program (Excel®), the adjustable parameters

ko/k and kI were evaluated as 13 and 8.9 x 10™° mol cm™@ s™, respectively, where a
was fixed as an allowable value of 0.5. Assuming k. value to be identical with the
maximum catalytic constant of BOD in solution (250 s™') [22], the I and ks’ values
were calculated as 38 pmol cm™ and 18 s, respectively. Considering the
crystallographic structure of a fungal laccase from Trametes versicolor with a
molecular mass of ca. 70 kDa (roughly evaluated dimension of 65 x 55 x 45 A) [23], I
of BOD can be calculated as 5-7 pmol cm™ at the most by ignoring the orientation of
adsorbed states of BOD, though the roughness factor of electrode surface is not
taken into account. This calculated maximum value is much smaller than that
evaluated based on Eq. (3). The author can safely conclude that the adsorption
model is not appropriate for explaining the steady-state voltammogram of DET-type
bioelectrocatalysis for O, reduction at the BOD-PLL-PFCE.
The Is value for the reaction layer model is given by:
_ neF[EKku
S 14k ulk, +k, Ik

with
k. =k’ exp[-a(F/RT)E-E"")] (7)

k, =k exp[(l-a)(F/RT)E-E"")] (8)

where [E] is the total concentration of the enzyme in the enzyme layer, u is the
reaction layer thickness (the distance x at which the concentration of [ER]x = [Er]o/€e:

[Erlo being the surface concentration of Eg) and is given by = /D / k, ; Dg being

the diffusion coefficient of the enzyme in the immobilized enzyme layer. k* is now the
standard electron transfer rate constant at £~ [cm s™']. The derivation of Eq. (6) is
summarized in Appendix.

The experimental steady-state voltammogram (Figure 4, curve A) was fitted to Eq.
(6) with adjustable parameters of [Elk,u and k/k° using the non-linear regression
analysis program. The a value was assumed to be 0.5. The best fit was obtained with
[Elkst = 8.9 x 107° mol cm™ s™'and kqu/k” = 13, respectively, as shown as open circles
on curve A in Figure 4. Assuming the k. value again to be 250 s™" and the D value to
be 1x10~" cm? s™', the reaction layer thickness is calculated as 0.2 pm. The value is
sufficiently small than the film thickness of the BOD-PLL layer (50 pym), which was
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calculated from the reported one [19] by considering the amount of PLL employed.
This evaluation indicates that the bioelectrocatalytic reaction occurs in the vicinity of
the electrode surface and within the immobilized enzyme layer. Furthermore, [E] and
k* values of BOD were calculated as 1.75 pmol cm™ and 3.9 x 10™* cm s™,
respectively, although the actual value of [E] would be much smaller than the
calculated one when the roughness factor of the electrode surface is taken into
account. The surface concentration of BOD in the reaction layer per projected area of
the electrode ([E]u) is calculated as 35 pmol cm™, which is 2.7 times higher than that
of the BOD-adsorbed PFCE [15]. It is noted that the surface concentration ratio ([E]Ju
/) of BOD is in good agreement with the ratio of the maximum current density at
BOD-PLL-PFCE to that at the BOD-adsorbed PFCE (2.8). High BOD concentration in
the film is responsible for large catalytic current density at the BOD-PLL-PFCE
compared with the BOD-adsorbed PFCE.

Judging from k° (4.1x10™* cm s™') of BOD, the DET reaction may be classified to a
(slow) quasi-reversible reaction. This would be the reason why non-catalytic direct
electrochemical signal of BOD was not observed in the absence of O,, although BOD
is highly concentrated in the PLL film.

The Ej; value of the steady-state catalytic wave at the BOD-PLL-PFCE (0.33 V,
curve Ain Figure 4) is less positive than that at the BOD-adsorbed PFCE without PLL
(0.4 V, curve B in Figure 4). This is due to the fact that k.u/k” is larger than kJ/k’s. In
other word, the direct electron transfer standard rate constant expressed by k*/u (= 19
s™") at the BOD-PLL-PFCE is about ten times smaller than that (k’s = 178 s7') at the
BOD-adsorbed PFCE. The worse situation of the direct electrochemistry of BOD at
the BOD-PLL-PFCE is evidenced by the fact that the steady-state current starts to
increase around 0.4 V, which is about 0.1 V more negative than that observed at the
BOD-adsorbed PFCE (Figure 4).

The heterogeneous electron transfer between enzyme and electrode would be
affected by hydrophobic/hydrophilic and electrostatic interactions. Although the
crystallographic structure of BOD is not clarified yet, the author can presume that the
type 1 Cu of BOD would be exposed to solvent by considering the crystallographic
structures of proteins with sequential similarity with BOD: for example, multi-copper
proteins such as ascorbate oxidase, or type 1 copper proteins, such as azurin or
plastocyanin [24, 25]. The situation may be responsible for broad specificity for
electron-donating substrates of BOD [4, 8, 26]. BOD exhibits extremely small
Michaelis constant value (i.e. high affinity) especially to negatively charged molecules,
such as Fe(CN)¢>"* [7]. This suggests that the vicinity of active center of BOD would
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Figure 4. Curve A: The background current-corrected steady-state
voltammogram redrawn from the curve C in Figure 3 and the regression
curve as open circles obtained from Eq. 3-5 with adequate parameters
described in the text. Curve B: The background current-corrected
steady-state voltammogram of the BOD-adsorbed PFCE and the
regression curve as open squares obtained from Eq. (6) described in Ref.
14,

be positively charged. Polished carbon electrodes have highly oxygenated surface
[27]. Such negatively charged electrode surfaces seem to be convenient to direct
electrochemical communication with proteins having cationic active center. This may
be the reason why BOD-adsorbed PFCE exhibited relatively large electron transfer
rate constants. However, the positively charged PLL would also interact with PFCE.
The competitive adsorption of PLL might prevent BOD from adsorbing and reduce the
rate of the heterogeneous electron transfer from PFCE to the type 1 Cu of BOD.
Details should be examined using surface-structure regulated electrodes, such as
thiol modified Au electrodes. Surface characterization of carbon electrodes is also
important in future to understanding the direct electrochemistry of proteins.

In conclusion, PLL is useful to immobilize and stabilize BOD on PFCE. BOD
immobilized in the PLL layer exhibits DET-type bioelectrocatalysis of four-electron
reduction of O,. Construction of such multiple enzyme layer is useful for increasing
the current density even in DET-type bioelectrocatalysis: the maximum current
density is as large as 845 pA cm™2, which is about three times larger than that at a
monolayer enzyme-modified electrode (BOD-adsorbed PFCE). The steady-state
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sigmoidal voltammogram (without influence of O,-mass transfer) is well explained by
the reaction layer model. This consideration would be very useful to optimize the
thickness and enzyme concentration of the immobilized layer of enzyme-functional
electrodes for biofuel cells.

Appendix: Expression of steady-state voltammograms in DET-type
bioelectrocatalysis current-potential curve on reaction layer model

Here the author will consider BOD as an enzyme, which is immobilized in a
multiple layer on an electrode surface (Scheme 1), and assume a situation that
substrate concentration depletion near the electrode surface can be ignored. Under
such conditions, the catalytic current becomes steady states, and is governed by the
enzyme kinetics and the heterogeneous electron transfer kinetics of the enzyme.
Such situation may be realized at elevated concentration of the substrate under
convective conditions.

The reduced enzyme (ER) is oxidized in an immobilized layer with the substrate
(Oz in Scheme 1). The enzyme reaction rate (venz, x) is @ function of the distance (x)
and is expressed by:

Venzx = Ko[Erlx (A1)

In general, the catalytic constant (k;) is a function of the substrate concentration
([S]), but it would be independent of [S] at increased [S].

When the enzyme can diffuse in the layer, an equation for the diffusion of Er
coupled with enzymatic reaction under steady-state conditions is written as
d’[Egl,
Tax? e

Using the boundary conditions: [ER], (at x = 0) = [ERr]o and [ER]x (at x — =) =0,

D =0 (A2)

Eq. (A2) is solved as:

12
[Erl, =[Er], exp _)/[%j (A3)

The oxidized enzyme (Eo) diffuses toward the electrode surface and is
re-reduced at the electrode. From Eq. (A3), the steady-state current density (i) is
given by:

__i__ d[ER]x _
nF (DE Tdx jx_o =k De [Er], (A4)

The current density is also given by the rate of the electrode reaction of Eq and
Er and written as:
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i%p:kJEOLf—kdERk (A5)

where [Eo]o is the concentration of Eg at x = 0, and k; and ky are the rate constants of
the heterogeneous electron transfer, and given by the Butler-Volmer equation as a
function of the electrode potential E:

k. =k’ exp[-a(F/RT)E-E"")] (AB)

k, =k’ exp[(l-a)(FIRT)E -E")] (A7)

Here k° is the standard rate constant, a is the transfer coefficient, E°  is the
formal potential of the enzyme. Combining Egs. (A4) and (A5) with the allowable
assumption that [Egr]x + [Eo]x = [E], [E] being the total concentration of enzyme in the
enzyme-immobilized layer, the current-potential curve for the steady state catalytic
current can be written as

i NeFIELDek, ")

14Dk, [k, +k, Ik,

Replacing (De/k.)""? with the reaction layer thickness () yields:
—j= nEF[E]kc/u
L+ k ulk, +k, Ik,

(A9)
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Bioanode

Electro-enzymatic oxidation of biological fuels

A new redox polymer containing Os (£ = —-0.15 V vs. Ag|AgCl) was designed and
synthesized as an efficient mediator of diaphorase-catalyzed electrochemical oxidation
of NADH and glucose, and as a support to immobilize enzyme(s) on electrode surfaces.
The electrochemical characteristics of the polymer and its application to biosensors
and bioanodes of biofuel cells are briefed.

Introduction

Electrochemical oxidation of NADH has been a subject receiving great attention in
views of biosensors and biofuel cells [1-3], since NAD-dependent enzymes constitute
the largest group of redox enzymes. Because the direct electrochemical oxidation of
NADH requires large overpotential [4], organic or inorganic compounds may be used
as non-enzymatic catalysts [1]. More efficient catalytic systems are mediated
bioelectrocatalysis consisting of suitable enzymes and mediators. Diaphorase is
frequently used for this purpose, and several metal complexes [5], quinines [6] and
also viologens [3] have been utilized as mediators. The electron transferring relays
from a reduced substrate to an electrode is illustrated in scheme 1. The formal
potential of mediator (E°’ ) and the rate constant between diaphorase and mediator
(km) are important factors; the more negative in E®y;and the larger in ky, the better the
mediator is. Considering the fact that ky increases exponentially with E®y and
reaches the diffusion-controlled limiting value at increased E®’y [6], vitamin K3 is one
of the most promising mediators with more negative E°’yyamong the mediators with
diffusion-controlled value of ky [6, 7]. However, vitamin K; has serious drawbacks in
O,-sensitive property of the reduced form [8] and difficulty in the immobilization on
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Scheme 1. Electrontransfer pathway from a substrate to an electrode
using diaphorase as an electrocatalyst for NADH oxidation.

electrode surfaces.

One of promising immobilization methods of mediators as well as enzymes on
electrode surface is utilization of redox polymers [9]. Especially, Os polymers have
drawn attention. The E*\y value of Os polymers can be tuned in a wide range by
changing the ligands. Since the ligand effect has been parameterized [10], E*’yy of Os
redox polymers can be predicted.

In this work, the author designed and synthesized a new Os redox polymer with
E°’w close to that of vitamin K;. The polymer was used as a support to immobilize
diaphorase on electrode surfaces. The bioelectrocatalytic oxidation of NADH at the
modified electrode is documented. The NADH-oxidation coupled with several
NAD-dependent dehydrogenases will be also demonstrated.

Experimental

Considering the ligand effects on E°’y, the author focused our attention to an Os
complex coordinated with 2,2-dipyridylamine (dpa). cis-[OsCly(dpa),] was
synthesized by the method in the literature [11] with some modifications.
(NH4)2[OsClg] (1 mmol) and 2.0 equivalents of dpa (2 mmol) were refluxed in
1,2-ethandiol (18 mL (L = dm®) for 1 h under Ar atmosphere. After cooling, the
reaction mixture was treated with 30 ml of 1 M (M = mol L‘3) Na,S,0,4. The reaction
mixture was cooled for 30 min in an ice bath to precipitate the Os complex. The
precipitate was thoroughly washed with cold water and diethyl ether, and dried in
vacuum. This was used as cis-[OsCly(dpa),] without further purification. The poly-1-
vinylimidazole (PVI) was prepared according to the literature [12], and complexed
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with cis-[OsCl,(dpa),] to yield a water-soluble Os polymer (PVI-Os(dpa),Cl) in the
following procedure. cis-[Os(dpa).Cly] (132 mg, 0.21 mmol) was refluxed with PVI
(200 mg, 2.1 mmol) in 200 mL of absolute ethanol for 2 days. After filtration, the
solution was poured into 1.5 L of diethyl ether under rigorous stirring. The precipitate
was used as PVI-Os(dpa),Cl. The expected structure of the polymer is depicted in the
inset of Figure 1.

The composite electrode was assembled on a glassy carbon (GC) disk electrode
(¢ = 3 mm). On the electrode surface, 5 uL of PVI-Os(dpa).Cl aqueous solution (20
mg mL™") and 2 pL of a diaphorase solution (2 mg mL™" in 50 mM phosphate buffer,
pH 7.0; [EC: 1.6.99.-] from B. stearothermophilus, Unitika) were syringed and mixed
well. In order to immobilize diaphorase on the polymer, 1.2 uL of poly(ethylene glycol)
diglycidyl ether solution (2.5 mg mL™") was added to the mixture on the electrode
surface. The electrode was dried overnight at room temperature to make the polymer
water-insoluble. The electrode was used as a diaphorase/Os-modified electrode. All
potentials are referred to the Ag|AgCI|KCl(sat.) electrode.

Results and discussion
NADH oxidation using diaphorase/PVI-Os(dpa)-Cl-modified electrode
The E°’y values of several Os complexes at pH 7 reported so far [13] are in a

1
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Figure 1. Relation between the formal potential of water-soluble Os
complexes at pH 7 and the sum of the ligand parameters (AE_.). The inset
shows the structure of PVI-Os(dpa),Cl.
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good linear relation with the sum of the ligand parameters (E,) for octahedral metal
complexes [10], as shown in Figure 1, closed circles. Judging from the linear relation,
the E*'y of PVI-[Os(dpa),CI]*""* can be expected to be about —0.16 V (open square in
Figure 1), which is comparable with that of vitamin K3 at pH 7 (E”’y = -0.19 V [14]).
The synthesized polymer PVI-Os(dpa).Cl gave a reversible cyclic voltammogram in
the soluble state with E*’y; of —=0.15 V, the peak separation being 60 mV at scan rates
(v) at least up to 0.2 V s™' (data not shown). The E*y value is very close to the
predicted one. This result supports the expected structure of the synthesized polymer.

The diaphorase/Os-modified electrode gave also a couple of redox waves in
cyclic voltammetry under NADH-free condition, as shown by curve A in Figure 2. This
signal is assigned to the Os(ll/1ll) redox couple in the polymer. Considering surface-
confined characteristics of the polymer and the peak separation (60 mV atv =5 mV
s™"), the rate of the electron transfer (including the electron exchange in the polymer)
was not so large, probably because of rather rigid (or compact) structure of the
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Figure 2. Cyclic voltammogram of a diaphorase/Os-modified GC
electrode in phosphate buffer in the absence (A) and the presence (B) of
NADH (1 mM) atv=5mV s~ and at pH 7.0.

immobilized polymer compared with other insoluble Os polymers. The midpoint
potential (or E®’\) was —0.13 V, which is more negative than or comparable with those
of Os polymers reported so far (E”y = -0.025 [15] and -0.13 V [16] for
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4,4’-dimethoxy-2,2’-bipyridine and 4,4’-diamino-2,2’-bipyridine ligands, respectively
[17]), and the synthesis of PVI-Os(dpa).Cl is more easier than those of the reported
ones. The positive shift in E°’ by the immobilization might be due to the electrostatic
interaction in the cationic polymer.

In the presence of NADH, the voltammograms changed to a typical catalytic wave
(Figure 2, B). Such a catalytic wave did not observed at the Os-modified electrode
without diaphorase. Diaphorase was successfully immobilized on the polymer, and
the Os redox polymer acted as an efficient electron-transfer mediator between
diaphorase and the electrode.

NADH + 20s(lIl)— NAD* + 20s(Il) + H*  (with diaphorase)
Os(ll) —Os(lll) (at electrode)

This is the first example of the catalytic oxidation of NADH at potentials as
negative as —0.1 V with diaphorase/mediator co-immobilized electrodes. The
steady-state catalytic current, however, did not reach the limiting one, rather
increased gradually with the electrode potential at potentials more positive than E°’y
of the Os polymer. This is due to the kinetic effects in the heterogeneous electron
transfer from the Os complex to the electrode. In order to increase the electron
transfer rate, some improvements will be needed in the insolubilizing process.

