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ABSTRACT

Recent developments in bio-fuel cell technology are reviewed. A general introduction to bio-fuel cells,
including their operating principles and applications, is provided. New materials and methods for the
immobilisation of enzymes and mediators on electrodes, including the use of nanostructured electrodes
are considered. Fuel, mediator and enzyme materials (anode and cathode), as well as cell configura-
tions are discussed. A detailed summary of recently developed enzymatic fuel cell systems, including
performance measurements, is conveniently provided in tabular form. The current scientific and engi-
neering challenges involved in developing practical bio-fuel cell systems are described, with particular
emphasis on a fundamental understanding of the reaction environment, the performance and stability
requirements, modularity and scalability. In a companion review (Part II), new developments in microbial
fuel cell technologies are reviewed in the context of fuel sources, electron transfer mechanisms, anode
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materials and enhanced O, reduction.
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1. Introduction

Bio-fuel cells have been defined, in the broadest sense, as sys-
tems capable of direct chemical to electrical energy conversion via
biochemical pathways (Bullen et al., 2006; Katz et al., 2003; Shukla
et al., 2004). Direct electrochemical conversion is a desirable fea-
ture since it avoids the thermodynamic limitations associated with
combustion, in addition to being more environmentally friendly.
The conversion is achieved by coupling an oxidation reaction
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supplying electrons at the anode with a reduction reaction utiliz-
ing electrons at the cathode. These two reaction are electronically
separated inside the system to force electrons to flow through an
external circuit, while ion movement inside the system maintains
charge balance and completes the electrical circuit (see Fig. 1 for an
example).

Conventional  inorganic fuel cells such as the
polymer-electrolyte, direct-methanol and solid-oxide systems
(Larminie and Dicks, 2003) rely on expensive rare metal catalysts
and/or operate on reformed fossil fuels. In bio-fuel cells (BFCs), the
chemical reactions are driven by diverse and abundant bio-fuels
and biological catalysts. The production/consumption cycle of
bio-fuels is considered to be carbon neutral and, in principle, more
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Nomenclature

Abbreviations

ABTS 2,2 -azinobis (3-ethylbenzothiazoline-6-sulfonate)
diammonnium salt

AlcDH  alcohol dehydrogenase

AldDH aldehyde dehydrogenase

BFC biofuel cell
BOD bilirubin oxidase
CDH cellobiose dehydrogenase

CF carbon fiber

CoTMPP cobalt tetramethylphenylporphyrin
DET direct electron transfer

EFC enzymatic fuel cell

FAD flavin adenine dinucleotide

FDH fructose dehydrogenase

GDH glucose dehydrogenase

GOx glucose oxidase

HQS 8-hydroxyquinoline-5-sulfonic acid
KB Ketjen black

CcP carbon paper

LDH lactate dehydrogenase

MEA membrane-electrode assembly
MEC microbial electrolysis cell

MEFC microbial fuel cell

MP microperoxidase

MWCNT multi-walled carbon nanotubes
NAD nicotinamide adenine dinucleotide
NR neutral red

ocv open circuit voltage

PANI polyaniline

PBS phosphate buffer solution
PLL poly-L-lysine
PPy polypyrrole

PQQ pyrroloquinoline quinone
PVP polyvinylpyrrolidone
ScC short circuit current

SWCNT single wall carbon nanotube

TBAB  tetrabutylammoniumbromide
Symbols

E0 formal potential (V)

j current density (mA cm~2)

Ky Michaelis constant (mol L~1 M)
P power density

R resistance (£2)

[S] substrate concentration (M)
Ecen cell voltage (V)

v enzymatic reaction rate

sustainable than that of conventional fuel cells (Lovley, 2006).
Moreover, biocatalysts could offer significant cost advantages
over traditional precious-metal catalysts through economies of
scale. The neutral pH and low temperature of operation represents
further advantages (Bullen et al., 2006; Shukla et al., 2004).

This review considers major developments in enzymatic and
microbial fuel cells over the past five years. Earlier developments
will be reviewed briefly to provide context. For more detailed
reviews of this work, the reader is referred to Bullen et al. (2006);
Davis and Higson (2007); Kim et al. (2006). The review is divided
into two parts, the present part focussing on enzymatic systems and
Part Il on microbial systems (Osman et al., 2010). An introduction
to biofuel cells is provided in the next section.

2. The operating principles of a bio-fuel cell

Almost all biochemical processes are catalyzed by enzymes. A
group of these proteins, oxidoreductases, are responsible for reac-
tions involving electron transfer, and are the most commonly used
enzymes. Different subclasses of oxidoreductases are defined based
on the type of substrate they act on, as well as the reaction mech-
anism (e.g. dehydrogenases, oxidases, and peroxidases).

Bio-fuel cells can be classified according to the biocatalyst. Sys-
tems using specific isolated enzymes for at least part of their
operation are known as enzymatic fuel cells (EFCs), while those
utilizing whole organisms containing complete enzyme pathways
are know as microbial fuel cells (MFC). A third, intermediate group
based on organelles, namely mitochondria, has recently emerged
(Arechederra et al., 2009). Several operational differences between
these bio-fuel cell types can be identified immediately. Isolated
enzymes are substrate specific, while the diverse enzyme contents
of whole organisms can be used for a wide range of fuels. Moreover,
a complete breakdown of the organic fuel to carbon dioxide and
water is usually only possible with several reaction steps (several
enzyme catalysts). This is more easily achieved in MFCs, though it
also can be achieved in EFCs with an appropriate combination and
cascading of specific enzymes (Arechederra and Minteer, 2009).