NAD-dependant dehydrogenase/diaphorase/PVI-Os-modified electrode

The electrochemical oxidation of NADH can be coupled with a variety of
NAD-dependent enzymes. Note here that PVI-[Os(Il)(dpa),Cl]* was insensitive to O,
and that the presence of O, did not affect the catalytic current. This property is
valuable in the application of the diaphorase/PVI-Os-modified electrode to biosensors
and biofuel cells.

Since NAD-dependent enzyme reactions are Oo-insensitive, co-immobilization of
any NAD-dependent enzyme and diaphorase allows the detection of the
NAD-enzyme substrate under aerobic conditions at potentials around —0.1 V, where
there is practically no interference in biological samples. Figure 3 shows the CV of an
electrochemical oxidation of glucose wusing NAD-dependant glucose
dehydrogenase/diaphorase/Os-modified electrode. NAD was dissolved in the solution.
In the absence of glucose, only the redox wave of the Os complex was observed as
shown in Figure 2 (curve (B), Figure 3)). When 10 mM of glucose was added into the
solution, the typical catalytic wave was observed (curve (A), Figure 3). This result
indicates that the NADH producing reaction catalyzed by NAD-dependant glucose
dehydrogenase can be coupled with the diaphorase-catalyzed oxidation of NADH and
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Figure 3. Cyclic voltammogram of a Glucose dehydrogenase
/diaphorase/Os-modified GC electrode in phosphate buffer containing
NAD*(1mM) in the absence (A) and the presence (B) of glucose (10 mM)
atv=5mV s and at pH 7.0.

reduction of Os complex. Such NAD-enzyme/diaphorase-immobilized Os polymer
electrodes can be utilized as an anode of biofuel cells. Since diaphorase functions in
neutral or slightly alkaline conditions, bilirubin oxidase is superior to laccase as the
catalyst of 4e-reduction of O, at a cathode [18]. The former works under neutral
conditions using an Os polymer (with 2,2’-bipyridine as a ligand; E®y, = 0.35 V) as
mediator [19]. The electromotive force is expected to be about 0.6 V.

Appendix: PQQ-dependant dehydrogenase/PVI-Os-modified electrode
Pyrroquinoline quinone (PQQ)-dependant glucose dehydrogenase (EC:
1.1.99.17) can also oxidize glucose to gluconate and transfer electrons to electron
donors, such as dyes and metal complexes. Heller's group have fabricated
PQQ-GDH-linked Os polymer, PVI-Os(4,4’-dimethyl-2,2’-bipyridine),Cl
(PVI-Os(dmbpy),Cl) [20]. Because the formal potential of (PVI-Os(dmbpy).Cl) is 0.15
V, the thermodynamic loss is not negligible. To reduce the overvoltage, PQQ-GDH
linked PVI-Os(dpa).Cl modified electrode was fabricated. The comparison of two
redox polymers is shown in Figure 4. Curves (A) and (B) in Figure 4 were obtained,
respectively, with PQQ-GDH-linked PVI-Os(dm-bpy),Cl coated electrode and
PQQ-GDH-linked PVI-Os(dpa).Cl coated electrode in the presence of 0.05 M glucose.
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Figure 4. Cyclic voltammograms of enzyme-linked redox polymerts.
Curves (A) and (B) were obtained, respectively with PQQ-GDH-linked
PVI-Os(dm-bpy),Cl and PQQ-GDH-linked PVI-Os(dpa).Cl in the presence
of 0.05 M glucose. The scan rate is 5mV s™".

The curve A reveals that Os complex in PVI-Os(dpa),Cl works as good mediator for
PQQ-GDH, although the formal potential of PQQ existed in the enzyme (-0.19 V) is
very close to that of PVI-Os(dpa).Cl. The maximum current is half of the one obtained
with PVI-Os(dm-bpy),Cl coated electrode in spite of low energy gap between Os
complex and PQQ-GDH. This result is particularly surprising and would be specific to
PQQ-GDH. There have never reported that PQQ-GDH can utilize mediators of such
negative formal potential. The high electron transferring ability of PQQ-GDH may be
due to its steric feature, however the details are not clear. In addition to that kinetic
aspect, PVI-Os(dpa).Cl has a great advantage in view of reducing the overpotential.
Current can be increased easily by increasing the electrode surface area. It is noted
that when FAD-dependant glucose oxidase (EC: 1.1.3.4) was used as enzyme
instead of PQQ-GDH, the catalytic current was very small because of energy gap
and/or steric hindrance.
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Biofuel cell

Bioelectrochemical energy conversion system

1 Bioelectrocatalysis-based dihydrogen/dioxygen fuel cell
operating at physiological pH

A biochemical fuel cell was constructed using H, as fuel to produce H,0 in the reaction
with O, at neutral pH and ambient temperature. The cell uses carbon felt as an
electrode material for both the anode and the cathode and an anion exchange
membrane as a separator. The anodic oxidation of H, was accelerated by methyl
viologen-mediated electrocatalysis with bacterial cells Desulfovibrio vulgaris
(Hildenborough) as catalysts, and the cathodic reduction of O, was accelerated by
2,2"-azinobis  (3-ethylbenzothiazoline-6-sulfonate)-mediated electrocatalysis with
bilirubin oxidase as a catalyst. The bioelectrocatalytic systems allowed the cell to
operate at 1.0 V in the current magnitude of 0.9 mA at an electrode of the size 1.5 x
1.5 x 0.1 cm’. The cell voltage attained 1.17 V at an open circuit, which is close to the
standard electromotive force 1.23 V. The cell voltage-current behavior is interpretable
by linear sweep voltammetry using the same electrode system. On this basis, the
electrochemistry behind the performance of the biochemical fuel cell is discussed.

Introduction

Fuel cells are devices for converting chemical energy into electrical energy and
have received considerable attention as practical devices for energy transfer because
of their efficient and non-polluting properties. They use dihydrogen and dioxygen gas
as the most efficient fuels, noble metals as catalysts, and are driven at moderate to
high operating temperature under acidic or alkaline conditions. A biochemical fuel cell
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(abbreviated as biofuel cell) is defined as a fuel cell in which the reaction at one or
both of the electrodes is enhanced by a biological agent [1]. The use of biocatalysts in
place of the metal catalysts would allow fuel cells to operate at neutral pH and
ambient temperatures, which are the conditions much more favorable for the handling
of fuel cells. Since the early stages of biofuel cell studies [2-5], many papers have
dealt with the biocatalytic acceleration of the reaction at the anode, in which microbial
species as well as enzymes have been utilized as biocatalysts. Several
comprehensive reviews of the biofuel cells have appeared in the literature [6-8].
Biofuel cells using glucose and alcohol as fuels have generated the electric power,
though in small quantities [8]. Recently, Palmore et al. have developed an
electro-enzymatic system operating near the reduction potential of NAD" by using
benzyl viologen and diaphorase and applied to the anodic oxidation of methanol to
CO in the presence of NAD*-dependent dehydrogenases [9]. The enzyme-catalyzed
methanol oxidation at a graphite anode in a fuel cell, which uses a platinum gauze
cathode, has generated a cell voltage of 0.8 V at an open circuit and exhibited 0.49 V
at the current density 1.38 mA cm™ at pH 7.5 [9].

In contrast to the anode reactions, there are only two reports, as far as the author
awares, on the biofuel cells using biocatalysts in a cathodic reduction of dioxygen to
water. Palmore and Kim [10] have shown that the electro-enzymatic catalysis using
laccase and 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonate) (ABTS?) allows a
cathodic reduction of dioxygen at 0.5 V versus saturated calomel electrode (SCE) at
the current density of 50 ucm™ and at pH 4.0. This is an efficient bioelectrocatalytic
system from the point of the overvoltage; the reduction of dioxygen starts at the
potential of 0.5 V, which is only 0.25 V more negative than the redox potential of
0O,/H,O (0.751 V versus SCE at this pH). Katz et al. [11]. have applied the
electro-enzymatic catalysis relying upon cytochrome c/cytochrome oxidase system
[12,13] to the cathodic reduction of dioxygen at pH 7.0, in which the anodic oxidation
of glucose to gluconate has been accelerated by a pyrroloquinoline
quinone-mediated bioelectrocatalytic reaction. The reduction of dioxygen, however,
occurred at 0.0 V versus SCE, which is much more negative than the redox potential
of O,/H,0 (0.574 V versus SCE at this pH). Consequently, the cell voltage generated
by the biofuel cell is only 0.16 V even at an open circuit.

This paper describes, for the first time, a biofuel cell using dihydrogen and
dioxygen as fuels and biocatalysts for the acceleration of both the anode and cathode
reactions at pH 7.0 and room temperature. The fuel cell composition and possible
electron flow were illustrated in scheme 1. The author has demonstrated [14] that a
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Scheme 1. An illustration of bioelectrocatalysis-based H,/O, fuel cell.

bacterial cell Desulfovibrio vulgaris exhibits the high hydrogenase activity for the
reaction between 2H*/H, and MV?'/MV**, where MV?* and MV'* denote methyl
viologen and its cation radical, respectively. The author has also shown [15] that
ABTS?-mediated bioelectrocatalytic reduction of dioxygen to water proceeds very
rapidly at pH 7.0 with a reduced overpotential when bilirubin oxidase is employed as a
biocatalyst. The two catalytic systems are utilized in the present biofuel cell, and an
anion exchange membrane is employed as a separator. At neutral pH, the
concentration of proton is as low as 107" M. Accordingly, the use of a Nafion
membrane, a cation exchange membrane frequently used in ordinary solid polymer
electrolyte fuel cells, is precluded as an efficient proton transfer membrane. The
current-voltage behavior of the biofuel cell is studied by the conventional method for
evaluating fuel cells as have been done by Palmore et al [9]. The results are
compared with the typical current-voltage behavior of solid polymer electrolyte fuel
cells. Linear sweep voltammetry is also carried out with both the anode and the
cathode in the biofuel cell to measure the current-voltage curves in a steady state. On
this basis, the electrochemistry behind the biofuel cell performance is discussed.

Experimental
Biocatalysts, materials and reagents

Bilirubin oxidase (BOD, from Myrothecium verrucaria) [EC. 1.3.3.5] was provided
by Dr. S. Shimizu, Kyoto University. The concentration of bilirubin oxidase in a stock
solution was determined spectrophotometrically using €0 = 4800 M~ cm™ [16].
2,2’-Azinobis (3-ethylbenzothiazoline-6-sulfonate) diammonium salt was purchased
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from Sigma Chemical Co. and used without further purification. Desulfovibrio vulgaris
(Hildenborough) (D. vulgaris (H)) cells were anaerobically cultured and harvested as
described previously [14]. The harvested cells were suspended in a saline solution
(0.85% NaCl), and the suspension was stored in a vial kept anaerobic at 5 °C and
used within a few days. The cell population in the suspension was determined using a
hemacytometer; the suspension at unit absorbance (OD =1 at 610 nm) contained 2.9

x 108 cells per cm®. All common chemicals were obtained from commercial sources.

Voltammetery

Cyclic voltammetry was performed using a Bioanalytical Systems (BAS) CV-50W
electrochemical analyzer. A glassy carbon electrode with 3.0 mm diameter (BAS, No.
11-2013) was wused as the working electrode. A platinum disk and
Ag|AgCI|KCl(saturated) were used as the counter and reference electrode,
respectively.

Assembly of a biofuel cell

A construction of a biofuel cell is schematically illustrated in Figure 1. A carbon felt
sheet (Toray BO050 carbon felt mat, Toray Co.) was cut into sheets of the size 1.5 cm
height x 1.5 cm width x 0.1 cm depth and the sheets were used for both anode E1
and cathode E2. An anion exchange membrane of 180 um thick (ACIPLEX®-A501,
Asahi Chemical Co.) was used for a separator membrane S. The contact area of S
with the electrolyte in each compartment was 12.5 cm?. Each compartment had an
electrolyte solution of 5 mL. The pH of the electrolyte solution was adjusted to pH 7.0
with NaH,PO, and Na,HPO, at the total concentration of 50 mM phosphate, ionic
strength of the solution being adjusted to 0.1 M with KCI.

Measurements of potentials of the biofuel cell as a function of current

The anode and cathode of the biofuel cell were connected through a resistor R (a
Type 2786 Decade Resistance Box, Yokogawa Electric Co. Tokyo) as illustrated in
Figure 1. The value of the resistance R was changed stepwise from 100 kQ to 90Q,
and the potentials E,, E.., and E; were simultaneously measured at each value of R
using SC 7403 Digital Multimeters (lwatsu Co.).

Linear sweep voltammetry was carried out using the carbon felt sheet anode (or
cathode) in a biofuel cell (Figure 1) as the working electrode in a three electrode
system using the Ag|AgCI|KCl(saturated) immersed in the same compartment as the

reference electrode and a platinum wire immersed in the opposite compartment as
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the counter electrode. The circuits to measure E.., Ea, and E. were disconnected

during the voltammetric measurements. All measurements were done at 25 °C, and
all potentials are referred to Ag|AgCl|KCl(saturated) unless stated otherwise.

Ag|AgCI
Ref 1

> Ecen LT

\—»Ea B,

Ec

Ag|AgClI
Ref 2

pH 7.0 pH 7.0
«
/ \
E1 S E2

Figure 1. A schematic illustration of a construction of 2H,/O, biofuel cell.
A: an anode compartment of pH 7.0 phosphate buffer containing D.
vulgaris (H) cells and MV2* bubbled with dihydrogen gas, C: a cathode
compartment of pH 7.0 phosphate buffer containing BOD and ABTS?*™
bubbled with dioxygen gas, E1 and E2: carbon felt sheets as an anode
and a cathode, respectively, S: an anion exchange membrane, R: a
resister. Actual sizes of E1 and E2 and the thickness of S are given in the

text.

Results and discussion
Electro-enzymatic oxidation of dihydrogen and reduction of dioxygen in
phosphate buffer at pH 7.0

Figure 2a shows a cyclic voltammogram for the redox reaction of ABTS"/ABTS?
(ABTS" being anion radical of ABTS?") at pH 7.0. In the presence of BOD, the redox
reaction can be coupled with the BOD-catalyzed reduction of dioxygen to produce a

large cathodic catalytic current as observed in Figure 2b. The half-wave potential

(0.48 V) of the sigmoidal voltammogram is close to the standard potential of O,/H,O
(0.618 V at this pH). Kinetic analysis of the catalytic current has proven that ABTS?"
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Figure 2. Cyclic voltammograms recorded with a glassy carbon electrode

in a phosphate buffer of pH 7.0. (a) 0.25 mM ABTS?, (b) (a) + 0.1 pM

BOD saturated with O, gas, (c) 0.5 mM MV?* + D. vulgaris (H) at OD = 10

saturated with H, gas, and (d) 0.25 mM AQS + D. vulgaris (H) at OD = 10

saturated with H, gas. Scan rate v: (a) and (b) 10 mV s~ and (c) and (d) 2

mV s~
functions as a very efficient electron donor in the BOD-catalyzed reduction of
dioxygen to water [15]. BOD is an enzyme catalyzing the oxidation of bilirubin to
biliverdin [17], and is known to be able to catalyze the oxidation of ABTS? as well [18].
It is a multi-cupper oxidase containing type 1, type 2, and type 3 coppers (in the ratio
1:1:2) similar to laccase [16,19-21], an enzyme utilized in the electrocatalytic
reduction of dioxygen to water in the absence [22-24] and presence [10] of an
electron transfer mediator. The electrocatalytic currents using laccase, however,
could be measured only at pH less than 5.0, because laccase exhibits its activity only
in acidic solutions. Biological reduction of dioxygen in the respiratory chain proceeds
smoothly at neutral pH by the catalysis of cytochrome oxidase. This enzyme [11-13]
and metal complexes modeling cytochrome oxidase [25-27] have proved to be
effective catalysts for the electrocatalytic reduction of dioxygen at physiological pH.
The electrocatalytic currents start to appear around +100 mV, which is more negative
than the starting potential, +550 mV, of the voltammogram in Figure 2b. Thus, the
author may say that the present electrocatalysis system using a combination of
ABTS? and BOD is more appropriate for use in a biofuel cell operating at
physiological pH.



BIOFUEL CELL

Figure 2c shows a cyclic voltammogram for methyl viologen-mediated D. vulgaris
(H) cell-catalyzed redox reaction of 2H"/H,. It is noted that the sigmoidal cyclic
voltammogram has both cathodic and anodic limiting currents with the half-wave
potential (-0.635 V, the average of the potentials obtained from the negative-going
and positive-going voltammograms) in agreeing with the mid-potential E,, (—0.634 V,
the potential at the mid point between the anodic and cathodic peaks) of the cyclic
voltammogram for the redox reaction of MV?*/MV** (data not shown). This means that
the methyl viologen-mediated electrocatalysis is voltammetrically reversible as has
been discussed previously [14], that is, the electrocatalytic system allows both the
oxidation of dihydrogen and the reduction of proton depending on the potential
applied to the electrode. The anodic current for the oxidation of dihydrogen starts to
appear from —0.61 V (the null potential obtained as the average of those on the
negative-going and positive-going voltammograms in Figure 2c), which agrees with
the standard potential of 2H*/H, (-0.611 V at pH 7.0). Figure 2d is the voltammogram
obtained with anthraquinone 2-sulfonate (AQS). AQS has E,, of -0.42 V at pH 7.0, a
potential more positive than the standard potential of 2H*/H,. This favors the direction
of dihydrogen oxidation, accordingly only an anodic limiting current is observed, and
the magnitude is larger than that observed with methyl viologen [14, 28].

The catalytic activity of D. vulgaris (H) is due to hydrogenase existing in the
periplasmic space behind the outer membrane of the bacterial cell [14, 28]. Catalysis
of isolated hydrogenases has been studied for the oxidation of dihydrogen using the
natural electron acceptors, cytochrome c; [29-31] and cytochrome css3 [32], and
catalytic currents of significant magnitude have been reported for the cytochromes
c-mediated oxidation of dihydrogen [29-31]. Hydrogenases isolated from Thiocapsa
roseopersina [33] and Megasphaera elsdenii [34] allowed direct electrocatalysis
without a mediator, producing a voltammogram with both anodic and cathodic
currents. The anodic current for the oxidation of dihydrogen starts from —0.61 V, and
has the limiting current smaller than the cathodic limiting current [34], which is very
similar to our result in Figure 2c. The results indicate that D. vulgaris (H) exhibits
catalytic activity as high as the isolated hydrogenases. This is a fortunate result, since
whole cells of D. vulgaris (H) are more stable and easier to handle than isolated
hydrogenases.
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Potentials, E ., E., and E, of the biofuel cell as a function of current output,
i

The biofuel cell schematically illustrated in Figure 1 was used as a prototype
biofuel cell to evaluate the performance of the fuel cell composed of the biocathode
(ABTS"/ABTS?*-BOD-0,/H,0), the bioanode (MV*/MV**-D. vulgaris (H)-2H'/H.),
and an anion exchange separator membrane in 50 mM phosphate buffer of pH 7.0.
The biofuel cell was operated with O, and H, gas bubbling in the cathode and anode

compartments, respectively, at atmospheric pressure at 25 °C. Closed circles in
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Figure 3. Panel A: Plots of E. (closed circle) and E; — E; (open circle)
against i. Panel B: Plots of E. (closed square) and E, (closed circle)
against i. Measurements were made with the biofuel cell containing 0.1
UM BOD and 0.4 mM ABTS? in the cathode compartment bubbled with
0, gas, and D. vulgaris (H) at OD = 10 and 1.5 mM MV?* in the anode
compartment bubbled with H, gas. Solid curves are the cyclic
voltammograms measured with the anode (or cathode) as the working
electrode and at v=5mV s™.
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Figure 3A plot E. against i, where i was calculated from the E. value at a given
value of R. A constant value of E, which was attained a few seconds after fixing R at
a given value, was recorded for about 30 s at each value of R. It was confirmed that
the E. values were reproducible in repetitive measurements over one hour period.
The Eg value is 1.17 V at an open circuit, which is close to the standard
electromotive force (1.23 V) for the reaction H, + 1/20, — H,0, and remains 1.0 V at
the current flowing at i = 0.9 mA. This is a significant result in view of that it is even
larger than the value of the cell voltage (1.0 V) realized in solid polymer electrolyte
fuel cells at an open circuit at 50 °C and 1 atm pressure [35]. The value of Ey,
however, begins to decrease rapidly down to zero at around i = 1 mA (this leads to 0.2
mA cmfor the current density at the felt electrode calculated per projected surface
area), which is much smaller than the current attained in the solid polymer electrolyte
fuel cells, 0.2 A cm™ or more [35]. The author will later discuss the factor determining
the upper limit of j of the biofuel cell.

Open circles in Figure 3A plot the quantity E. — E, against i. Each open circle is
located only slightly above the closed circle (Eg) at the corresponding value of i. The
small difference between E.; — E, and E. assures that the internal resistance of the
biofuel cell is small, that is, the anion exchange membrane works well as a separator.
The primary ionic species carrying charges through the anion exchange membrane
are HPO,? and H,PO,". The biofuel cell reactions generate protons in the anode
reaction and consume them in the cathode reaction. The generation and consumption
of protons causes the change in the concentration ratio of HPO,* to H,PO,",
[HPO4>J/[H.PO4]; the ratio decreases in the anode compartment and increases in
the cathode compartment. Accordingly, H,PO," (HPO42‘) moves from the anode
(cathode) to the cathode (anode) through the anion exchange membrane. The net
charge transfer process will involve the proton transfer reaction between HPO,* and
H.PO, ", which is known to be a very rapid reaction. In this way, the pH of the anode
and cathode compartments can be kept constant during the flow of the current. It
should be noted, however, that above discussion assumes ideal behavior of the anion
exchange membrane. Actual ion transfer mechanism would be more complicated
one; there are possibilities of leakage of other ionic species such as the mediator
compound ABTS*/ABTS? and protons, higher concentrations of phosphate species
inside of the membrane, and permeation of dioxygen and dihydrogen gas through the
membrane. They may affect the actual performance of the biofuel cell and cause
time-dependent deterioration of the biofuel cell. The author has preliminary confirmed
that the current produced by the biofuel cell remains unchanged in the magnitude at
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least for 2 h when measured with R = 700Q. Study of the lifetime of the biofuel cell will
be our next project.

Figure 3B shows the dependence of E; (closed square) and E, (closed circle) on i.
Solid curves in the figure depict linear sweep voltammograms recorded on a three
electrode system as described in the Experimental section with the cathode or the
anode in the biofuel cell system as the working electrode. The voltammograms are
essentially the same in shape as the cyclic voltammograms obtained with a glassy
carbon electrode (Figures 2b and 2c) and are superimposable on the plots of E.
(closed square) and E, (closed circle) against i. The sigmoidal shape of the
voltammograms reflects that the electro-enzymatic reactions at the felt electrodes are
in a steady state. The voltammogram recorded with the anode exactly traces the E,
versus i plot at j > 0, and the voltammogram with the cathode traces the E. versus i
plot but increases further to reach a limiting current. The result reveals that the
maximum current obtained with the biofuel cell is limited by the anodic reaction. The
agreement of the voltammograms with the E. (and E;) versus i plots is not surprising,
since a given electrochemical system should give the same current-potential curve
independent of the method of the electrochemical measurement in a steady state.
Nevertheless, this is a significant observation demonstrating that conventional
voltammetry provides a convenient method of analyzing the dependence of the cell
voltage on the output current of a biofuel cell. Figure 4 shows E. (square) (and E,
(circle)) versus i plots obtained with the biofuel cell using AQS as a mediator in the
anode reaction. A larger maximum current is obtained compared with that in Figure 3
as expected from the cyclic voltammogram in Figure 2d. The maximum current is, in
this case, controlled by the rate of the cathode reaction, and is dependent on the
concentrations of BOD (Figures 4 A and B). Factors influencing the maximum current
for a mediated electro-enzymatic reaction have been quantitatively studied using
carbon felt electrodes by linear sweep voltammetry and chronoamperometry [36]. The
current density per projected surface area at a felt electrode depends on the structure
of the carbon felt [36]. When the carbon felt used in the present study (the average
distance between the fibers, /, is 170 um [36]) is replaced with, for example, carbon
felt with /=17 pm, it is expected that the current density per projected surface area will
be increased in two orders of magnitude.
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Figure 4. Plots of E; (square) and E, (circle) against i. Measurements
were made with the biofuel cell containing 0.06 uM (A) and 0.12 uM (B)
BOD and 1.0 mM (A) and 1.5 mM (B) ABTS® in the cathode
compartment bubbled with O, gas and D. vulgaris (H) at OD = 10 and 1.5
mM AQS in the anode compartment bubbled with H, gas.

At higher concentrations of BOD, the rate of the cathodic reaction would become
larger, and the current would become to be controlled by the rate of mass transfer of
dioxygen. The magnitude of the mass transfer-controlled current can be estimated to
be 40 mA in an air-bubbled buffer solution (0.25 mM O,) from the limiting current for
the direct reduction of dioxygen to water, which was obtained with the carbon felt
electrode at the potentials more negative than —1.3 V. Thus, the maximum current of
200 mA is expected for the solution bubbled with O, gas (1.26 mM O, [37]) at the felt
electrode. The same argument applies to the current controlled by the rate of the
mass transfer of dihydrogen in the anodic reaction. The maximum current attainable
in a solution saturated with dihydrogen (0.78 mM [37]) can be estimated to be about
120 mA based on the current for the reduction of dioxygen. It is noted that the
magnitudes of the mass transfer rate-controlled currents are still smaller than the
current magnitude realized in ordinary solid polymer electrolyte fuel cells [35].
Strategy for realizing such high current density would be the use of a porous
electrode with the regions of three-phase boundary as employed in the solid polymer

electrolyte fuel cell system [35-38].
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In conclusion, the author has demonstrated that a combination of efficient
bioelectrocatalytic systems for the oxidation of dihydrogen and the reduction of
dioxygen with an anion exchange membrane allows a biofuel cell to operate at neutral
pH and ambient temperature with the cell potential close to the standard
electromotive force at an open circuit for the reaction 2H, + O, —» 2H,0. The
current-potential behavior at each electrode during the operation can be
characterized by linear sweep voltammetry recorded with the same electrode system.
Factors governing the maximum current density have been discussed. Next direction
of biofuel cell research will be the study of the chemistry governing the lifetime of the
present type of biofuel cell, then realization of the biofuel cell with high current density
and long lifetime.
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2 Photosynthetic bioelectrochemical cell utilizing
cyanobacteria and water-generating oxidase

A novel photosynthetic bioelectrochemical cell that utilizes biocatalysts in both anode
and cathode compartments was constructed for the first time. In the anodic half-cell,
some parts of the electrons produced by the oxidation of water in the photosystem of
cyanobacteria are transferred to the carbon felt anode through quinonoid electron
transfer mediators. The electron is passed to dioxygen to regenerate water in the
cathodic half-cell reaction with an aid of bilirubin oxidase reaction via a mediator. The
maximum electric power was about 0.3-0.4 W m™ for the projective electrode surface
area at an apparent efficiency of the light energy conversion of 2-2.5%. The factors
governing the cell output are discussed on the basis of the potential-current curves of
each half-cell.

Introduction

Photo-electrochemical cells (or batteries) have been investigated as devices
converting the light energy into the electric energy. Solar cells using semi-conductors
have been come into practical use. Dye-sensitized solar cells also draw attention for
its high efficiency and facility [1], for which several organic compounds or metal
complexes have been investigated as photo-sensitizers. Biological photosystem may
be also utilized as photo-electrochemical cells [2].

The high-energy electrons produced by the light excitation in the
photosystem can be transferred to electrodes through suitable exogenous electron
transfer mediators (Scheme 1). For this purpose, several voltammetric studies have
been done to investigate photo-bioelectrochemical anodic reactions using chloroplast
[3-7], photosystems | [8] and Il [9-11], and thylakoid membranes [12-13]. Intact
microorganisms, such as cyanobacteria, have been also used as a photosynthetic
system [14-15]. Advantages of the use of intact whole cells are that any special
isolation process is not required and that its high stability of the photosystem can be
expected. In photo-bioelectrochemical anodic reaction involving photosystem Il, the
overall reaction is photosystem-catalyzed electrochemical oxidation of water to
dioxygen. Carbohydrates produced in the dark reaction of the photosynthetic system
can also be oxidized electrochemically by using suitable exogenous electron transfer
mediators [15-17]. Prototypes of photosynthetic bioelectrochemical cells were
reported in the literature by utilizing such photosynthetic systems [15-17, 19].
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However, the cells reported to date require some sacrificial oxidizing fuel, such as
ferricyanide, as the final electron acceptor in the cathodic half-cell.

In order to construct a novel photosynthetic bioelectrochemical cell without any
special fuel (such as ferricyanide), it would be essential to realize a four-electron
reduction of dioxygen into water with a low overpotential and under neutral conditions
at cathodes. Laccase was reported to be useful to reduce the overpotential of the
dioxygen reduction using 2,2’-azinobis(3-ethylbenzothiazolin-6-sulfonate) (ABTS?)
as a mediator, but the enzyme reaction is limited to slightly acidic conditions [21].
Cytochrome ¢ oxidase was also examined by using cytochrome ¢ as a mediator, as a
mimic of the respiratory chain [22-24]. However, the reaction has a large
thermodynamic loss, because the redox potential of cytochrome c is rather negative
compared with that of the O,/H,O redox couple. Recently, the author has found that
bilirubin oxidase (BOD) functions as a much better biocatalyst than laccase in the
bioelectrocatalysis [25]. The reaction proceeds under neutral conditions using ABTS*
as a mediator.

In this work, the author constructed a photosynthetic bioelectrochemical cell, as
depicted in Figure 1. In the anodic reaction, whole cells of cyanobacteria,
Synechococcus sp. PCC7942, were wused as a photosystem, while
2,6-dimethyl-1,4-benzoquinone (DMBQ) [20] or diaminodurene (DAD) [18 26] was
used as a mediator. The electron pumped up in the photosystem is transferred to a
carbon felt anode through the mediator. The overall anodic half-cell reaction is the

P700*
P680™ Fd
-1000
FNR NADPH
+ 4t
_ py NADPT+H
/@
T
£
Tq
P700
DMBQred
1000

Scheme 1. Possible electron transfer pathway from the photosystem to
the artificial electron acceptor [20]. The high-energy electrons produced
by the light excitation in the photosystem can be transferred to electrodes
through suitable exogenous electron transfer mediators.
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Figure 1. Schematic representation of the principle of the photosynthetic
bioelectrochemical cell. Water is oxidized in the photosystem of
cyanobacteria. The photo-excited electron is passed to DMBQ or DAD.
The reduced mediator is oxidized at the anode. The electron is
transferred to the cathode and used to generate ABTS?, which is
oxidized by O, with an aid of BOD.

oxidation of water to produce dioxygen and proton. The electron is passed to
dioxygen to regenerate water in the cathodic half-cell reaction through ABTS* as a
mediator and BOD as a biocatalyst [25]. The overall system is just a device
converting the light energy into the electric energy with no product and no chemical
fuel, in principle. The author also attempted to evaluate and discuss the performance
of this novel photosynthetic bioelectrochemical cell and factors governing the cell
output.

Experimental
Cyanobacteria, bilirubin oxidase, and reagents

Synechococcus sp. PCC7942 cells were grown at 30 °C in BG-11 medium [27]
under continuous aeration and illumination provided by fluorescent lump at a light
intensity of 50 umol s™ m™" [20]. The cells were harvested by centrifugation at 5000g
for 5 min, washed twice with 50 mM phosphate buffer (pH 7.0), frozen with liquid
nitrogen, and stored at —30 °C. A pellet of the frozen cells of cyanobacteria was
thawed and suspended in 50 mM phosphate buffer (pH 7.0). The cell density of the
stock suspension was adjusted to about 1 x 10" cells ml™", which corresponds to 0.5
— 0.55 mg chlorophyll mlI™". The chlorophyll concentration was estimated
spectrophotometrically according to the method in the literature [28, 29].
BOD [EC 1.3.3.5] from Myrothecium verrucaria (a product of Amano Pharmaceutical
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Co. Japan) was kindly donated from Professor S. Shimizu, Kyoto University. The
concentration of BOD in stock solutions was determined spectrophotometrically using
an absorption coefficient, g0 = 4800 M~ cm™ [30]. All chemicals used in this study
were of analytical reagent grade and used as received. Stock solutions of DMBQ,
DAD, and ABTS? were prepared with dimethyl sulfoxide.

Apparatus, electrodes, and electrochemical measurements

All electrochemical measurements were carried out using an H-type electrolysis
cell, in which two half-cell compartments with a volume of 4 ml are separated with a
KCl-saturated salt bridge attached to a sintered glass disc. The electrochemical cell
was located in a dark box. A desktop fluorescent lamp for domestic use (15 W) was
used for visible light source. The photon density on the electrochemical cell was
measured with a photon counter (LI-250, Meiwa Co., Osaka, Japan). The light density
at the electrochemical cell surface was fixed at about 100 pmol s™' m™2 (15 W m™)
unless otherwise noted. Although the light density decreased exponentially with the
length from the electrochemical cell surface due to the light absorption and scattering
by cyanobacterial cells, the photon density within the electrolytic solution was

maintained more than 50 pmol s~ m™.

The anodic and cathodic half-cell
compartments were bubbled continuously with argon and dioxygen gas, respectively,
at a flow rate of 0.4 L min™".

Chronoamperometry and linear sweep voltammetry were carried out on a
Bioanalytical Systems (BAS) 50W electrochemical analyzer. A carbon felt sheet
(Toray Co., Tokyo, Japan) in a size of 1.5 cm x 1.5 cm x 1 mm was used as a working
electrode. Pt wire and Ag|AgCI|KCI(sat.) were used as counter and reference
electrodes, respectively. All potentials are referred to the Ag |AgCI | KCl(sat.)
reference electrode in this paper. In chronoamperometry, the potential of the working
electrode was set at +0.6 V for the anodic reaction involving cyanobacteria and
DMBQ (or DAD), and at +0.2 V for the cathodic reaction involving BOD and ABTS?".
In experiments on a photosynthetic bioelectrochemical cell, the carbon felt sheet was
used as a material for the cathode and anode. The photo-bioelectrochemical cell was
operated by placing a variable resistor with resistances ranging from 50 Q to 100 kQ
between the anode and cathode. The cell potential was measured by a digital
voltmeter (R6450, Advantest, Tokyo, Japan). The electrode potential of the anodic
and cathodic half cells was also measured simultaneously during the photosynthetic
bioelectrochemical reaction against the Ag|AgCI|KCI(sat.) reference electrodes
inserted in the corresponding half-cells. All measurements were carried out in
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phosphate buffer of pH 7.0 with an ionic strength of 0.1 (adjusted with KCI) at 25 °C
unless stated otherwise.