A short lifetime is an inherent characteristic of enzymes, even in
their natural environment (Kim et al., 2006). This drawback is not
as severe in MFCs since the organisms are able to regenerate the
required enzymes as part of their natural functioning. These living
systems are also able to grow and adapt, a common and advanta-
geous phenomenon observed in MFCs (Kim et al., 2007). Fishilevich
et al. (2009) recently developed a microbial fuel cell in which GOx
was displayed on the surface of yeast in the anode compartment,
with glucose as the fuel and methylene blue as a mediator. The
use of micro-organism display in this manner opens up the pos-
sibility of self-regenerating enzyme systems from the continuous
growth and expression of enzymes on organism surfaces (Boder
and Wittrup, 1997).

The microorganism used is either a specific isolated species or
a mixed culture. It can be applied directly on the electrodes or
used in a suspension, or else the system may be inoculated with
a mixed culture in a nutrient solution under specific conditions
that will allow it to form a biofilm on the electrode. Due to the
living nature of organisms, MFC systems have an initial transient
operating period of bacterial growth and adaptation to the elec-
tron transport mechanism (to and from the electrodes). EFCs, on the
other hand, have a faster response time due to the simpler chemical
pathways involved.

Ideally, the cell voltage for a BFC is independent of the current
drawn. In practice, the reversible cell voltage is not realized even
under open-circuit (zero current) conditions due to a number of
losses incurred when the cell is operated. The difference between
actual cell voltage (V) and the theoretical reversible cell voltage
for the overall cell reaction (E;) at a generated current density j
(current I divided by the cross-sectional area of the electrodes, A), is
termed the overvoltage. As depicted in Fig. 2, there are three major
losses that contribute towards the overvoltage (or ‘overpotential’, n,
for a single electrode): activation overpotentials, ohmic losses and
mass-transport (concentration) overpotentials (Clauwaert et al.,
2008). The cell voltage at zero current (open-circuit voltage, OCV)
Eocy can also deviate from E_; as a result of internal currents and
fuel crossover. At steady state, and assuming spatially distributed
reactants, the cell voltage can be approximated as follows:

Vel = Ecell —jzpili — Nact — Nconc (M

1
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Fig. 1. An example of a biofuel cell with oxygen reduction at the cathode. Oxidation of the substrate is catalysed by the enzymes/bacteria (preferably immobilised on the
electrodes), releasing protons and electrons. The electrons released are either transferred directly to the electrode or are transferred via redox mediators, M. Oxygen reduction
at the cathode can take place directly on the electrode or via enzymes/bacteria, possibly facilitated by mediators, N. The mediators can be freely suspended or immobilised

on the electrode to enhance electron transfer.

where the second term on the right-hand side represents ohmic
losses and the final two terms denote the activation and concen-
tration overpotentials, respectively (sums of the contributions from
the two electrodes). The reversible potential E,; can be calculated
from the Gibbs free energy change for the anodic and cathodic
reactions.

At low currents, activation (charge transfer) losses dominate;
they arise from the energy barrier to charge transfer, from the
mediator or bacteria/enzyme to the electrodes. These overpo-
tentials (separate for the two electrodes) can be approximated
if expressions for the reaction rates are known, e.g. a Tafel’s or
Bultler-Volmer’s relation. Activation losses can be reduced by
improving the electrode catalysis, increasing the electrode surface
area, and by optimising the operating conditions (e.g. temperature
and pH).
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Fig. 2. Typical variations of the cell voltage and power of an operating fuel cell
with current density. The major losses of cell voltage and the approximate ranges
of current density in which they occur are indicated.

Ohmic losses are due to the resistance to charge transport
through the various components in the cell, including contact resis-
tances. They include both ionic and electronic resistances through
the current collectors, electrolytes, membrane and electrodes, as
well as the interfaces between these components. Assigning a char-
acteristic resistivity p; and thickness [; to each component i, the
ohmic losses may be approximated using Ohm’s law, as in Eq. (1).
To keep ohmic losses to a minimum, the membrane must possess a
low resistance, the gap between the electrodes should be optimal
and the components must be well contacted. The solution conduc-
tivity can also be increased by varying its composition, but this must
not affect the functioning of the bacteria/enzymes.

Concentration losses are caused by resistance to mass transport,
leading to large concentration gradients, notably in the vicinity of
the electrode surface. These losses tend to dominate at high cur-
rent densities. They can be lowered by ensuring that the solutions
are well-mixed (e.g. by stirring or recirculation) or, in the case of
an air-breathing cathode, that the ingress of O, is not severely
restricted. The electrical power density, P of a BFC is defined as
the product of the cell voltage and the generated current density:
P=1Vyy = che”/Rext, where Rex: is a known, fixed external resis-
tance. The power density can be calculated by normalising the
power with respect to the electrode cross-sectional area or the elec-
trode volume. A typical profile for the power density, p=P/A =}V,
as a function of current density is shown in Fig. 2.

One of the most important measures of performance of a BFC
is the coulombic efficiency, which is defined as ratio of coulombs
transferred from the substrate to the anode, to the theoretical max-
imum coulombs produced if all of the substrate is oxidized (x100%)
(Liuetal., 2005a). The major causes of reduced coulombic efficiency
are (a) the occurrence of alternative reactions that do not result
in current production; (b) build-up of biomass; and (c) crossover
of the substrate or mixing of the anodic and cathodic reagents, a
particular problem in membrane-less systems (Clauwaert et al.,
2008).

The operating voltage of a fuel cell has an upper limit dictated
by the difference in potential between the oxidant and reductant
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Fig. 3. The structure of polyvinylpyridine-[Os(N,N -dialkylated-2, 2'-biimidazole); |**/3>* (Mao et al., 2003). A tris-dialkylated N, N'-biimidazole Os?*/3* complex was tethered
to the backbone of a PVP polymer via 13-atom spacers. (b) Illustration of the concept of enzyme reconstitution. An electron relay unit (molecule, redox polymer or nanoparticle)
is linked to an electrode. The cofactor of the enzyme is eliminated and tethered to the relay unit. The apoenzyme is then reconstituted on the relay-cofactor monolayer.