Results and discussion
Chronoamperometry of the half-cell reactions

The cathodic half-cell compartment contains BOD as a biocatalyst and
ABTS? as a mediator. The reaction is written as follows [25]:

O, +4ABTS* +4H" —B%® _32H,0 +4ABTS" (1a)
ABTS® —dlectode , ABTS* (1b)

The overall reaction is a bioelectrocatalytic four-electron reduction of dioxygen to
water. Linear sweep voltammograms showed a sigmoidal catalytic wave at a carbon
felt electrode (data not shown, see also ref. [25]). The presence of BOD, ABTS?", and
dissolved dioxygen was essential to produce such reduction current. The half-wave
potential of the catalytic wave (0.49 V) was very close to the formal redox potential
(E°'oH7) of the ABTS*/ABTS? couple (0.505 V) [25]. This is due to highly reversible
characteristics of the electrode reaction of ABTS? [31]. The equilibrium potential

| 1.0- o -0
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Figure 2. The catalytic reduction current (i) of O, at a carbon felt
electrode observed at +0.2 V and at [BOD]; = 0.11 yM in pH 7.0
phosphate buffer under O, saturated conditions ABTS? was injected at
points1-6 at [ABTSz‘]t =0.1, 0.2, 0.3, 0.4, 0.6, and 0.8 mM in turn. The
inset shows the steady-state current () as a function of [BOD]; at
[ABTS? 7 = 0.25 mM.
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(Eeq,c) at open circuit (and at [BOD]; = 0.1 uM, [ABTS?]; = 0.5 mM) was 0.57 V, which
is close to E°'py 7 of the O,/H,0 couple (0.618 V). Since Egqc > E°'o 7(ABTS"/ABT82‘),
the most of ABTS?™ are oxidized in the bulk phase.

Figure 2 shows the cathodic current response at +0.2 V on the successive
addition of ABTS?. The steady-state current (or kinetics) was observed. This is
contrastive to usual (non-catalytic) bulk electrolysis with a carbon fiber electrode,
which obeys a first-order kinetics under convectional condition because of large
electrode surface area to the solution volume [32]. Under the steady-state condition,
the electrode reaction is balanced with the enzyme reaction in the reaction layer near
the electrode surface. When the convection effect is ignored, the steady-state current
(Is) is expressed by [32— 34]

2(”8 /nM )DMkcat[E]
2Ky, +[M],

i = nMFA[M]t\/ (2)

where A is the electrode surface area; F, the Faraday constant; ns and ny, the
number of electrons of substrate and mediator, respectively; Dy and [M];, the diffusion
coefficient and the total concentration of mediator, respectively; k.., the catalytic
constant; [E], the enzyme concentration; and Ky, the Michaelis constant of enzyme
against mediator.

The is value increased with [ABTSZ‘]t up to about 0.8 mM, as shown in Figure 2,
and the slope of the i; vs. [ABTS?]; relation gradually decreased at increased
[ABTS?].. This feature is basically expressed by Eq. (2). However, the linear range
extended over Ky value of BOD against ABTS* (0.01 mM) [25]. This would be
ascribed to the decrease in [ABTS?] near the electrode surface (partial destruction of
the concentration polarization) due to the convection.

The is vs. [BOD]; profile, shown in the inset of Figure 2, exhibited a curved
characteristic. The current increase is attributable to the decrease in the thickness of
the steady-state reaction layer. The curved characteristic seems to satisfy Equation
(2), although the is value reached to a maximum value. The reason of the leveling-off
characteristic is not clear. One of the reasons might be a limitation of the thickness of
the reaction layer near the electrode surface.

The anodic half-cell compartment contains cyanobacterial whole cells and DMBQ
(or DAD). The reaction is written as follows:

H,0 +2hv + DMBQ,, (DAD,, ) —22mbeceia_,4/50, + DMBQg,, (DADg., )

(3a)
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DMBQg,, (DAD,,,) — ,DMBQ,, (DAD,, )+ 26 +2H"

(3b)

The overall reaction is a photo-bioelectrocatalytic oxidation of water to dioxygen.
The mechanism of the electron transfer from the photosystem in cyanobacteria to
DMBQ as a mediator has been discussed in previous papers [11, 20]. The electron
transfer efficiency from the photosystem to DMBQ was evaluated to be 68% as
compared with the dioxygen evolution rate [20]. Figure 3 shows the anodic current
response on the successive addition of cyanobacterial cell suspension in the
presence of DMBQ under light illumination. The concentration of DMBQ was set at
0.5 mM, which is sufficiently larger than the apparent Michaelis constant for DMBQ
(4.4 x 10° M) [20]. The presence of cyanobacteria and DMBQ as well as light
illumination are integrant for the appearance of the anodic current (oxidation current

of water).
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Figure 3. The photo-bioelectrochemical oxidation current (i) of water at a
carbon felt electrode observed at +0.6 V in the presence of 0.5 mM
DMBQ in anaerobic phosphate buffer of pH 7.0 under illumination at 100
pmol s'm™. Cyanobacterial cell suspension was injected at points 1-4
as the total concentration of chlorophyll ([Chl];) of 14, 28, 41, and 53 uM in
turn. The inset shows the steady-state current (/s) as a function of [Chl]; in
the presence of 0.5 mM of (A) DMBQ or (B) DAD.
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The equilibrium potential (Eqq.a, rigorously, the solution potential in a steady state),
at open circuit was —0.03 V, which is almost identical with E*'py 7 of DMBQ (= —0.03 V).
Therefore, only about half of DMBQ is reduced in the bulk phase. The E.q is slightly
more positive than E*p4 7 of plastquinone (= —0.1 V) [35], an intermediate of the
electron transport chain in photosystem Il. Therefore, the system has a larger
thermodynamic loss, compared with the BOD-based O, reduction. Linear sweep
voltammogram showed a sigmoidal catalytic wave with a half-wave potential of 0.25 V.
The value is rather positive than E°',7 of DMBQ. This is due to slow kinetics of the
electrode reaction of DMBQ [31].

The steady-state oxidation current increased almost linearly with the number of
cyanobacterial cells, that is, the chlorophyll concentration up to 50 yM, as shown in
the inset of Figure 3. This indicates that the catalytic activity of cyanobacteria (k.«[E]
in Equation (2)) is relatively small compared with the BOD-catalyzed cathode reaction.
Increasing in cyanobacterial cell population may increase the catalytic activity, but this
causes a decrease in the light intensity near the electrode surface due to light
scattering in our electrochemical cell used.

Similar chlorophyll concentration dependence of the steady-state oxidation
current was obtained when 0.5 mM DAD was used as a mediator in place of DMBQ,
but the slope (which should proportional to k) decreased about one third of that in
the case of DMBQ. The decrease in the efficiency (or kinetics) of the electron transfer
from the photosystem to the mediator might be due to decreased permeability of DAD
through the cyanobacterial membrane.

Characterization of the photosynthetic bioelectrochemical cell

Combination of the photo-bioelectrocatalytic oxidation of water to dioxygen
(H20, hwv—cyanobacteria—DMBQ (or DAD)) and the bioelectrocatalytic reduction of
dioxygen to water (ABTS-BOD-0O,) provides a photosynthetic bioelectrochemical cell
(Figure 1). As a whole, the light energy is converted to the electric energy. The cell
potential (E.e)) became a constant value within 30 s after the circuit was closed at a
given resistance (R). Then the current (i) was easily evaluated by an equation: j =
R/Ecen.
Figure 4, curve A depicts Ei,y as a function of i in the photosynthetic
bioelectrochemical cell. The cell potential at the open circuit, that is, the electromotive
force (Eemt = Eeqc — Eeqa), Was 0.6 V when 50 pM chlorophyll (as whole cell
cyanobacteria) and 0.5 mM DMBQ were present in the anodic compartment, and 0.1
pJM BOD and 0.5 mM ABTS? in the cathodic compartment. However, E. decreased
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Figure 4. Cell potential (E.) (m) and Power (P) (o) as a function of the
current (i) in the photosynthetic bioelectrochemical cell at different external
resistance. Anode: [Chl]; = 50 uM (as whole cell cyanobacteria), [DMBQ]; =
0.5 mM. Cathode: [BOD]; = 0.1 uM, [ABTS*}; = 0.5 mM.

with /, and the short circuit current (isc) at Ecey = 0 was about 1 mA. Figure 4, curve B
shows the cell power (P = El) as a function of i. The maximum power (Ppax) of this
photosynthetic bioelectrochemical cell was 0.13 mW (0.29 W m™ for projective
electrode surface area) at R = 500 Q and E; = 0.26 V (i = 0.5 mA). By considering
the light intensity (L = 15 W m™) at our electrochemical cell surface, the efficiency of
the light energy conversion (n = Pnax/L) is calculated to be 1.9%.

The fill factor (ff = Pmax/Eemilsc) is also an important parameter to characterize the
cell output. The ff parameter will be unity (that is, E.e Vvs. i pattern is rectangular) for
the ideal case. In our case, however, ff is only 0.22. In order to examine the factors
governing E. vs. i relationship, the author measured the potential of the two
half-cells simultaneously during the discharge. Plots A and B in Figure 5 represent the
electrode potential of the cathodic and anodic compartments (E; and E,) as a function
of i. It is noteworthy that almost identical relation between j and E. or between j and E,
were obtained by linear sweep voltammetry at a scan rate of 10 mV s™', where the
steady-state current was observed (data not shown).

The negative shift in E; is not so large when j increases at least up to about 1
mA (Figure 5, A). Therefore, the cathodic electrode process is acceptable within the
range of i investigated. In the anodic compartment, however, the positive shift in E,
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with i is rather large (Figure 5, B). This means that the anodic reaction has a large
kinetic barrier compared with the cathodic one.

Plot D in Figure 5 shows E; — E, as a function of i. The difference between (E; — E,)
and E. (plot E) at a given j is ascribed to an ohmic drop (iR;,) due to the inner cell
resistance (Ry). R is evaluated to be about 130 Q for our photosynthetic
bioelectrochemical cell. This value is quite large and the ohmic drop is one of the
factors decreasing the cell power output and the fill factor. This resistance is mainly
assigned to the salt bridge between the cathodic and anodic compartments. To
minimize Ry, it would be necessary to use some suitable membrane with high ionic
conductivity as a separator and to reduce the thickness of the cell. Immobilization of
biocatalysts would be also useful to overcome this problem [24].
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Figure 5. (A-C; left axis) Potential of the cathodic cell (E., A) and that of
anodic cell using DMBQ (E; pmea, B) or DAD (E,pap, C) as a mediator as
a function of the cell current (/). The potential was measured against
Ag|AgCI|KCI(sat.).(D, E); right axis) E; — Espmea (D) and t he cell
potential (E.ey, E) as a function of i.The experimental conditions are
identical with those in Figure 4, except plot (C) in which DAD was used in
place of DMBQ.

Electrode kinetic factor in photo-bioelectrochemical cell

DMBQ is a good exogenous electron acceptor of cyanobacteria in view of the
biocatalytic kinetics [20]. Since the biocatalytic rate of the DMBQ reduction should be
independent of the electrode potential, the large positive shift in E; with increasing i
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(Figure 5, B) is ascribed to a large kinetic barrier of DMBQ in the heterogeneous
electron transfer at the anode. Therefore, the author attempted to use DAD as a
mediator in place of DMBQ, since DAD exhibits better electrode reaction kinetics than
DMBQ.

Plot C in Figure 5 shows E, vs. i relationship when DAD was used as a mediator in
the anodic reaction. As expected, the positive shift in E, with increasing i was smaller
than that in the case of DMBQ (Figure 5, B). Eeqa (=Ecen at i = 0) of the DAD system
was —0.05 V, which is more negative than E° 7 of DAD (0.02 V). However, the
limiting current (ca. 1 mA) observed at sufficiently positive E; (see Figure 5C) is
smaller than that of DMBQ. This is due to the decreased efficiency of the electron
transfer from cyanobacteria to DAD, as described in 3.2. (Figure 3, inset). In spite of
the decreased biocatalytic electron transfer efficiency, the DAD system exhibited a
maximum power of 0.17 mW (0.38 W m™ for projective electrode surface area) at R =
400 Q at Ey, = 0.26 V, and its ff and n, were improved up to 0.29 and 2.5 %,
respectively. This is of course due to the better electrode kinetics of DAD than DMBQ.
Therefore, it is important to consider electrode kinetic factor also in selecting
mediators and electrode materials.

Concluding remarks

This is the first report on the photosynthetic bioelectrochemical cell that utilizes
biocatalysts in both anode and cathode compartments. The most important point is
utilization of the BOD system to reduce O, to H,O in the cathodic half-cell. In principle,
O, is generated from H,O in the photosystem in the anodic half-cell. Therefore, this
cell may be an ideal device converting the light energy into the electric energy with no
special chemical fuel and no product. However, the power is not enough for practical
use at the present stage, and unfortunately the cell performance is inferior to the best
one of the prototype photosynthetic bioelectrochemical cells (Eems = 0.8 V, Pmax= 0.19
mW cm™, the maximum current density = 0.4 mA cm™), although the prototype cell
utilizes ferricyanide as a cathodic (oxidizing) fuel [19].

In this work, the author has also proposed an evaluation method of the cell
characteristics on the basis of the potential vs. current relationship. The analysis has
indicated that most of the limiting factors concern the anodic half-cell. One of the
problems is a large thermodynamic loss in the electron transfer from the photosystem
to the mediator. To minimize the thermodynamic loss, E*, of mediators should be
more negative, although such mediators might have large kinetic barrier in the
biocatalytic electron transfer from photosystems, and increase a risk of backward
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reaction leakage due to the re-oxidation of the reduced form of mediators with O,.
2-Hydroxy-1,4-naphthoquinone (HNQ), of which E*' 7 (= —0.345 V) is more negative
than that of DMBQ, was utilized in the prototype photosynthetic cell [19]. However,
HNQ did not work as a mediator in our case. The discrepancy suggests that the
mediator performance depend on the cell species used. Therefore E.n will be able to
increase by the selection of cyanobacterial cell species and the mediator.

The second point is the low current density in the anodic half-cell, which is
responsible in part for low cell power (Figure 5). In our cell, the photo-anodic current
density increased linearly with the cyanobacterial population (Figure 3, inset).
Therefore, increasing the cell population may increase the current density. However,
since the increase in the cell density causes energy loss by light scattering, the
improvement of the cell design is required. The utilization of photosystem ll-enriched
membrane fractions is also useful to increase the current density, as evidenced in the
potentiostatic experiments on photo-bioelectrochemical oxidation of water [10,11].

The third point is the electrode kinetics of mediators. This may be overcome by
selecting a suitable mediators and electrode material. The reduction of the inner cell
resistance is also the problem, which confronts us. For this purpose, the author tried
to immobilize biocatalysts as well as mediators on electrode surface in the next stage.
The author will address these live issues to improve this novel photosynthetic cell.
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3 Glucose/0O, biofuel cell operating at physiological
conditions

A glassy carbon electrode modified with bilirubin oxidase (BOD) cross-linked with Os
redox polymer functions as a bio-cathode for a 4-electron reduction of O, under
neutral conditions. On the other hand, a glassy carbon electrode modified with
pyrroloquinoline quinone-dependent soluble glucose dehydrogenase (sGDH)- or
glucose oxidase cross linked with Os redox polymer functions as a bio-anode for a
2-electron oxidation of glucose. A prototype of a one-compartment glucose biofuel cell
without a separator was constructed by using the BOD-modified cathode and the
sGDH-modified anode. The maximum power density was 0.058 mW cm™. The loss in
the power is discussed in terms of thermodynamics and kinetics.

Introduction

Increasing attention has been recently paid to biofuel cells, which are devices for
converting chemical energy into electrical energy by means of enzymatic oxidations
of biological reductants such as H,, NADH, alcohols and carbohydrates at anodes [1]
and enzymatic reductions of O, and others at cathodes. The advantages of biofuel
cells are ease in handling, simplicity of cell structure and flexibility in size (which allow
miniaturization and bio-implantable type), mild conditions for operation, and
minimized pollution in scrapping.

The author has constructed prototypes of an H,/O, biofuel cell [2] and a
photo-respiration-like biocell [3]. Many attentions are also drawn to glucose as a
promising biofuel [4, 5], since it has high solubility in water, and glucose biofuel cells
would be safe and easy in handing. The power density of the prototype biofuel cells is,
however, lower in two or three orders magnitudes than that of conventional fuel cells.
In biofuel cells, some suitable redox mediators are required to shuttle electrons
between enzymes and electrodes. The thermodynamic loss in biofuel cells is
predominantly governed by the difference in the formal potential (E*’) between fuels
and mediators. On the other hands, kinetic loss is governed by the electrode reaction
of mediators and the enzymatic reaction as well as cell resistances [2]. Therefore,
selection and co-immobilization of enzymes and mediators as well as cell designs are
very important to improve the power density of biofuel cells.