Adapted from Zayats et al. (2008).

and the potential difference between the final electron donor and
initial acceptor at the electrodes. In bio-fuel cells, this upper limit
is determined largely by the redox potential of the active sites act-
ing on the substrate. If mediators (redox active species) are used
to shuttle the electrons to/from the electrode, inevitable thermo-
dynamic losses will occur; the mediators require a potential that
is shifted from that of the active site to promote electron trans-
fer. Mediated electron transfer can, however, yield higher currents
when the mediator concentration is sufficiently large (Kamitaka
et al., 2007).

Many reports have categorized BFCs into direct and mediated
electron transfer (DET and MET respectively), with often differ-
ing definitions. Systems utilizing non-diffusive mediators that are
attached along with enzymes on electrodes, or those utilizing mix-
tures of carbon nanotubes and redox polymers, for instance, can be
considered both direct and mediated. Other reports have classified
systems based on the materials and methods used for electrode
preparation, such as apoenzyme reconstruction, immobilization
in redox polymers and the use of nanostructured elements (Kim
et al,, 2006; Willner et al., 2009; Sarma et al., 2009). In this review,
discussion will be divided according to the methods and purposes.

MET usually refers to cases where a mediator is used to enhance
electron transfer between the electrochemically active part of the
enzyme and the electrode. Conversely, the transfer of electrons
directly from the enzyme to the electrode is termed as DET. The vast
majority of enzymes are not capable of DET (Sucheta et al., 1993;
Ghindilis et al., 1997; Ferapontova et al., 2003; Tasca et al., 2008a)
so that most systems employ a mediator, which is usually enzyme
specific. For glucose oxidation on glucose oxidase (GOx), examples
of mediators are ferrocene monocarboxylic acid, pyrroloquino-
line quinone (PQQ), methylene blue, ferrocenecarboxaldehyde and

ferrocenemethanol (Harper and Anderson, 2010). The potential
applications of bio-fuel cells are diverse. Non-electrochemical
applications of bacterial reactions for the production of hydrogen
through fermentation, or methane via methanogens are known
technologies. Although these bioreactors may be connected to con-
ventional fuel cells for electricity production, either as an external
unit supplying the fuel (Ishikawa et al., 2006), or by incorporat-
ing the fuel production process with the oxidation reaction on the
same anode (Niessen et al., 2005), the biological pathway remains
separate from the process of electricity production.

3. Secondary fuel production

Microbial electrolysis cells (MECs) are similar in configuration to
microbial fuel cells but require an electrical energy input to initiate
a normally unfavorable reaction producing a secondary fuel. For
example, hydrogen can be produced on an anaerobic cathode by
the reduction of protons (the product of acetic acid oxidation at
the anode) (Liu et al., 2005b; Rozendal et al., 2006; Call and Logan,
2008). The electrode reactions can be written as (Liu et al., 2005b):

(2)
(3)

which can be combined with the fermentation of glucose into
acetate to produce hydrogen.

In another example Cheng et al. (2009) produced methane at
a cathode by ‘electromethanogenesis’ combined with the oxida-
tion of an organic fuel at the anode. Several reports have suggested
a mechanism of methane production in microbial electrochem-
ical cells from acetate through acetoclastic methanogenesis, or

Anode : CH3COOH + 2H,0 — 2C0O, + 8e~ + 8H*

Cathode : 8H' 4 8e™ — 4H,
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from the intermediate hydrogen product. The work of Cheng et al.
(2009) presents preliminary evidence that methane can be pro-
duced from microorganisms (combined with CO, capture). MECs
that use electricity for the production of a secondary fuel may
be used with renewable energy systems to generate usable fuels
that are easily transported and stored. Call and Logan (2008) have
projected that such systems can provide hydrogen gas at $0.62
per kg compared to $3.8 per kg by water electrolysis. Another
class of microbial electrochemical cells not strictly adhering to
the definition of a fuel cell is that based on phototroph organ-
isms that use light energy to produce electricity. A two-step
approach where Rhodobacter sphaeroides converts sunlight and an
organic substrate into hydrogen gas, which is then oxidized at
a Pt anode, has achieved power densities up to 0.079 mW cm2
(Cho et al., 2008; Rosenbaum et al., 2005) in a single compartment
cell. In an approach relying solely on light energy, Furukawa et al.
(2006) designed a miniature fuel cell that replicated the photo-
synthetic/metabolic processes to provide direct electrical energy
in light/dark conditions, via alternate conversion between CO,,
H,0 and electricity. Cao et al. (2008) used an enriched consortium
of phototrophic bacteria from a wastewater treatment plant in a
two-chamber MFC. A maximum power density of 0.265 mW cm2
was obtained. A sediment type MFC using mixed communities
of photosynthetic and heterotrophic microorganisms, capable of
power production in both light and dark without the need of
organic substrate additions, was recently reported by He et al.
(2009).

4. Applications of bio-fuel cells

An immediately obvious area of application is static power gen-
eration, with microbial fuel cells being the more likely candidate.
These systems can be fuelled by widely available, carbon-neutral
complex fuels such as cellulose (Ishii et al., 2008; Niessen et al.,
2005). Alternatively, they can form the basis for waste treatment
systems, combined with energy generation from the organic mat-
ter found in sewage. In this application area, MFCs will have to
compete with traditional anaerobic digesters producing methane
or hydrogen. At present, this is not possible considering target
power densities of around 1kWm~3 for economic competitive-
ness (Watanabe, 2008; Rabaey and Verstraete, 2005). Despite
these drawbacks, direct electrical output with high efficiency, low
operating temperatures, and good organic treatment efficiency,
with the possibility of operating on low strength wastewater, are
some of the advantages of MFCs (Watanabe, 2008; Rabaey and
Verstraete, 2005). Moreover, bio-electrodes can be used for the oxi-
dation/reduction of specific target substrates (such as nitrate, iron
and sulfate) in waste removal or metal extraction from minerals
(He and Angenent, 2006). The operation of MFCs on marine sedi-
ment to power remote marine instruments has also been explored
in several reports.

For applications on a smaller scale, BFCs operating on high
energy density fuels have the potential to power portable electronic
devices, though current power densities are still far from the tar-
get figures of ~100 mW (Sakai et al., 2009). In vivo application of
bio-fuel cells, either for powering small implantable devices or as
biosensors, are more promising for the short term due to their low
power requirements. Short life times are, however, a major issue.

5. Biofuel cell designs and configurations

The classical design of an BFC is based on two chambers contain-
ing the anode and cathode, separated by a ion-selective membrane
(Bullen et al., 2006). Such cells can be operated in either batch or
continuous mode. For wastewater treatment (MFCs), an up-flow,

two-chamber design was developed by He et al. (2005), operating in
continuous mode. The system exhibited a high internal resistance
of 84 Q2. A membrane-less version was constructed by Jang et al.
(2004), with, however, a considerably higher internal resistance of
3.9 M. Removing the membrane can lead to higher power outputs
but the cells must be carefully designed for high reaction selectiv-
ity in order to avoid low coulombic efficiencies (due to transport of
oxygen to the anode). For scale up and reduced cost, on the other
hand, the concept of a membrane-less, single chamber design is
highly attractive. Moreover, the use of a ferricyanide solution and
aeration in the cathode compartment are not desirable. Park and
Zeikus (2003) developed an MFC with a Mn#* graphite anode and air
cathode containing an internal, proton-permeable porcelain layer.
Liu and Logan (2004) simplified the design by using a carbon-paper
air-breathing-cathode (direct O, reduction, catalysed by platinum)
without a membrane in a tubular arrangement. The cell exhibited
a higher power density than an equivalent membrane-containing
cell but with a much reduced coulombic efficiency. An alternative
arrangement was developed by Rabaey and Verstraete (2005), in
which a granular graphite matrix anode was housed in a tubular,
sealed membrane covered by a woven-graphite cathode (soaked in
a ferricyanide solution).

Immobilisation of the enzymes/mediators opens up the possi-
bility of single compartment EFCs. There are, however, very few
examples of membrane-less or separator-free EFCs. The first single-
chamber EFC was developed by Katz et al. (1999b), consisting of
two immiscible electrolytes separated by a liquid-liquid interface,
allowing DET to take place. GOx apo-enzyme was reconstituted a
PQQ-flavin adenine dinucleotide phosphate (FAD) monolayer asso-
ciated with an Au electrode (see Section 7). The cathode consisted
of an Au electrode onto which a microperoxidase-11 monolayer
was assembled and for which cumene peroxide was used as the
oxidiser. Ramanavicius et al. (2005) constructed a single-chamber
EFC operating with immobilised alcohol dehydrogenase (AlcDH)
on a carbon-rod anode and co-immobilized GOx/microperoxidase
on a carbon-rod cathode. The power density, around 10 n\W cm~2,
was low and the operational half-life was only 2.5 days. A DET,
single-chamber H,/O, cell with hydrogenase at the anode and
fungal laccase at the cathode was constructed by Vincent et al.
(2005), again, however, with a low power density. A more system-
atic selection of the enzymes and electrode materials by Kamitaka
et al. (2007) led to a single-chamber, membrane-less fructose/O;
cell capable of power densities on the order of 1 mW cm~2; fruc-
tose dehydrogenase (FDH) was immobilised on a Ketjen-Black (KB)
modified carbon paper and multi-copper oxidases were immo-
bilised on a carbon paper cathode modified with KB and a carbon
aerogel. Coman et al. (2008) instead used cellobiose dehydro-
genase (CDH) and lacasse for a glucose/O, system, which was
capable of only 5uW cm~2. More recently, Wang et al. (2009)
immobilised GOx (anode) and laccase (cathode) on porous sili-
con substrates with pre-deposited carbon nanotubes to form a
membrane-less, mediator-free glucose EFC. Again, the power den-
sity (1.38 wW cm—2) was low and decreased by a factor of almost 5
after 24 h.

6. Enzymatic fuel cells

The two major problems in enzyme-based systems are the short
lifetime of the enzyme caused by a reduction in its stability when
functioning in a foreign environment, and the low power densities
resulting from a low electron transfer rate from the enzyme active
site to the electrode (Kim et al., 2006). The bulk of the research in
enzymatic fuel cells has been directed at enzyme/electrode inte-
gration methods that alleviate these problems. The short lifetime
(a few hours) is an inherent characteristic of enzymes even in their
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natural environment, but the lifetime may be increased to a few
days by immobilization (Kim et al., 2006).