Co-immobilization of enzymes and mediators on an electrode may realize a high

current density due to the mediated enzyme electrochemical reaction because of
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Scheme 1. A separatorless one-compartment glucose biofuel cell.

increased concentration of enzymes and mediators on the electrode surface. For this
purpose, several polymer backbones have been utilized, such as polyvinylpyridine [6],
polysiloxane [7], polyallylamine [8], and polypyrrole [9]. Os-complexes or ferrocenes
with low reorganization energy [10], are frequently utilized as mediators and attached
to these polymers, while enzymes are covalently linked to or encapsulated in the
polymers. In addition, such co-immobilization systems allows separator-less biofuel
cell, because of substrate specificity of enzymes, which leads to miniaturization and
simplification of biofuel cells. Recently, a glucose biofuel cell without separator has
been proposed for the purpose of an in-the-living-body implanted type of [5], where
glucose oxidase (GOD, EC 1.1.3.4) and laccase (EC 1.10.3.2) are utilized as the
catalyst in the anode and cathode, respectively. However, the GOD reaction is O,
sensitive and some competition should occur between artificial electron acceptors
and O, [11], which would cause a cross-reaction in the glucose biofuel cell. Laccase
employed in the cell has an optimum pH around pH 5 and loses the activity around
physiological (or neutral) conditions.

In this paper, the author describes a prototype of a glucose biofuel cell without
separator that operates under neutral conditions as illustrated in Scheme 1.
Pyrroloquinoline quinone-dependent soluble glucose dehydrogenase (sGDH, EC
1.1.99.17) [12], which is O —insensitive [13], was utilized for glucose oxidation, while
GOD was also used for comparison. In cathode, bilirubin oxidase (BOD, EC 1.3.3.5),
which can work in neutral pH [14], was utilized for O, reduction. Os-redox polymers
were used as mediators and polymer backbone to immobilize the enzymes. The cell

performance was discussed in view of thermodynamics and kinetics.
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Experimental
Enzymes and redox polymers

BOD from Myrothecium verrucaria and GOD from Aspergius niger were obtained
from Amano Pharmaceutical Co. and Oriental Yeast Co., respectively. sGDH from
Acinetobactor calcoaceticus was donated from Prof. Duine. Poly(vinylpyridine)
complexed with Os(2,2’-bipyridine),Cl and quaternized with bromoethylamine (1) [13]
and poly1-vinylimidazole complexed with Os(4,4’-dimethyl-2,2’-bipyridine),ClI (2) [15]
were prepared according to the literatures; 1 was used as a redox polymer to link a
BOD reaction to a cathode reaction , and 2 to link GOD or sGDH reactions to an
anode reaction.

Preparation of enzyme-linked redox polymer-modified electrodes

A glassy carbon disk electrode (3 mm in diameter) was polished with alumina
powder (0.5 ym) and sonicated for 5 min in deionized water. On a bare electrode
surface as a cathode, 5 pL of 1 solution (25 mg ml™") and 2 L of BOD solution (20 mg
mi~™" in 50 mM phosphate buffer, pH 7.0) were syringed and mixed with a syringe
needle. To the mixture, 1.2 uL of poly(ethylene glycol) diglycidyl ether (2.5 mg mI™,
PEG, Aldrich) was added and mixed. The electrode was left overnight for dryness at
room temperature to prepare a bio-cathode modified with BOD cross-linked with 1.
Similarly, bio-anodes were prepared using GOD or sGDH as enzyme 2 as a redox
polymer.

Electrochemical measurement

Cyclic voltammetry were performed using a Bioanalytical Systems CV-100W
electrochemical analyzer. A platinum wire and Ag|AgCI|KCl(sat.) were used as the
counter and reference electrode, respectively. Electrochemical measurements were
carried out in phosphate buffer of 50 mM, pH 7.0 at 25 °C unless stated otherwise. In
the experiments on the sGDH-linked electrode, MOPS buffer containing 3 mM CacCl,
was used as electrolytic solution, MOPS being used in order to avoid the precipitation
of Ca®** which is essential for the activation of sGDH. A prototype of the biofuel cell
was constructed using BOD linked electrode as cathode and sGDH linked electrode
as anode. The anode and cathode of the cell were connected through a resistor. The
cell potentials were measured with an electrometer (HE-106, Hokuto Denko, Japan.)
at each value of the resistance, which was changed stepwise from 1 MQ to 1 kQ, All
potentials are referred to the Ag|AgCI|KCl(sat.) electrode.
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Results and discussion
Cyclic voltammetry of bio-cathode

The current-potential curves of cathode and anode were separately investigated
to characterize the electrode reactions. BOD-linked-1-coated electrode (bio-cathode)
gave a surface redox wave with a formal potential (E*’y) of 0.35 V under deaerated
conditions, as shown in Figure 1(A). The polymer 1 shows good reversibility and is
very stable. The wave is ascribed to the Os(lll/lIl) redox reaction of 1 as shown by
Heller [16]. Upon passing O, gas as the substrate of BOD, the typical catalytic current
was observed (Figure 1(B)). The overall electrode process is a 4-electron reduction of
O, to H,0. The catalytic constant (k..t) and the Michaelis constant (K,,) in the reaction
between BOD and Os(2,2’-bipyridine),(imidazole), (as a monomer model of 1) were
evaluated as 3300 s and 0.23 mM, respectively. Compared with those of
2,2’-azinobis (3-ethylbenzothiazolin-6-sulfonate) (ABTS; k.. = 830 s, K, = 0.011
mM, E” = 0.51 V) as a very effective artificial electron donor of BOD [14], it can be
concluded that Os(ll) in 1 works as an excellent electron donor of BOD, although the
thermodynamic loss (E” oom20 — E”1 = 0.27 V) is larger by 0.15 V than in the case of
ABTS.

Similar bioelectrochemical reductions of O, have been reported using
laccase-linked Os-redox polymer at pH 4.7 [17] and 5.0 [18]. For the latter case, the
E® value of the polymer is as high as 0.55 V, but the thermodynamic loss is
comparable with that of our case, by considering E” o120 at pH 5. The use of the
laccase-linked electrodes is limited in slightly acidic solution. This is in marked
contrast with the BOD-linked electrode, which remains its activity under neutral
conditions.

Cyclic voltammetry of two-types of bio-anodes

The polymer 2 gave a reversible surface redox wave of Os(lll/Il) (data not shown),
but the formal potential (E*,) is 0.15 V due to the electron donating property of the
ligands compared with 1. Figure 1(C) shows a voltammograms observed at the
GOD-linked-2-coated bio-anode in the presence of glucose. A typical catalytic wave
was observed as shown in the previous paper [15]. The overall electrode process is a
2-electron oxidation of glucose to gluconate, where Os(lll) in 2 functions as an
artificial electron acceptor of GOD in place of O,. In order to achieve fast electron
transfer from GOD to artificial electron acceptors, relatively large difference is
required between E® yegiaorand E”gop (= —0.35 V at pH 7.0 [19]) [20-23]. The minimum
value of E® mediaor — E” cop Seems to be about 0.5 V for mediators to be used in
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Figure 1. Cyclic voltammograms of enzyme-linked redox polymers.
Curves (A) and (B) were obtained with a BOD-linked 1-coated
bio-cathode, respectively, under anaerobic and O,-saturated conditions.
Curves (C) and (D) were obtained, respectively, with GOD-linked and
sGDH-linked 2-coated bio-anodes in the presence of 0.05 M glucose.
These electrodes were rotated at 1000 rpm. The can rate was 5 mV s

practice. In this sense, E%, would be the limited value in the negative potential
direction.

The polymer 1 is known to work as an efficient mediator of sSGDH and has been
utilized in a glucose sensor [13]. E”, is more negative than E”, and E%sgpn (= —0.18
V [24]) is more positive than E%gop. However, it has been found that
sGDH-linked-2-coated bio-anode exhibits large catalytic oxidation current of glucose,
as shown in Figure 1 (D). The steady-state catalytic current is much larger than that of
the GOD-based electrode. The reason of the large current at the sGDH-linked
electrode are that sGDH has larger k.t than GOD and that sGDH may utilize
mediators with lower E than in the case of GOD in spite of that E”sgpy > E”cop. In
addition, sGDH reaction is Oo-insensitive. These features are advantageous to

construct bio-anodes for glucose oxidation.
Construction of glucose biofuel cell without separator

A prototype of one-compartment glucose biofuel cell was constructed using the
sGDHe-linked electrode as an anode and the BOD-linked electrode as a cathode. The
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Figure 2. Performance of a prototype glucose biofuel cell without
separator. The solid and dotted lines represent, respectively, the
current-potential curve and current-power curve. BOD-linked 1-coated
electrode and sGDH-linked 2-coated electrode were used as a
bio-cathode and bio-anode, respectively. The electrolyte solution was 30
mM MOPS buffer (pH 7.0) containing 3mM of CaCl, and 50 mM glucose,
and O, is saturated.

open circuit voltage of this cell was 440 mV at 25 °C, and the maximal current density
was 0.43 mA cm™ under stirring. The maximal power density was 0.058 mW cm™ at
0.19 V (Figure 2). In our cell, the BOD reaction is the limiting factor to govern the cell
maximum currents (or cell output), as is evident from curve D and B in Figure 1 [2].
The cell power is comparable with a glucose biofuel cell with GOD- and laccase-
immobilized carbon fiber electrodes at pH 5 (0.064 mW cm™) [5].

Our cell has relatively large thermodynamic loss especially in the bio-anode. In
order to decrease it, it is essential to utilize other mediators with £~ more negative
than E”,. In such case, kinetic loss would increase in the electron transfer from GOD
to the mediator, but would be minimized in the case of sGDH, as discussed above.

Concerning the current value, it would not be so difficult to increase the (apparent)
current density several times by increasing the microscopic surface area and the
amount of immobilized enzymes. In this sense, carbon felt is a promising electrode
material, as reported previously [25]. The optimization of the cell and the stabilization
of sGDH are now in progress.
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Appendix: photos and illustrations of experimental glucose/0, BFCs
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Redox titration of redox proteins

Development of a novel bulk electrolysis method for
in situ spectroscopic measurements

One-compartment bulk electrolysis and simultaneous spectroscopic measurements
are realized in a conventional spectroscopic cuvette without separator by using a
mesh-type working electrode with extremely large surface area and a wire-type
counter electrode with very small surface area. Spectrophotometric monitoring
revealed complete electrolysis in a first-order kinetics. This technique was applied to
mediated titration of cytochrome ¢ and bilirubin oxidase for determining their redox
potentials. Kinetics consideration is briefed for solution redox reaction between protein
and mediator. The subtraction of spectral background due to mediator adsorption is
very easy because of high reproducibility. The experiments can be done under
completely anaerobic conditions. Low absorbance protein samples (of low
concentrations or small absorption coefficients) and hydrophobic proteins (such as
membrane-bound proteins) are acceptable for measurements.

Introduction

There are substantial demands for knowing redox potentials (E°'p) of proteins,
since E°p is one of the most important physicochemical parameters for better
understanding of physiological electron transfer processes and also for developments
of biosensors, bioreactors, and biofuel cells. Cyclic voltammetry or other voltammetric
methods might be applied to direct determination of E°'p at suitable electrodes [1].
However, direct electrode reactions of redox proteins are often irreversible or
undetectable, since redox centers of proteins are usually bound strongly within deep
inside of the polypeptide chains, and strong adsorption properties of proteins may

lead to denaturation on electrode surface. Thus, mediator-assisted potentiometric
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titration coupled with spectroscopic detection is most frequently employed for
determining E°» [2,3]. However, volume change by addition of titrants often
decreases the reproducibility of the spectroscopic response, which makes difficult to
background subtraction for mediator adsorption. In addition, it takes long time for
equilibration.

Controlled potential bulk electrolysis is, in principle, convenient for redox titration,
since the solution potential may be controlled by the working electrode potential, no
volume change occurs during titration, and bulk electrolytic methods can be easily
coupled with several spectroscopic methods. Optically transparent thin-layer (OTT)
[1] cell allows in situ UV-visible absorption spectroelectrochemistry [4]. Since proteins
can be indirectly electrolyzed in the presence of mediators, OTT
spectroelectrochemical techniques may be used as the alternative for determining
E°'; [5]. The disadvantages of the OTT technique might be that it also takes long time
to reach equilibrium, that relatively high concentration of samples are needed
because of very short light-path length, and that it is very difficult to remove dissolved
dioxygen (O;) which complicates redox titration of O,-sensitive proteins and
mediators.

In order to overcome these disadvantages of the above methods,
(continuous-flow) column electrolytic spectroelectrochemical technique has been
proposed for E°’» determination [6-9]. The method allows rapid and quantitative
electrolysis, and gives very stable background in spectroscopic detection even in the
presence of redox mediators. One serious drawback is adsorption of (hydrophobic)
proteins and mediators on the surface of column electrodes.

Very recently, the author has proposed a separator-less one-compartment bulk
electrolytic method, in which the area of the counter electrode (Ac) is sufficiently small
compared with that of the working electrode (Aw) [10]. The principle of the method is
that when Ac << Aw, the current density at the counter electrode becomes much
larger than that at the working electrode, and then the potential of the counter
electrode must move to a potential sufficient for electrolysis of solvent or electrolytes,
which minimizes re-electrolysis of the product(s) generated at the working electrode.
Since any separator is not required between working and counter electrodes,
one-compartment bulk electrolysis can be achieved in any kind of cells including
spectroscopic cuvettes, which would realize a variety of spectroelectrochemical

experiments. Our attempt in this work is to apply the separator-less one-compartment
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bulk electrolysis method to the determination of E°p. Cytochrome ¢ and bilirubin
oxidase (BOD) were selected, respectively, as a typical redox protein and an enzyme

very sensitive to O, with low absorption coefficients.

Experimental
Chemicals

Potassium hexacyano ferrate (I1) (Kij[Fe"(CN)s]) and cytochrome ¢ (from horse
heart) were purchased from Wako Pure Chemicals, Co Ltd (Japan) and used without
further purification. Metal complexes
[Os(4,4’-dimethyl-2,2’-dipyridyl),(Imidazole)CI](PFg), [11], potassium octacyano
tungstate (1V) (K4[W(CN)g]) [12], potassium hexacyano osmate (l11) (K4JOs(CN)g]) [13],
and potassium octacyano molybdate (IV) (K4{Mo(CN)g]) [14] were synthesized
according to the literature. BODs (EC 1.3.3.5, 3.31 U mg™") from Myrothecium
verrucaria and Trachderma tsunodae were a gift from Amano Enzyme Inc. (Japan)
and purchased from Takara Shuzo (Japan), respectively. All other chemicals used
were of reagent grade.

Electrolysis cell

A quartz cuvette for UV-visible spectroscopy (10 mm x 10 mm x 42 mm) was used
as an electrolysis cell. As shown in Figure 1, a Pt mesh (100 mesh, 10 mm x 20 mm)
was attached at the bottom and two frosted sides of the cuvette and used as the
working electrode. A Pt wire (1 mm diameter) as the auxiliary electrode was immersed
into solution to a depth of about 1 mm. An Ag|AgCl|sat.KCI (Hokuto Denko Co.,
Japan) was used as the reference electrode, to which all potentials are referred,
unless otherwise stated. These electrodes were fixed with a silicon cap on the top of
the cell. Special care was taken for the electrode arrangement not to block the light
path with the electrodes.
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Figure 1. Schematic illustration of one-compartment
spectroelectrochemical cell.

Spectroelectrochemistry

Electrolysis was carried out under stirring on a potentiostat HSV-100 (Hokuto
Denko Co., Japan) at room temperature 25 + 3 °C. Electrolyte solution was 0.1 M
phosphate buffer of pH 7.0 at an ionic strength of 0.3 (adjusted with KCI), and the total
volume was 1.2 mL. Nitrogen or argon gas was passed through the electrolysis
solution before and during electrolysis. An antifoaming agent, Antifoam PE-L (Wako
Pure Chem., Japan), was added into the electrolyte solution at a concentration of
0.3 % (w/w). Spectral change of electrolysis solutions was simultaneously monitored
during electrolysis on a MultiSpec-1500 photodiode array (Shimadzu Co., Japan).
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Results and discussion
Kinetic aspect of bulk electrolytic reaction and redox reaction between
mediators and protein

Figure 2 shows the time (f) dependence of the current (i), and absorbance (A) at
420 nm on controlled potential electrolysis of K4Fe"(CN)s] at 0.5 V. The oxidation
current decreased gradually with the progress of the electrolysis (curve A). The
current decay followed almost a first-order kinetics [10]:

i =i(0)exp(-pt) (1)
where i(0) is the initial current, and p is the electrolysis rate constant given by p =
mAw/V: V, Aw, and m being the total solution volume, the working electrode surface
area, and the mass transfer coefficient representing stirring conditions, respectively.
These parameters were evaluated as i(0) = 0.36 mA and p = 0.012 s™" (closed circles
on curve A) by non-linear regression analysis of the data in the time range from 20 s
to 250 s.