Enzymes used in fuel cells are of the oxidoreductase family
(capable of catalysing oxidation and reduction reactions). They can
be categorised into three groups, according to the type of electrical
communication (Heller, 1992) or to their associated redox cofac-
tors. The first group consists of PQQ-dependent dehydrogenases,
e.g. AlcDH, glucose dehydrogenase and glycerol dehydrogenase.
Each is structurally different, but most have multiple metal cen-
ters and the coenzyme PQQ is bound to the enzyme. The second
group includes those with a nicotinamide adenine dinucleotide
(NADH/NAD™") or nicotinamide adenine dinucleotide phosphate
(NADPH/NADP") cofactor, e.g. glucose dehydrogenase and AlcDH.
In this case, the redox center is usually loosely bound and may
diffuse away. This allows the enzyme to transfer electrons to the
electrode by the diffusing center, although the diffusing enzyme
site may be lost, especially in continuous flow systems. Covalent
linking of such enzymes needs to maintain a flexible link, allow-
ing reversible movement between the protein structure and the
electron acceptor. Enzymes in the third category have a tightly
bound FAD redox cofactor that is buried deep inside the pro-
tein structure, which makes extraction of the electrons difficult.
The most commonly used enzyme, GOx, belongs to this group. In
an aqueous solution, the redox potential of FAD at the enzyme
active site is negative, making it ideal for the anode side of a
biofuel cell if DET can be achieved. However, systems employ-
ing GOx are typically mediated, although it is possible to achieve
DET using nanostructured electrodes as discussed later (Xiao et al.,
2003; Zayats et al.,, 2005; Cai and Chen, 2004; Patolsky et al.,
2004).

For biological cathodes, the enzymes are typically multi-copper
oxidases, which are capable of a four-electron reduction of O, to
water and have a high specificity towards this reaction (Solomon
et al., 1996). Examples include plant and fungal laccases (Chen
et al.,, 2001) and BOD (Mano et al., 2003). Laccases are generally
employed under slightly acidic conditions, while BOD has activity
in more alkaline media, which allows it to be used at neutral pH.
Cytochrome oxidase and cytochrome c have also been employed. In
the case of H,0; reduction, microperoxidase (Willner et al., 1998a;
Katz et al., 1999b) and horseradish peroxidase (Pizzariello et al.,
2002) are commonly used as enzymes.

7. Enzyme and mediator immobilization

Immobilisation of the enzyme can has several advantages,
including isolation of the enzyme for reaction, increased selectiv-
ity, improved mass transfer and long-term stability (Cao, 2005). It
also has the advantage of separating the enzyme from the mixture
containing the substrate, allowing for more modular cell designs.
On the other hand, it can affect the stability and/or activity of the
enzyme, it can introduce additional mass-transfer limitations on
the substrate and it involves additional costs. Stability is clearly
a key consideration. The stability of the immobilised enzyme will
depend on the nature and strength of the bonds to the support
material, the conditions required for immobilisation, the degree of
confinement and the conditions under which the enzyme reactions
occur in a functioning electrode. The method of immobilization
must be selected carefully to avoid denaturing of the enzymes and
loss of structural freedom required for their activity (Moehlenbrock
and Minteer, 2008; Cooney et al., 2008).

The main immobilisation techniques for biosensors and EFCs are
(Tischer and Wedekind, 2000): physical surface adsorption with
diffusional mediators, or mediators co-adsorbed with an enzyme;
entrapment in conducting polymer matrices or gels; wiring or
covalent attachment to functionalised polymers; and apoenzyme

reconstruction. Nano-structured elements can also be used as sub-
strates for binding, or incorporated with one of the aforementioned
techniques for enhanced electrical conductivity and stability.

The simplest method of enzyme immobilization is physical
adsorption or entrapment. Enzymes can be adsorbed, for example,
onto conductive particles such as carbon black or graphite powder
(Pizzariello et al., 2002). The methods are straightforward and cost-
effective. If the binding forces (primarily electrostatic) between the
enzyme and the support are too weak, however, the enzymes can
desorb and contaminate the solution; if they are too strong, denat-
uration can occur during the immobilisation process. Entrapment
involves the confinement of the enzyme within a polymer matrix,
a sol-gel (Kandimalla et al., 2006), a redox hydrogel (Gregg and
Heller, 1991) or behind a semi-permeable membrane. The structure
must permit a sufficient degree of enzyme movement, while simul-
taneously preventing any leaching of the enzyme and/or mediator.

Isolated enzymes can be covalently bonded to supports (e.g.
porous glass, cellulose, ceramics, and metallic oxides) via different
functional groups on the support and enzyme, often in the presence
of enzyme inhibitors. Reagents are used to activate the functional
groups on the support. The functional groups on the enzyme, which
include amino, carboxylic acid and hydroxyl groups, should not be
essential for catalytic activity. The conditions for this type of immo-
bilization are important since they determine the level of enzyme
activity retention. Cross-linking consists of joining enzymes to form
three dimensional aggregates via covalent bonding between active
groups within the enzymes. The aggregates exhibit low mechanical
stability and the retained enzymatic activity can be low using this
method (Sheldon, 2007).

Covalent bonding and cross-linking are commonly used
to immobilise enzymes on self-assembled monolayers (SAMs)
(Gooding and Hibbert, 1999). In the context of biosensors, the
most studied SAMs are those formed by alkanethiols chemisorbed
from solution onto gold surfaces (Dubois and Nuzzo, 1992). Despite
the many advantages of these SAMs (simplicity of preparation,
densely packed structures and control over functional groups at the
monolayer surface), they are prone to instability (Schoenfisch and
Pemberton, 1998; Delamarche et al., 1994; Gooding et al., 2003).
To improve stability, several research groups have used covalent
modification of carbon surfaces via electrochemically reductive
adsorption of aryldiazonium salts (Allongue et al., 1997; Saby et al.,
1997; Kariuki and McDermott, 2001; Brooksby and Downward,
2004). The resulting monolayers are highly stable over a wide
potential window (Allongue et al., 1997). In recent studies, gold,
graphite and glassy-carbon (GC) electrodes were functionalised
using aryldiazonium salts bearing carboxylic acid groups (Pellissier
et al,, 2008; Boland et al., 2009a). Pellissier et al. (2008) grafted a
GOx layer on a GC electrode modified using this method, through
coupling with peripheral amine groups of the GOx. This enzyme
layer was used as an anchoring base onto which a cross-linked
enzyme layer was subsequently deposited, before testing the elec-
trode using a GC rod counter electrode. The authors demonstrated
that these modified electrodes retained much of their activity after
6 weeks, while control electrodes prepared by depositing the cross-
linker and GOx directly onto the GC had lost all activity within only
1 week.