Gradual increase in A at 420 nm represents the accumulation of the electrolyzed
product [Fe"(CN)¢]*(curve B). From Eq. (1) as well as Faraday’s low and
Lambert-Beer’s low, At curve is expressed by Eq. (2).

iO
nFpV
where ¢and / are the absorption coefficient (of [Fe"(CN)s]*") and the light-path length,

A =d [1—exp(-pt)] = ecl[l — exp(-pt)] (2)

respectively, and c is the initial concentration (of [Fe"(CN)s]*). The observed data
were well reproduced by Eq. (2) in the whole time range. Non-liner regression
analysis with two adjustable parameters of ¢ and p yielded that = 1006 M~' cm™ and
p = 0.019 s™'(closed squares on curve B) The ¢ value is in good agreement with the
value in the literature (1010 M~ cm™ [15]). The p value is somewhat larger than that
evaluated from curve A. This would be due to the probable situation that very small
amount of [Fe"(CN)s>" generated at the working electrode is re-reduced at the
counter electrode and small but additional oxidation current would flow. This effect
may be ignored in spectrophotometric measurements and then the spectroscopic
method is more precise for monitoring bulk electrolysis. The spectrophotometric
monitoring revealed that the electrolysis proceeds in a first-order kinetics, although
potential distribution in the cuvette would be not uniform especially in the beginning of
electrolysis. The lifetime in the bulk electrolysis (z= = In2/p) is about 40 s, and about
97%-conversion must be attained for 5z=-electrolysis.

In mediated titration, the solution redox reaction kinetics between mediator(s) (M)
and protein (P) is also an important factor.
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Figure 2. Current-time and absorbance-time curves on a potential step
from 0.1 V to 0.5 V for 0.25 mM Fe'(CN)s*". The closed circles and closed
squares represent values calculated on Eq. (1) and Eq. (2), respectively.

Pred + Mox (3)

where ki and k, are, respectively, forward and backward rate constants of the
bi-molecular solution reaction (Eq. 3), and the number of electrons of protein (n) is
assumed to be identical with that of mediator for simplification. Here the author may
also assume that the electrode reaction is much faster than the solution reaction of
Eq. (3). Under such assumption, the reaction in Eq. (3) is considered to be in a
pseudo-first order, and the rate constant of the reaction (3) (kp) is given by [16]:

_ kM1, (7 + 1) @

1
where 7 and nv are equilibrated concentration ratio of protein and mediator,

ko

respectively, at a potential (E).

_ [Pox]eq _ nF =

b =ﬂ‘exp{RT(E = )} ®
_ [Mox]eq _ nF N =)

™ Ml _exp[RT(E & )} ©

n is the number of electrons, E°'» and E°'y are the redox potential (formal potential) of
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protein and mediator, respectively. When multiple mediators are used, the solution

redox reactions with protein proceed in parallel and the rate constant is given by:

k.. [M/]
p = (7p )Z( e, 1 J

Figure 3 shows the lifetime (z = In2/kp) of protein redox reaction as a function of
E for several mediators with different E°’\y. In this calculation, k values were

evaluated by Eq. (8) [17].
anF(E®'x-E°',)
RT

since there are several reports to support the linear free energy relationship in

k, = k° exp{ (8)

electron transfers between protein and mediators (especially for a series of
compounds as mediators) [18], where k° is the rate constant when E°'y, = E°'p, and «

is the proportional constant (0 < a < 1). When E°'\, < E®’p, it takes long time to reach

3000

2000

z'p/S

1000

I I
-300 200 -100 0 100 200 300
E-E% /mV

Figure 3. The lifetime (zp) of protein redox reaction as a function of E for
several mediators with different E°'y. The relative E°'\y values against
E°’s are —200 (curve A), =100 (curve B), 0 (curve C), 100 (curve D), and
200 mV (curve E). The curves were generated on Egs. (4) and (8). Other
parameters used for calculations are: k°=1x 10°s™, [Mlo=1x 10* M, n
=1, a =05 and T = 298 K, The bold line represents 7z value of a
five-mediator system. The curve was calculated on Egs. (7) and (8) with
Mo =0.2 x 107* M (j = 1-5).
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equilibrium at E > E°'p (curves A and B in Fig. 3); and vice versa when E°'\y > E°p
(curves E and D). Suitable selection of mediators with E°\ close to E°p is very
important to minimize equilibrium time, as shown by curve C. However, in usual cases,
information on E°'p is not available before measurements, and the author have to use
multiple mediators with different E°'y,. The bold line in Fig. 3 shows 7z value of a
five-mediator system, the concentration of each mediator being one fifth of that used
in single-mediator systems (curves A - E). Such multiple-mediator systems provide

redox capacity and minimize the z value in wide range of the potential.

Determination of the redox potential of cytochrome c

First, the author attempted to verify the usefulness of the proposed method by
using horse heart cytochrome ¢ as an example of a redox enzyme, since its redox
potential (E°’p(cyt ¢)) has been well evaluated by several techniques [19].
[OsCI(Him)(dmbpy),]”?* was used as a mediator, because its redox potential
(E°'p(Os-comp.)) = 0.03 V [11]) is very close to the reported value of E°p(cyt ¢)
[8,19-21].

Figure 4 (A) shows the spectral change of cytochrome ¢ (10 uM) solution
containing [OsCI(Him)(dmbpy),]*"™* (110 uM) as a mediator after stepwise
constant-potential electrolysis was done in the range from -0.1 V to 0.2 V. The
spectra became almost unchanged within 5 min. Since cytochrome ¢ overlapped with
[OsCI(Him)(dmbpy),]*** in absorption spectra, the spectra of [OsCI(Him)(dmbpy),]**"*
was separately measured under the same conditions without cytochrome ¢ (the inset

of Fig. 4 (A)), and were subtracted from those given in Fig. 4 (A).

Figure 4 (B) shows the background-corrected spectra of cytochrome c. Several
isosbestic points appeared clearly. This fact supports high reproducibility of this
method. As shown in the inset of Fig. 4 (B) the potential dependence of the spectral
change was analyzed at 550 nm according to Eq. (9).

E:E,?,'+RTIn(AR_A(E)J (9)
nF | A(E)- A,

where Ar and Ao are the absorbance at E = 0.1 V (<<E°p(cyt ¢)) and 0.2 V
(>>E°'p(cyt c)), where cytochrome c is fully reduced and oxidized, respectively. The
slope was 62 mV per decade and is in good agreement with the theoretical value for n
=1(59.2 mV at 25 °C). E°'p(cyt ¢) value was evaluated as 53 mV, which is very close
to the reported ones (5010 mV [8], 58 mV [20], and 65 mV [21]. Almost similar
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result was obtained when stepwise reduction was performed. This fact indicates that
the solution reached redox equilibrium reversibly on controlled potential electrolysis.
In conclusion, the proposed spectroelectrochemical method in a conventional
spectroscopic cuvette can be safely applied to determining E°'» and one mediator
system may be sufficient to reach equilibrium within 5 min when E°'y; is close to E°'p,

though the equilibration time depends on the combination of protein and mediator.
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Figure 4. (A) Absorption spectra of 10 uM cytochrome c¢ solution
containing 110 yM [OsCI(Him)(dmbpy)2]+’2+ equilibrated stepwise at -0.10,
0, 0.04, 0.08, 0.12, 0.16 to 0.20 V. The inset shows absorption spectra
change of [OsCI(Him)(dmbpy),]*""*.
(B) The background-corrected spectra of cytochrome c. The inset shows
the potential dependence of the spectral change at 550 nm, the solid line
representing a regression line according to Eq. (9).
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Determination of the redox potential of type I copper in bilirubin oxidase

BOD catalyzes the oxidation of bilirubin to biliverdin concomitant with the
reduction of the O, to water. BOD is a multi-copper oxidase with a molecular mass of
60 kDa containing type 1, type 2, and type 3 coppers (in the atomic content ratio of
1:1:2). The substrate is oxidized at the type1 Cu site. It is believed that the redox
property of type 1 Cu in BOD (and related multi-copper enzymes) is strongly
governed by the ligands coordinating the Cu ion [22]. In order to elucidate the effects
of amino acid residues around the type | Cu site on its redox property, the
determination of the redox potential of type | Cu site (E°'s(BOD-type 1)) is very
important.

Since BOD has relatively broad specificity for substrates (electron donors),
several redox mediators to be used for redox titration can work as good electron
donors, and the enzyme reaction proceeds even in the presence of minute amounts
of O, because of a small Michaelis constant for O, (ca. 50 yM [23]. This situation
would cause significant error in mediated redox titration for determining
E°’»(BOD-type 1); a more negative value than the true one would be accidentally
obtained. It is essential to remove O, completely from solution. In addition, the
absorption coefficient of type | Cu is very low (4800 M~ cm™ at 600 nm for the
oxidized form [24]). Considering these situations, determination of E°'p(BOD-type 1) is
an exciting target to check the performance of the proposed method.

The author used BOD from Myrothecium verrucaria as the first example. The
E°'»(BOD-type I) was reported as 0.373 V at pH 7.8 [24] or 0.29 V at pH 5.3 [25]. The
E°'y; values of the mediators used in the reports ([Fe(CN)s>™ (E°'w = 0.236 V) and
I57/1" (E°'w = 0.339 V), which are close to the reported values of E°'p(BOD-type I).
However, the type | Cu site in BOD was quickly and completely reduced around 0.3 V
when Fe(CN)¢>"*~ was used as a mediator. This means that £°'s(BOD-type ) should
be more positive than 0.3 V. Quick reduction of the type | Cu site is reasonably
understood by considering curve A is Fig. 3. Therefore, cyano-metal complexes,
[W(CN)s]*", [0s(CN)s]*™ and [Mo(CN)g]*~ were utilized as mediator-titrants. The metal
complexes produce well-defined reversible cyclic voltammograms with E°'yy of 0.32 V,
0.44 V, and 0.58 V, respectively. These complexes are good electron donors for BOD
reactions [26]. Figure 5 (A) shows the spectral change of BOD in the presence of the
cyano-metal complexes after the constant-potential electrolysis at various potentials

from 0.3 to 0.65 V. The absorption spectra became practically unchanged after 5 min,
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but electrolysis continued for 10 min. The increase in absorbance around 600 nm
reflects the oxidation of type 1 Cu site in BOD.

Since both oxidized and reduced state of the cyano-metal complexes used do not
adsorb the light in the wavelength region from 500 to 750 nm, the potential
dependence of the absorbance at 600 nm was analyzed without background
subtraction, by using Eq. (9). As shown in Figure 5 (B), a good linear relation was

obtained in the Nernstian analysis. The slope is 83 mV, which is somewhat larger
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Figure 5. (A) The absorption spectra of BOD from Myrothecium
verrucaria in the presence of the cyano-metal complexes after
constant-potential electrolysis at 0.30, 0.34, 0.38, 0.42, 0.44, 0.46, 0.48,
0.50, 0.53, 0.57, 0.65 V.

(B) Nernstian plots of E dependence of the absorbance at 600 nm. The
solid line represents a regression line according to Eq. (9).
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than the theoretical one for n = 1. The disagreement might be in part attributable to
(very small) spectral change of type 2-3 Cu cluster due to its redox reaction. The
value of E°'p(BOD-type |) was evaluated from the plot as 0.46 V. This value is located
in high redox buffer capacity region provided by [W(CN)s*, [Os(CN)s]* and
[Mo(CN)g]*". In addition, BOD gives bioelectrocatalytic wave of O, reduction owing to
direct electron transfer from some carbon electrodes to oxidized BOD, and the
catalytic wave has been well explained by considering this E°'s(BOD-type 1) value
[27,28]. Therefore, the author believes that the present value is reliable. In the
literature [24,25], the E°'\ values of the mediators used are more negative than the
E°'s(BOD-type 1) value evaluated here. As shown in Fig. 3 (curves A and B)), it would
take extremely long time to reach equilibration in the potential region around and
more positive than E°'p when E°'y < E°'p. In such cases, more negative values might
be erroneously obtained [29]. The author also attempted to determine E°'s(BOD-type
1) of BOD from Trachderma tsunodae, which was evaluated as 0.510 V at pH 7.0. The
values evaluated here were also more positive than the reported one (0.415 V at pH
6.8 [30]). When evaluated E°» values are out of redox capacity regions in
mediator-assisted methods, it would be very important to re-evaluate E°'» by using

more suitable mediator(s).

Concluding remarks

The mediator-assisted separator-less one-compartment bulk electrolysis method
is a novel technique for indirect spectroelectrochemical titration of proteins. Since
conventional spectroscopic cuvettes can be used as electrolysis cells, no special
instruments are required except potentiostat and spectrophotometer. The method has
high reproducibility, and the subtraction of the background due to mediator adsorption
is very easy. In addition, it is not difficult to remove O, from the cell. Low absorbance
samples (of low concentrations or low absorption coefficients) are also acceptable for
measurements. Actually, this method has been successfully applied to more
complicated examples such as multi-heme proteins and membrane bound proteins.
Details will be reported elsewhere in combination with biochemical interests. The
author hopes this method is of great benefit for many researchers in the fields of
biochemistry and electrochemistry.
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Theory of bioelectrocatalytic current

The enzyme-catalyzed electrochemical reaction, called bioelectrocatalysis, is classified
into direct electron transfer system and mediated electron transfer system.
Fundamental properties and theoretical equations of steady-state catalytic current and
current-potential curve of both systems are summarized.

1 Introduction

Oxidoreductases are a group of enzymes catalyzing biological redox reactions
and have received considerable attention in connecting their reactions with
electrochemical reactions, since the connection has been expected to open a new
one for applying the enzymes in a variety of field. Enzymes have novel properties of
substrate specificities and high catalytic efficiencies, allowing each of them to function
in a specific biological reaction under such mild reaction conditions as atmospheric
pressure, temperature around 20 to 40 °C, and pH near neutrality.
“Bioelectrocatalysis” is the term expressing the enzyme-catalyzed acceleration of
electrochemical reactions of substrates. Bioelectrocatalysis is now recognized as a
key reaction for developing not only biosensor but also bioreactor and biofuel cells
and also for understanding the kinetics and thermodynamics of oxidoreductase
reactions [1, 2]. A great number of researches have appeared dealing with
bioelectrocatalysis with emphasis on the applied aspect, especially of the
second-generation amperometric biosensors.

The most oxidoreductase reaction (except for the NAD-dependant oxidoreductase
reaction) obeys the “ping-pong” mechanism. In this paper, the author would describe
the reaction of substrate (S) oxidation.

Reduced substrate (S) is oxidized by oxidized enzyme (E.) and reduced enzyme
(Ereq) transfer electron to the electron acceptor (EA). These reactions are usually
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expressed by following schemes.

S+E,——P+E,_, (1)

E e +(Ns /Nep JEA,, ——E, +(ng /ngy JEA (2)
where n represents the number of electrons. Subscript ox and red means oxidized
and reduced, respectively. In bioelectrocatalysis, electrode works as EA. The reaction
is categorized into 2 type as shown in Figure1. One is direct electron transfer-type
bioelectrocatalysis.

E, o —2%® SE  +nee (3)

There is only a few enzyme can react with electrode directly because of the steric
effects. As for most of the enzyme, the electrochemical connection has been realized
by coupling the enzymatic reactions with electrode reactions of redox compounds,
called electron-transfer mediators (M), which shuttle electrons between the enzyme
and electrodes. Mediated bioelectrocatalysis is used to describe the current

enhancement by the enzyme-electrochemical reactions with mediator.

Ered + (nS /nM )M —)on + (nS /nM )Mred (4)
Mred electrode Mox + nMe— (5)

Direct electron transfer-type bioelectrocatalytic reactions

[ ]~>["] Product

Electrons 17~ Enzyme

?
[l <~ B Substrate

Electrode

Mediated electron transfer-type bioelectrocatalytic reactions
Electrons‘\grow* [~ ] ]
k Mediator )

Electrode

Figure 1. Bioelectrocatalytic reactions
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2 Direct electron transfer-type bioelectrocatalysis
2-1 Adsorbed in monolayer model [3]
When enzyme is immobilized on the electrode the steady-state catalytic current
(is™) is written by
igm =k_I (6)
nFA ° F

k. and It represents the turn-over number (s™') of adsorbed enzyme and enzyme

concentration on the electrode surface (mol cm™). The catalytic constant k. is a
function of the intramolecular ET rate constant and/or the intermolecular ET rate
constant between enzyme and substrate. F is faraday constant and A is electrode
surface area. The equation is obtained from the assumption that the electron flow
flucks of enzyme kinetics and heterogeneous electrode reaction is balanced. The
enzymes on the electrode surface do not always work in considering the direction,

¢ lim

inactivation, and denaturation. The is" should be written as

I'Iim
S k[l 2 7
nFA ° F (7)

where A (0<A<1) represent the percentage of the electroactive enzyme adsorbed on

the electrode.
The i-V curve of the catalytic current can be written as

:lim
i = 's (8)
1+k Tk + K, /K

The surface ET rate of adsorbed enzyme (k;s and k) are expressed by the following

Butler-Volmer-type equations:

kis = ks exp[-a(F/RT)(E -E¢)] 9)

ky s = ks expl(1-a)(F/RT)E - Eo) (10)
where E,;' is the formal potential of the enzyme. k° (s') is the standard rate
constant of the heterogeneous ET of adsorbed enzyme at E,;'. a is the anodic
transfer coefficient. The equations indicated that the potential where the
electrochemical reaction proceeds is determined by the ratio of heterogeneous ET
rate and enzymatic reaction rate (Figure 2). When k. is much larger than k°, the half
potential of limiting current is the formal potential of enzyme. When k; >> k°, the
potential is shifted positively.