Sol-gel glass is produced by the hydrolysis and polycondensa-
tion of organometallic compounds (typically silicon alkoxides) at
low temperature (Lin and Brown, 1997). Enzymes can be intro-
duced during the formation of the sol-gel (the ‘sol-gel process’),
leaving them entrapped around siloxane polymer chains within
an inorganic oxide network. The final matrix structure can be
controlled by the pH, the temperature, the choice of solvent and
the choice of catalyst, amongst other considerations. The main
advantages of this method in the context of biosensor and biofuel
applications are: simplicity of preparation; the ability to control



Table 1

Summary of key enzymatic fuel cell developments

Anode Cathode Electrolytes/membrane Prax (cwcm—2) Vor j at Pmax OCV (V) Remarks Reference
Mitochondria immob. Air-breathing 10mM, 7.45 PBS, 6 M 0.0315f,0.024 (average) 0.1" mAcm—2 - Air cathode/ Arechederra et al.
in modified Nafion on Pt-C/membrane NaNOs, 100 mM membrane assembly (2009)
C-electrode assembly pyruvate, 1gL-! ADP
AlcDH/AldDH/oxalate Air-breathing Pt 7.15 pH PBS,6 M 1.32 2 mAcm~2 (0.66 V1) - Air cathode/membrane Arechederra and
oxidase in modified -C/membrane NaNO; 100 mM assemble Minteer (2009)
Nafion on C-paper assembly glycerol
GOx [HQS (mediator) Laccase /ABTS 5 pH PBS, 10 mM 0.027 025V 0.41f Brunel et al. (2007)
in PPy on Carbon rod (mediator) in PPy on glucose, N, purged,
porous carbon tube 37°C, separate O,
solution circulated
inside cathode
CDH adsorbed on Laccase adsorbed on 0.1 M citrate buffer, 4.5 5% 1073 0.5V 0.73 Membrane/mediator- Coman et al. (2008)
graphite graphite pH, 5mM glucose, air less. Enzyme
saturated desorption causes
current/power loss.
5 bilayers of Similar to anode, using 0.1 M, 6 pH PBS, 5mM 0.178 0.226V 0.32 SCC=0.752mA cm 2 Deng et al. (2008)
AuNPs/GDH on three laccase as catalyst NADH, 30 mM glucose
dimensional ordered
macroporous,
cystamine treated Au
electrode
Cross-linked clusters of Air breathing Pt -C Un-buffered, 200 mM 0.12 0.1V 0.33 MEA assembly. Better Fischback et al. (2006)
GOx and CNTs on CF cathode (0.332 cm?) glucose, 10 mM initial performance but
electrode (0.332 cm?) benzoquinone degrades quickly in
buffered solutions due
to cation interference
with proton transport.
GDH on poly(brilliant Cross-linked BOD on 0.1 M PBS, 7 pH, 10 mM 0.054 0.5V 0.73 Membrane-Less. 5% P Gao et al. (2007)
cresyl blue)/SWCNT/GC SWCNT on same NAD*, 40 mM glucose, loss in first day. 46%
rod (3 mm diameter) carbon electrode ambient air loss in one week
GOx ‘wired’ through BOD ‘wired’ through 20mM PBS, 7.24 pH, 0.315 0.46'V - Membrane-less. Gao et al. (2009)
PVP-Os complex with PAA-PVI-Os complex 0.14 M NacCl, 15 mM Commercial enzyme
cross-linking on 2 cm with cross-linking on glucose, 37°C stock purified before
long, 7 um diam. CF similar electrode usage. Operating cell
for 1 week at 0.52V
lost 6% of power output
per day
Au;oPts3o bi-metallic BOD /ABTS in modified 7.4 pH, PBS, 0.7M 0.19, 0.09 (10 mM glucose) 0.52V, 0.4V (10mM glucose) 0.891 Abiotic anode. Habrioux et al. (2009)
nanoparticles on inner Nafion on inner surface glucose, 37°C Concentric design.
surface of carbon tube of porous carbon tube Membrane-less
(4.4cm?, 1.4cm diam.) (6 mm diam.)
FDH adsorbed on Laccase adsorbed on Mcllvaine buffer, 5 pH, 0.85 (stirred), 0.39 (unstirred) 041V 0.79 SCC=2.8mAcm~2 Kamitaka et al. (2007)
Ketjen's black carbon aerogel 200 mM fructose, O, (stirred), 1.1 mA cm—2
(0.282cm?) particles (0.282 cm?) saturated, 25°C (unstirred). Power
drops to 63% after
12 hours. 4 cells in
series operate 1.8V
LED for ~60 days.
GOx [HQS immobilized BOD /ABTS in 7.4 pH, PBS, 15 mM 0.28 0.15V 0.35 SCC=2.9mAcm~2 and Kim et al. (2009)
in polypyrrole polypyrrole film glucose maximum power
nanowires (0.15 cm?) (0.35cm?) density with 200 nm

diam. 16 wm length
nanowires.
Membrane-Less

201€-280€ (110Z) 9Z SI1U01303]201g PUD SI0SUISOIG /D 12 UDWISO "H'

€£60¢€



Table 1 (Continued)

Anode Cathode Electrolytes/membrane Prax (cwcm~2) Vorjat Pmax 0OCV (V) Remarks Reference
GOx covalently BOD covalently 0.1 M PBS, 7 pH and 0.15 035V 0.61 Anodic current Kuwabhara et al. (2009)
attached to attached to same either 0.1 M glucose, decreased to 50% while
3-methylthiophene copolymer TmMN, N, N, cathodic current
(3MT) and N'-tetramethyl-p- decreased to 75% the
thiophene-3-acetic phenylenediamine, N, initial values after 1
acid (T3A) copolymer saturated or 1 mM month
ABTS, O, saturated in
either compartment
separated by Nafion
membrane
Au electrode- Au Anolyte: 0.1 M tris 0.142 017V 0.341 LDH immobilization Lee et al. (2009)
cystamine-PQQ-LDH electrode-cystamine- buffer, 7 pH, 20 mM carried in presence of
monolayer microperoxidase CaCl,, 20 mM NAD*, CaCl, promoter, NAD",
11 20 mM lactate. and lactate found to
Catholyte 0.1 M PBS, 7 increase power by 26%
pH, 1 mM H,0,, ABTS. compared to
Nafion separator. immobilization
without.
Latex draw chemical Similar immobilization 0.1 M PBS, 7 pH, 0.442 046V 1.5t Cell operated for more Lee et al. (2010)
structure GOXx for laccase glucose, 0, 25°C 5 days with power in
/single-stranded excess of
DNA-wrapped SWCNT 0.43mW cm—2.
on cystamine DNA-wrapped SWCNT
dihydrochloride found to increase
treated Au electrode enzyme loading.
(0.0314cm?)
Polyethylene glycol BOD /SWCNT in silica Anolyte: 4mM 0.12, 0.086 (ambient air) 0.24V, 0.21V (ambient air) 0.48 Lim et al. (2007)
diglycidyl ether) GOx gel ferrocene methanol,
/SWCNTs in silica gel 100 mM glucose.
Catholyte: 8 mM ABTS,
0, saturated. Room
temperature. Nafion
separator.
Penicillium pinophilum Laccase /PVP-Os 20 mM citrate buffer, 5 0.28 0.88V - GOx sourced from P. Mano (2008)
sourced GOx [PVP-Os complex, cross-linked pH, 37°C, 5 mM pinophilum allows
complex, cross-linked, on 2cm long, 7 wm glucose higher power density
on 2cm long, 7 wm diam. CF at lower fuel
diam. CF concentration than
tradition A. niger but
unstable at neutral pH.
3% power loss per day
for first 2 weeks.
GDH /NAD* in Ketjen’s BOD in Ketjen’s black PBS, 50 mM glucose, 0.052 0.3V 0.64 SCC=0.223mAcm™2. Miyake et al. (2009)
black on GC (0.07 cm?) 0, saturated Membrane/mediator-
less
AldDH adsorbed on AlcOD/microperoxidase- 50 mM sodium acetate, 1.5x 1073 - 0.24 Ethanol as substrate for Ramanavicius et al.

graphite electrode

8 adsorbed on graphite
electrode

6 pH, 100 mM KCl,
2 mM ethanol

both half-reactions.
Power decreases to half
initial value after 26 h
of operation

(2008)

¥60¢

201€-280€ (110Z) 9Z SI1U01303]201g pUD SI0SUISOIG /D 12 UDWISO "H'



4 layers of (CF/
poly-L-lysine/ GDH

/diaphorase/NADH/vitamin

Ks/polyacrylic acid
sodium salt) (1 cm?
each)

CDH |
polyvinylpyridine- Os
complex/SWCNTs on
graphite rods (3.05 mm
diam.) with
cross-linking

PLL-
Ks/diaphorase/GDH on
GC (0.07 cm?)

AlcDH/ AldDH | NAD*/
modified Nafion on
polymethylene green
anode

LDH /modified Nafion
with CaCl; on CF paper
(1cm?)

Porous
Si-functionalised
SWCNT-GOx

Covalently linked
SWCNT-NAD*
deposited on classy
carbon. AlcDH
attached to NAD*
through affinity, and
cross-linked

GOx | MWCNTs/Nafion
on carbon felt
(0.33cm?)

Air-breathing, 2 layer
of (CF sheet/
Ks[Fe(CN)s]/PLL/ BOD)
(1cm? each)

Pt —-C (area > anode
area)

Poly-dimethylsiloxane
coated Pt cathode

BOD /modified Nafion
on 1cm? CF paper.
Dried then soaked in
Ru(bpy)32* mediator

Pt -C black

Porous
Si-functionalised
SWCNT-laccase

Thioanaline modified
BOD copolymerized
with thioanaline
capped Pt
nanoparticles on Au
electrode with
thioanaline monolayer
with crosslinking.
Air-breathing Pt
cathode

0.1 M, 7 pH, (PBS),
room temperature,
0.4 M glucose.
Electrodes stacked
with cellophane
membrane in a single
assembly.

PBS, 7.4 pH, 37°C,

0.1 M glucose, O,
purged, non-quiescent

PBS, 7 pH, 5mM
glucose, 1 mM NAD",
37°C

7.15 pH, PBS, 1 mM
ethanol, 1 mM NAD",
room temperature

Anolyte: 7.15 pH, PBS,
25 mM lactate.
Catholyte: 1 M Nadl,
dissolved O, 20°C.
Nafion Separator

PBS, 4 mM glucose, air
bubbling, stirred. 5 mm
inter-electrode
distance

0.1 M PBS, 7 pH, 40 mM
ethanol |, O, saturated

100 mM glucose,
10mM
1.4-benzoquinone.
Nafion/electrode
assembly

1.45 03V
0.157 0.28V
0.032 0.29V

0.39, 0.83 (with Nafion membrane) -

0.022 -

138 x 1073 99mV
0.2 0.55' v
0.077 051V

0.8

0.5

0.55

0.51, 0.68 (with Nafion)

0.85

0.62

0.57

SCC=11mAcm2.