The experimental voltammograms can be fitted with Eqgs. (8) - (10) to obtain k./ks°®

and k.[eA using a non-linear regression analysis of Excel®.
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Figure 2. The relationship between voltammogram and the ratio of
electrode reaction kinetics and homogeneous enzyme kinetics.

2-2 Diffusion model [4]

In this section, we consider the case that an enzyme does not adsorb on the
electrode surface but diffuse to the electrode and then react at the electrode surface.
The steady-state catalytic current is obtained based on the reaction layer (u) [5].

slim

I
n;:A :kcatCE:u:CE‘\l kcatDE (11)
and
] k
T S ceLoy (12)
n M

where ce is the enzyme concentration, and Dg is the diffusion coefficient of the
enzyme. u expresses the reaction layer thickness. Considering the enzyme structure,
the electroactive site should be limited, therefore the structural factor p (0<p<1)
should be introduced, and the i;'™ is rewritten as

rlim

I
= —o.p\kuDe (13)

The i-V curve is expressed by the following equations

I'Iim

S

i =
1+ Dg | pkg s + Kep, | Kes
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7lim

1

= s (14)
1+ kcatDE /kE.f + kE.b /kE.f

ke, = ke exp[-a(nF IRT)(E - E{)] (15)

ke, = kE° expl(l-a)(nF/RT)(E - EE' )l (16)

where ke (cm s™') means the heterogeneous electron transfer kinetics of the
dissolved enzyme. Details are described in chapter 2.

3 Mediated electron transfer—type bioelectrocatalysis

The steady-state kinetics of the enzyme reaction (vg) is expressed by
— (nS /nM )kcatCE
1+K,,/cy, +Ks/cg
where Ky, Ks is the Michaelis constant of the mediator and substrate, respectively.
When cs is much larger than Ks, eq. (17) is reduced to the eq. (18).
V= (nS /nM )kcatCE
1+ K, /cy

Under steady-state conditions, the mass-transfer of mediator and enzyme

(17)

(18)

reaction kinetics are balanced and expressed by
o%cy,

M ox?

where Dy is the diffusion coefficient of mediator. There is no concentration change

(

=V (19)

ocy

~0).
ot

The reaction layer  thickness (u) can be  expressed by
2D,,c,,
(nS /nM )kcatCE
cw>>Ky condition). The steady-state catalytic current can be expressed relationship

p:\/( DuKy (under cuy<<Ky condition) and y:\/ (under

nS /nM )kcatCE
between u and the layer thickness of the enzyme and mediator (L ).

3-1 The steady-state catalytic current under the condition of L<<y[6]
When L is much smaller than u (enzymatic reaction rate (v) is very slow or the

enzyme layer is very thin), no concentration polarization occurs in the enzyme film.

Under such conditions, the steady-state catalytic current is expressed by eq. (20)

rlim

IS = n_MkcatCEL CM (20)
n,FA ng Ky + Cy
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Figure 3. The mediator concentration dependence of voltammogram (A) and
steady-state catalytic current (B). E°" = 0 V, ket = 200 s, ce=1 MM, Ky=5 uM,
DM=1><10‘6 cm? 3'1, ns=nu=1, km°=1 cm s

And the catalytic current is proportional to L and increases and reached to its plateau.
When cy is lower than Ky, is™ is expressed by

rlim

o7 M Keat o (21)
n,FA ng K,
Under cy>>Ky condition, i"™ is expressed by
:lim
Is nM
=My c.L (22)
n,FA ng F

3-2 The steady-state catalytic current under the condition of L>> y [6]
When L is much larger than p, concentration polarization occurs in the enzyme
film and the concentration of Moy at the bulk solution becomes extremely low. The
catalytic current is independent of the L and depends on the reaction layer thickness.
Figure 3 shows the voltammogram of the catalytic current. Catalytic current
increases with increasing the cy and is expressed by:

Jim n c c
s = 25D .k _K,C.| M _In1+-M (23)
nMFA \/ n M™cat” *M E{K ( K j:|

M M M

DMKM
(nS /nM )kcatCE

Under cy<<Ky condition, u is \/ and Eq. (23) is reduced to
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I”m nS D kcat
nMFA ny, Ky

The catalytic current is proportional to cy. Under cy>>Ky condition, p depends on

C:Cy (24)

cu and expressed by \/ 2Dy Cy , and Eq. (23) is reduced to
(nS /nM )kcat
" _ 38 p ke (25)
nMFA nM M cat¥E~¥M

It is possible to analyze the bi-molecular rate constant between enzymes and
mediators based of the dependence of catalytic current on the mediator concentration

[7].

3-3 Concentration profile of mediator in the enzyme/mediator film [6]

Figure 4 shows the concentration profiles in the enzyme/mediator file under the
conditions of cy<<Ky and cy>>Ky (cm/Km = 100). The x-axis represents ratio of
distance from the electrode surface (z) per enzyme/mediator layer thickness (L), and
y-axis is the square of L/u. The z-axis is the ratio of cy.x to the total concentration of
mediator (CmoxtCmred)- When L is much smaller than u, there is no concentration
polarization in the film. Under L>>u conditions, the substrate of enzyme, cyox, €xists at
the vicinity of the electrode surface and it reveals that enzymatic reactions occurs
only at the vicinity of the electrode surface.

: i:f:'f"'lllllllll 17
e \\'\\‘ N ’O.Il‘lllllllll
i \v\mm NI

\\\\\‘}}\\‘\\\\ \
=l
\\\\\\‘}\m\:}:&‘“ \\\“ "“

‘ ‘““ \\\\\\ I“““\
M\i l

\\\\\\\\

\\‘{\\\ gl S
\\a\\:“:}.&&““\‘\\\\ﬁ«\“ it
‘{‘(‘\\\\\\\‘;.w \\\\\Q\‘ks\ *“\“ “‘\\"““W”lrll
umll\‘ \‘w\ o 4 \\‘v\ l
\\\\:‘.‘. i W \\\\‘\ mw' il
i \“\”\»\"\\ﬁi“\\‘~“‘t‘s‘fvvs~a'olstls
\\ 1 ‘\1'\\\ \‘*“‘\“"\\\‘\sv""“k'ﬁ

e i
l“' ‘\}‘\\
i \\\\“ \\‘.:\\\

\\ \\\\\

Figure 4. The concentration profile of mediator at the steady-state conditions
under the conditions of cy<<Ky (left) and cy>>Ky (cm/Knm=100) (right). L
layer thickness, z: distance from the electrode surface, u: reaction layer
thickness, c¢y. Total mediator concentration, cyox: oOxidized mediator
concentration.
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3-4 Dependence of enzyme/mediator film thickness on the
steady-state catalytic current [6]

Comparing Egs. (24, 25) to Eqgs. (21, 22), L is replaced by u. The steady-state
catalytic current is determined by the flux of mediator in the “layer”, that is the unit of
mol s™' cm™. The thick one of L and p determines the “layer’.

The relationship between ii™ and L under cy>>Ky condition is expressed by

lim
M \/2”—SkcmcEDMcM tanh(EJ
ny,FA Ny U

_ \/z”—SkcatcEDMcM tanh{L \/ (M 11 Koo Ce J (26)
Ny, 2D, ¢\,

Under cy<<Ky condition, is'™ is expressed as a function of L,

Jim Ng Ky L
s _ = | =% ¢ D,c, tanh| —
n,,FA \/nM K, & " (yj
— n_Skcat CEDMCM tanhl L (nS /nM )kcatCE (27)
nM KM DMKM

Figure 5 shows the dependence of the bioelectrocatalytic current on the thickness

of an enzyme-mediator modified layer thickness [8]. The layer was fabricated by an

1001

0 2 4 6 8 10
number of layers

Figure 5. The film thickness dependence of steady-state catalytic
current density, where dot line 1, dash line 2 and solid curve 3 represent
the regression curves based on Egs. (22), (25), and (26), respectively.
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electrostatic layer-by-layer assembly method. Positively charged enzyme
(PQQ-dependant glucose dehydrogenase) and polymer-bounded mediator (Os
complex-coordinated poly(N-vinylimidazole)) are successively entrapped on the
electrode surface with the negatively charged polymer. The steady-state catalytic
current value increased linearly with increasing the layer thickness and reached
saturated value. The behavior was successfully interpreted based on the theory of the
reaction layer with the enzymatic kinetic parameters, the concentrations of enzyme
and mediator, and the diffusion coefficient of mediator.

3-5 Voltammograms of mediated bioelectrocatalysis [9-11]
When the heterogeneous electron transfer reaction between mediator and
electrode is fast, so called “reversible”, the voltammogram is obtained by replacing

the cw to CM( M )(with 0y =(CL] =exp(;—§(E—E§A')j)'
CM x=0

1+n,

red

However, most of the case, the electrode reaction is categorize to
“quasi-reversible”, thus it is not so fast that there is a time lag to reach a equilibrium of
electrode potential and cy at the electrode surface. Under this condition, the i-V curve
is repressed by

rlim

I

i= : (28)
1+ Dy / kg + Ky /K
and
ks = by eXPLci(nFIRT)(E - E;)] (29)
Ky = ky expl(l—a)(nF/RT)E _EI\O/; )] (30)

ky° is the heterogeneous ET rate constant of dissolved mediator. The
voltammogram of mediated bioelectrocatalysis is very similar to that of DET reactions.

4 Concluding remarks

This article describes the theory of steady-state bioelectrocatalytic current. The
steady-state catalytic current can be obtained at the condition ¢s is much higher than
the Michaelis constant. Under the condition that the catalytic current depends on the
substrate concentration, no-steady state catalytic current is observed on CVs. This is
because the time-dependant substrate depression occurs at the vicinity of the
electrode surface, and no steady state is attained. Steady-state current cannot
observe when scan rate is much higher than the enzymatic reaction rate, or mediator
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concentration is high. In these conditions, the time-dependant diffusive current is
dominant to enzymatic catalytic current.
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Review of biofuel cells
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AIILTHYI->TWEHEWVWZRS. CNoDERTDOBRILETRIGIET X TEROE
ETHETLTVD. HRICESIRILF—EEFOLEAHEEHHEITEND. BYOEY
TS FaY RYTORED, F-ME CEMERRAREENSTFRIRIILX—EHROG
Thd HEOTILI—ILDEEEIZE >T NAD'M™S NADH MMES5N 3. NADH OE
FHOFREEERT D2 VIV BEER | ~NESh, HE8K IV ABBLTEBRZK
[CETERTTS. COLSBEFORNEAZ L TEREZEY S HOBE (H'DKkH
L) ANREZY, BOBMBITHREDENTES. RICHFELTWSATP 7—E %
BOTHDEEDEWANRE DT EZFICATPAESONS (RI1E).

CDERRIZEY, TOLLH (BFDORNE HDRN) ZIHAIZFIAT S &
[Ck2T, IRILXF—EBREBEDOCDHIENTES (H1A). SN AIAEMRUN
A ABBED)ERENDEDTHD[1-4]. ABETIE, KB - MFRICIELY T D E K
BEZFALEZNCAEBMICONT, TOEBREBOFHEEBNL, REOER~RAIT
=TI ONTHEHRT .

2 NETOHAR

RERDEY, EUNTORIGBETIRIILE—E{TNDIEND, EWEREZRIAL T
RIEHEDEZIRILF—FBERIRIIT—ITER LK S EEZX DDIEBARAERYITELL
25 BT FOL5UFEEFENL 100 FIZERNC, BRORBIBHEZMNALTCERE
EYHTEMBMDORE L3002 BEAH Potter (E, #EWEE) IZ&->TiThhi
[6]. Ft=, 1960 ERIZIET A Y DOFHBAKMRDO—RE L TBERET / — Mgt
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FEIETHENRESNTULS[7]. 1970 ERAMN DS 1980 FRIZHAFTIFH v A
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[CLE=EYMEMOMRFREBRICELOHONTIVNS[2). COROHARFRE~NDEHD
SFEYLHEELT, MEYMRHEMICET IAENERICEATH =, 1980 FH
BEMD 1990 FRICHE T, EHLERICOEBIEA, EARMBERIEEZERILE
DEEZES TS DT EMNFREICLGY, NAFITLY bAAZY) DRARIEDE SR
AL INT[10]. Ffz, COIAML, BREERFTORLIZKY, ZHREESR
DEELGHAEMHEGYRARERENICERL:. COLSUBERDD LICEFE
FRAVIRHENOERMRLNES, TOREZEEORBEMFELRACEETH
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Z0Eh, MERAERC S v I TN =Y R T L (DDS) ~DSALEIFSA TS,
miED 3 BRERE=42 ) > TRAFEVETREMNERORRRAELSED LA TINS
A, SHICTHARPREMEESS, RERARIE EW>EKESEG EDMEERE
RTDBENHD. NN AEMT, MERDAHEA TOHELT, LEFEZR
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oy
AEX S RER
- Wearable
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5 NMABHRORHHEBRESINSCARE

BRELTHDT NS ZAADIEALEFTESD. BBISEFITAYDOT LERGEK
(TNa—R)PEBE(TE2/—L)HNFATE, GARZELGTVREZRIEET .
BlZIE, EHERRRFOENNBEROCTOL O IILVGHEEEZ LN LIS/ 004 XD
BRELTHERTE, AFCHROESAICO D E1—4 0 FEY HIERREICRAIT=0

Dt RLR - AEFEIRBRELTORFABLEZEZA OGNS,

BT, BEE/LTOHEATHEBTEIRERRDLGLA, X2 yF U IEifinomE
P EYNVE—HBIVE2REMEDHATEZOHBEBMRTELEEZ DN T
. NAFEM BHERERICLHTIFELSD) FRELEEAZHIFTHLIC
[FTBELTLSD, RBGENHEDOELIZHET 2DEHRETHS. MHEMITAN
AFELTVIREELRITOINT, FHEBGEBNHENTLAEGVRRICIE, B
HENNORBMICENZHIE EB) $HAKRICKYERDISARENLNSES
3. L, ATAI—2BNAFBMIENTE, LEFyIRT7O-—EEBDES
2, &Rk, RERELNHD. 2F Y, FHEEFICIE, ERMERINICEY, 7/—-FT
FAT 4 T—2DETK, hY— FTRERBIEERZENENEETSEVSILDTHS.
MEBEOERE TOHANEAT A T—2ORERVYERERETRE Y, £4H
BRISEEDHZEZZTITKKBEIMRANEFENS. BRRSIGZEBE LT TR
HIDZELARETHDAL, BT LB TIO—ZEIZREIHL. 2REMNEHFZLT
WBES3BIDTHY, HAXHNNSKRELEZHANYFTES.
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7 NA A EMDRE

LEDESIZ, NAABHIE WAWALREEEZTINEA, RRALEZREIC
And e, EXRDEHMDBELFERBDIVOVDFENLEL TN D, BRANAF
BHEENAMIWEEBRELTOMAZREL-EE, HARARXRELLT 1) 8%
REEL, 2) MAMOEL, 3) SEFRIEROBENSZTFONS. TLICE, /A
TEMDEFEZEN L, 4) EHUBECFIREORFALLETHS. TLODER
BERRRA~NDORY A EFRMGREICONT, UTIZWK OMDREZ LISHERS.
1) SEREELX, BELTOBRERISEE, D2FYRRGETHIEBLOEREL

BREEDETRES. 2FY, SEREEZBEHEIOICE, SEEEROERE
. BEENDEUERO-FFEBLICERZEE T ARMTORLEARD LN
Tz, RO LEGHALCEBEOMEGENHBEZHMRALGTNER oG LAE

3.
3.

2) REMICOVTIE, BEEELEBEOIZLANILTORRIEOEGNNHDESI1Z, EH
EEICE YBROIAEENRESN, EHEAMEHMTECROAEELER
bnd. BRETELEDHRRIZEY, BRORELEZRRYT 5 LEFAETIE
mL. —F, BROMEE KEEERZEEITDHLICLY, KBICTFIFHIENT
&% CIHASMELORELEVTHY, HE BEELEOEER KSR, Mt
B EIZKREICERAINTEY, BTG EEEZEATWS. DEDZ EEZEBREICA
ndE, HEADLSICHEMETER L NS FIARENERAM/ A 4+ B0 E—BRE
ELTEZND. =, BHOMAMZROLIZERICOLTIE, BROEXTFL
NZLBERETLEEEOREE (A T4 I—2POBROEEN S DR 1,
BIEBYICLDHEESLELEZOND. KR C-BEYLGELDEREICKY,
HEEEIHLTES.

3) —MRMIC—FEDERILETERTIX, 2 EFHIELATERLRL. #-T, JiLa—
AOIH/ —)LEEEZRHELTRVES IRLF—FET)FILALY
B ERRDEMERBZLICIE, BECEAOBMENHDIELTEH, EEFR
IERDBRERIBETHS. K-oT, <HMoN=RY =R 1) VEEEIKRPLI TV
BERLEEDES%H, —BORGICELIBREITATHELREREEET
BRENHD. BILETEROAELT, RALEBEBERLRE—RFEEOHEE
U ABRLETHERIN, HABOBRIDELLS.

4) FYBWHAZEBEERT—ILNTHDI=OIZIE, TOZEMAY TFEEZxKEFA
TEHAIRNBELLED. £z, ROLATWLWEHEEDOMNEESL LLIFERMN K-
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T, EBOERE (EJH LS HAEHL->TLSS. FHITEIICEET SR
F, BIGHYYZLNELGEDTREIENADEEL2TLS. NyFRELL
CE7A—HXTOBEBFRICL-TEH, BRHBBZESHLBHO AT LREDL
T 5.

8 BREN(FTEHLDORRA

NAFEMIEE (2000 FLUR), BURTEZEDHDLSITHE21=DIE, FHET
BREDABFERNTEENS L, BHAEDORRIZCEYT/—F, Av—FrH
[ TESMZ] Hh (BREE) NHLZZENLM =N THS. ENFETOHRIC
BWT, BRExTHY— FBICIE, BEMEELTEEYL, BRTREYS OO —4A
TFOF—EEERPCIT v H—ERENMEDONTIV[1-4,17]. FIC(E, BEIEKSE
EEFRERETIERLHESN TV LML, ENIFUREFHETELDT/
— FBEZOEHEH) TRV SICEBEELNHY, hY— FEBNERERDERE L
2TWW=. LML, #BEHESIZEST, EYILEVFFRIF—FEWVWSFERRDIZ 4
DOMEFOERN, HETEH, BAEEICEERMICLIFEECEBN-EBMET
MERT LM o1= [18]. CORBREZTTAAABHORARLA—KICEA -
f=. RIZ, BEO—BDERE LT, EBRAICBREEFLEATA I35
EIZEELT 2HAENBAICTONE=ALTHS. Lt EEET S EITLKY,
ATAI—FDNEHLDRIBOREEZFEE L, ARODERSHFRAMEMICA
WEREORMEZALEHLOWERLNTES. LHL, BREELEBICET MK
B DLH D, "M FEVHADIERAEEHLIZLDONELAET, BEREE
ZRELEHRRFEAEGN o= BRELZELGDLY, M OEELES L BERH
DENWEFHBE, BR~OAERLGEEDOHBZ VNIRRT IHVNERDFREIZH -
f=. AHeller CR) BICK>THRESINIZAT A T—2HARVF D MRIZESTA S
FERUI—ICERIAERESETCEELLE-EBEZANS LT, XELEREE
ZR/AHTEITHLTILNA[LY, 20]. £ELSL, HFAMORYI—IZT7A %
DEREATAI—2OHENEEERICKS£BEELICHILTEY, ChoDE
REMHEB TR ONIERIL ERFEICLTMAM DA —F —IZF TEL[21].
EBOLLREE (RARERICHT SRMREE) ZRALSEHET, SoITHE
Ao HENEREEDE LZZERLTLS.

SobEMRitERELELE, BRMERORALNANAFTE NI TORERE
D2TVWRHEE2>THBETELGL. ThbhsL, BEEFTENDHRRLGEEICKYERDE
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DEENZRARBIIZHLTHLEREDHS. ChdblE/N\AFEMIZEL-BROER

DEAICITHNT, SEERENE KEHLLICENEZHFLLERARON-TLS
AHEEIEEVEDEELTWS. ZO0EHICHLHFHRBRORY J—=24, FHEiAE
DEBHERLERZLGTRARETHS.

EE, WO DFHLWVEMABRRORKENED LN TILVS. Armstrong 5 B
REAVREOCGTVERMG KR -—BRANELZERLBRE L TLS[22]. b4
HITERBAFRBBEMTIE, KRPOAZ/ —LBILLEBRETOTEAICASL A
MELTAHWLWLATEY, BENELLHBVWKIBIXRNEINTINS. £5 5 IXLHI,
BREARCOEEEREIIE L, BREEEMEICRAT IKR—BRRHEMEIR
EL[23]. LAL, RBECGZVEHEN~AORHTERIR#ETH>T-. ThITK
ZOBERIEEES E RO F—F (EC:1.12.99.6) DIFELAEE, BERO—EbR
RICEH>TERBELTLESINLTHS. LHL, WoICk HERMMEAS L Ralstonia
eutropha HEDRESE E KOS F—EDRENERIEE KFZBINA4TEHAE
DiEMots. BENFIVBESEFMEOR R EZENMETLEN, EREFERE
[SINEL. SEROBBREMEGELEOIRTHUDAEEMEIEH S.

ELHLVERLEKREVD, ChETHMOATVW-EBRLFERAFHECBENAE
ZRETCLET, BEMICHL TV HIHMEZRIESESIZ L1 HDH. EBRIGH AR
NESHIERDEBE DFYREETHUOFEMEICKEIEKEFELTLSA, &
BE~NOERREELECER -—EBHOEFEHREOMLEICONTIE, BRLER
DHEBEEREERBICANEN LG Y FUOINTARTHS. EBRAIOEE (/R
FILTOMMAGE) PREFEOGIE (Bf, HAKEKE KERESH BRE
BOZNIZTHRBLEBEHTHY, CNETICHEALBAELISEDLNTE-. €8
BEANDKRRALGEREZETDITILAVFA—ILOESMS, TOE—F EFEENLILE
MIDHRM, RREBLEICERLEERN, LZHOLEBLENH L. BREDEMEEDE
MOBFIRZHMEDEEZTEME LT, EBSIUVEFELIBARE LTEER S/ M
# (2R FEERELLJERFEMAF, AVHMH, H—KRoF/Fa1—-7, €8S
/AN E) OBRBHLGFAN-DOREDMER & LTHS[24]. EREBEFBRHR
O ATREG BRI DOVTIE, BRBELLLIC, FATIEBORHELRE(EES
215,

EEDTIN—TTCRIKZEICHEHBICEREHERZAV-E-—BRIN(LE
tMmERKRLTWLS (R 6) [25] E—D—RICIERELBIENBTTEY, BERISH
BEZIEALTVAETEVSERBICO U TILGHERTHS. BMHEBRIEBIZIETILY
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BEREELED
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WO
mm) '_,_

6 W—EINSAAEHM

F—XTEFBSF—E(EC:1.1.99.11) &, BFETBIZ(E T v Hh—+ (EC:1.10.3.2)
ZRAVTWVS. BLZ1mWem? LERBICEVENEERT S EMNTETLS.
MERNABBERIET D EEMon T A, ZOEREJIFEICHENoF. L
ML, BERMORY ) —Z 07 0RE, BROBHAEZORRBEEZERD LT,
COEIBREGHNER)BEZERTHENTE. £, IS5 LEBEAE
DHRRIE, BREBLE L TOREUDRLEIZDEAY, BUERIZ 1= 5:EHIEENE A
BETHHI LI ofz. SEOEGFIFORRE, BREE S HIEDOEEEKRIZE
TEOMEDERGEIZLY, BRAFDRELT IH, BREBRICFIKRELTL—
DAN—FZMWZEHENFEEIND.

Sk BPMEOBRIERZEDHONSABHOHARFAEICAITT, BECELH
RENTLESI ISLGEREAORAEMNGEAEENEZLGEMREL LS. HIZI,
FyTEICERENEZRERD, Bo-HAE~NDRAETH OREDHETOEEL
BRiiGETHD. T, BR-EBHOHEEERAORKELEER LA AT S
ET, SHEDBRZERENICEEILT S LIARRELDESHD. F-BERETIEZE
HARAANAABHICTHLTHERER LU HOER LTSNS,

9 MEME /N FERDORE
MEMMEDETE, MEVERZEROREEZEZADSE, TOEBMELLTORE
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AEFEEBRERCDFEELRILLIICEZONS. T, BHICLEZEEZDOER—T
FHBEOEZHLERLE-EY THS. £EKRERAVDI AUy FELT, BARNESR
NEETHDIEVNS T LDMIZ, £ETVLIOTEHAENEIEL, BERARNOERLE
HHRIhD WS a08H5. REREMHLVSBATIE BREAVEAICHS,
BEHTHD. £, SHLEEEZZERTRIEL S 2EEERRNT TICTETLS
EVWSHELNDHD. BERNORERZANDIZEDL, BOYA FYILhIZEET HE
—DERINLBFESIZTHREZNHS. MEY—EBHOEFBERIERIZOW
TlE, BROBEDELSICAIEFGEATAI—INEFEIETH<R (A7 L)
& BBLEICKRE LEMEMDPAIATA I—20OBITHE L TEBREEFOPLY LY
235% (B7TF) LITHESID.
ATAI—2F%AVSROEFBRIHRTIE, BLADAT T—42H1HEAIZA
Y, EFZEZZITRYETAKIZGY, BUMERMNETEBCTRIEEINS. KFDO—
EOBRERIGICEVWT, EOBRBTEFZIISREBBIET ML, BFH 01T
FTBRECEEEE5Z25. flxlE KBETOYVILI—ROREEEZBE, NIE
REICEAT STV —RTEROFFT—EEFAT S EETENIE26], KRiFD
BFCERMENCBEF ISR L LAEEL G BH[27]. AIEIEF2EFRIETHY
BEETNULAEFETES. £z, FIBTEBRERAV L Z LFERBEOAMEE
BETRT. CNIFESFTHLIREOAT 1 T—2 W RNRIZHFEET K- &
FIEN DA EEHBISEYIRITSZENTESINLTHDH[28]). REDIGE, KEIAIE

AT4I—4H

E%::§/>CPV>

EELAN

AT4IT—4
K_ 25
i
EEETHHE

i)
H
MY

TiE

Afﬁﬂlﬁﬂﬂﬁ(w%) ZFEET S
BIbETHE

B7 MEMBBISBTSAAFILY FOHEYSRARIS
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BLUVZOERE, MBEADA T T—20EEOHLENZOHEAICKECEELTER
%. BlERS YA FOETHIT, BROEEVCAVSI AT I (BILET
BAL, FHK - Bk, BRIEERFEGE) ITKECEESND. HITES L, AW
ATAI—RICE>TREBBERIHTELL S 2 LITH4B[29). BICIE, EX
DEBZHERDIGEELHD. MEVORBRIGCEARTELLSETAD S5, BILET
BHDEVWLDONOEBRMICEFZSIESIRC CENRBETHS &, EBREDOARE
EHEEMECEE LN, ERRELTHITFONDS.

REDEFORNDEFNSEFZESIZTHRCDT, BtEBRATHLETLALS
IRDDBELELE>TLS. PIZIEFSHEETIE BROHIEHTICHELTIE AE
NEFZBRTHIBRERICBEFATN, ATAI—FRGEDHANEID. F0iE
R EREFXBISHDLTH0OT, HMIIEGHITROVENHS. £ LLE, MEHD
REBRBOBGEFREARBL L S AHIEUM L LG, £, SO EF, B
RRETHHRA SN, FERKBEREEFIBARETHIF XA —EZRAVIEETD,
BLLILGHRENHRAUSIND.

IERHBACEEZAVS L TAIRIILF—ZBERIRILT—ICERTHE
MEERTHIENTES. COEBEMTIE, FITHEERRIENDEIDAT 4 I—
AENLTCEFESIETHR ZEDAERMICTEINTLS. £z, 7/ —FKTOKD
BBibL, hY—FTCOBRABFERRIEEEZHAETHLED I LT, BREMNLEITE
WOINA A KEEMZERT 5 EMNTESH[30, 31].

BMEMOEFELAEICOVTIE, BREATLFEDLSIC, RYT—THhH=HT
LESHELH DD, EBRADIWEMHREERTHINA A T ILLERRSE
BEVWSHELVEETHENEEAONDS. TOTAINLAICEFGEEATAI—4%
BEESIE S EAHENELEE L VD, MAETEFELEFITAEL. BRHEREBIZK
ENEFEEATAI—REZNEISBEBLBRTNIEESHNT EITHD. MEMBR
AEHMIBSMICEIREFELUITSIETRETESLN, ATMGESFATI—
REFATHICIERELHS. MEMES (L LLEFHER) NEAH LE-BEILET
MEEEFEEATAI—FELTHATIEVSRIFBEIATWLS.

—AT, KED Lovley (&, AT T—3%FATHLLUKBEBEEEETD
PYLYZTSMEMHEZMKEL LT, JILO—RAD 24 EFHRILNEBETEDL L
REKXLT, TOBEMADIGRHERY )V ITEREZBAICITVEEZESH TS
[32]. MAANBICEFEEEZITOIELNDTESEM (ERICHERET S YA boOLés
EHbhTWS) ABEHELTWSES5THS. TORODMAEIZLY, MEMNEET S
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EILR EFENDBHDMBH, 7/ 74V E LTEREBEICESTEEVSETIL
MRIESNTLVB[33, 34, COETIICEATIERIFTLEHECIDEREDNS.
BFBIHA N XLIZFHALGREE I TVSD, IGRICAIT-HMEIXEAIZITHA
TW2. EBZBEFICREIEDLILT, MEYNEBLIINA A T4 ILLERK
L, BUEEHY—FBLEHEAEHEDIET, ATAI—FERELLEL, BED
BREPTDERMERB LT HINAATBUNTELILHRESINTILND[32]. TDOHAK
BREMEMBICHEABIRITNES, BARBIA TLELTOFARFEZIZCLL. BE
ICKEBOBEBZHTETALENER/RDIENEEKRLILEDEELH LN, RERE
BEMNAAEE LTORBANEEINS. BED Kim 54 (ZERLCEFBH
REATHHMEMENEHAEL THYI[35], 0D BOD (ELEMBERERE) oY
ADIGAZEBHLTWS. ChFKTOERYMOREZRELHLELTE=R YT
THEVNS3LDTHB[36]. AT, NAABthEEHLEORY FEELSIEWVS
O FHBEITLTWAS[37]. LIEYNASAEBOBAIZESIC/NESLDT, &
MTRELEBENZ 2REMCRELLGASFATEIELSITHS.

BMEROBRIZLY, RAETIE, ATAI—22FATSHIEHL, HMEHN
AFBEHTOTMWem?EBEDEANERINTIVD[38]. CDkb ) 7Y 5 —i&Et
DL, MEMRY ) —=v 7L, EBMEYBOEFBEIRIG * 51 = X LDOFRHA
IZ&Y, WEWEBREEMLGEDIZE- TSI ENHTFIND.

10 #§

RIERE, ERER BRABOERRICHIITT, AIRILE—  REFMBEHESS
AT LEEE HERLALTOABREOFRREEET IBOTCEELSHMBET
H5. TOHRT, EAERUADIRIILEF—RELT, h—ARro=Za—FrILEWLS
B ER DN A IZAAOEDDRIEBZLAEESTETWVS. N A ENILESH
BNNAFIABHEEZRFATELIE(HLLERE LT, BENGRTEZIEYIEC
FTEHFNLAERE L TEEEED DT THEL, "M AEHDOERE, THRILF—R/
BIEITTRHL, BREMBERBR~NDVEODDT IO—FLLEDEHEETS. N1 TX
BREMNOAZURPAR =)L, T8/ =), HEIWIKFRGZEDBRKBICERLTHKE
T HMICEENR, MEEH, @k TR RELCEOBRETETIOREDETD
CEMNTES. FEEREBLEAL/ —HA I LOFHNEZTHEVDOTEVIRILT—%
BELNEFEINDL. DFY, NMABRBEME, TRIILF—EROERFERNSH
TEERDOEBRBENT U TILT, TORENLIRILF—EB|BELES, FSITE
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NAAEBHARORREEICERFEBY THY, ERARDELERIZL-T, &
EOMHMENEE CEETETOMREEZTFMTEELIICLE>TVS. TNETOHR
ELTIE WEMETAWV-RETOERMZEZRRTHILENS24 TONAABITE
BEREFEF-TOED, "M ATH/ BP—OHHEHZOERICKY, B miEHEE
EBACENTESL S ICL-TE. ERARMICEVWTIENA T ENDFEZENT
&L LTHINERNS L D EELZFESINTHEY, SERLCOARTORAENEDH SN
HEBRONS.

S®k FEBRORI -V LREBIC, BREEBEDHEEEROHER (%
BFPEFBEDAHN=_XL) 0F/ AT—)LTOEBZRMOFHEIZLY, BREEH
WRE, M REMOBRATIYEREENLGIDOIEIS I ENHFINS. N4 T
L2 AR YRR, DEYEBBENILY EORBETOEBRRICDSEFFIL, HE
EAOQIFRLTZEVERVALL. §&, ERILFOAELT, MEHZE BREFE
ERAMENE, BHIFEV S22 DABHODSAZFURAAZTNETNOEES
FOTNWKIET, TL—IRIL—DBEENDIME L. ERERPICIIMLZS
BESBHOMEIZEY, HILLOMZORIRLHFEIND.
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