Current drops to half
initial value after 18 h

Power increases to a
maximum of

0.46 mW cm~2 then
rapidly drops after 20
days.

Testing over 45 days
without any claimed
degradation in
performance

Lower power density

(0.35x 1973 mWcm~2)

at higher voltage
(0.357V) when
SWCNTs grown by
chemical deposition
followed by carboxyl
group attachment
rather then
electrophoretic
deposition of
pre-functionalised
SWCNTs.

Maximum power at
0.37 mAcm—2

Sakai et al. (2009)

Tasca et al. (2008b)

Togo et al. (2007)
Topcagic and Minteer

(2006)

Treu and Minteer
(2008)

Wang et al. (2009)

Yan et al. (2009)

Zheng et al. (2008)

 Values not explicitly reported, but estimated from graphical results.
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the porosity; the chemical and mechanical stability of the gel; and
negligible swelling (Lin and Brown, 1997; Wang, 1999).

A method to co-immobilise the enzyme and mediator (designed
to prevent mediator leaching) was developed by Heller and co-
workers, who used soluble redox hydrogels to construct biosensors
and, subsequently, miniature biofuel cells (Chen et al., 2001; Mano
et al., 2002b; Soukharev et al., 2004; Heller, 2004, 2006). In this
method the enzyme is complexed with a redox polyelectrolyte
forming a water soluble adduct, which is cross-linked on the elec-
trode surface. The cross-linked polymer swells on contact with
water to form a hydrogel, to which the enzymes are covalently
bound. The enzymes are electrically connected to the electrode
by a redox network and are said to be ‘wired’; electron conduc-
tion is predominantly controlled by collisional electron transfer
between the reduced and oxidized (transition metal-based) redox
centers tethered to the polymer backbone. Popular choices for
the polymer backbone are polyvinylimidazole, polyallylamine and
polyvinylpyridine (PVP) and the redox centres are typically osmium
(Os) or ruthenium complexes (Gregg and Heller, 1991). Os com-
plexes are particularly useful due to the ease with which the redox
potential can be tuned by chemical modification of the complex
(Kavanagh et al., 2009). They can be tethered flexibly to poly-
mer backbones, improving the electron transfer kinetics between
the enzyme and electrode (Stoica et al., 2009). The mechanical
strength of the hydrogels and the electron transfer rate can be
improved by using spacers that connect the redox-active centers to
the cross-linked networks. These spacers provide additional flexi-
bility and improved collisional electron transfer. The lengths of the
spacers are important; optimally between 8 and 15 atoms (Heller,
2006; Mano et al., 2005; Mao et al., 2003). The redox potentials of
the hydrogels are determined by the transition metal ion of their
complex and by its ligands, so they can be tailored to a specific
enzyme/reaction combination (Heller, 2006; Kim et al., 2003). An
example of a redox polymer structure, developed by Mao et al.
(2003), is given in Fig. 3(a). The authors tethered a tris-dialkylated
N,N’'-biimidazole 0s2*/3* complex to the backbone of a PVP poly-
mer via 13-atom spacers. An order of magnitude increase in the
apparent electron diffusion coefficient was observed when com-
pared to a structure without spacers, used earlier by the authors.
Furthermore, oxidation of glucose was found to occur at potentials
close to the reversible potential of the FAD/FADH, centers of the
enzyme.

Realising DET using GOx is difficult due to the deeply embed-
ded nature of the active FAD sites. The same applies for PQQ and
heme containing enzymes. In an attempt to overcome this issue,
Willner and co-workers introduced a method based on reconsti-
tuting apo-enzymes on functionalised electrodes (Willner et al.,
1996, 1998a,b; Xiao et al., 2003) (see Fig. 3(b) for an illustration).
In one example, gold nanoparticles were linked to a gold electrode
by a dithiol bridge, while amino-FAD was linked to the particles
(Xiao et al., 2003). The FAD cofactor units were extracted from
GOx to give the apo-enzyme, which was reconstituted on the FAD-
functionalised particles. The gold nanoparticles were seen to act
as electron relays between the FAD redox site and the electrode.
Similarly, PQQ-dependent GDH was electrically wired by the recon-
stitution of apo-GDH on PQQ-functionalised nanoparticles (Zayats
etal.,2005). Patolsky et al. (2004) instead reconstituted apo-GOx on
FAD units linked to the ends of single wall carbon nanotubes (SWC-
NTs) assembled on a gold electrode, motivated by the efficient DET
between SWCNTs and absorbed GOx redox active sites (Guiseppi-
Elie et al., 2002; Cai and Chen, 2004). The authors deduced that the
SWCNTs behaved as electrical contacts between the active site of
the enzyme and the electrode. Such electrodes, using either single-
walled or multi-walled CNTs (Ivnitski et al., 2006; Zhang et al.,
2003) display good stability and sensitivity (Cai and Chen, 2004;
Wang et al., 2003; Lin et al., 2004).

A summary of recent key developments in EFCs are presented
in Table 1. They are discussed in detail in the sequel.

7.1. Physical immobilisation of enzymes and mediators

Tasca et al. (2008a) investigated the direct electron transfer
(DET) capabilities of different CDHs adsorbed on a graphite elec-
trode in the presence or absence of SWCNTs. SWCNTs were found
to increase the electrocatalytic current, the onset of which was
shifted to more negative potentials. CDH is composed of a large
flavin-associated domain and a smaller heme-binding domain that
allows direct electron transfer to the electrode. A membrane-less
fuel cell was constructed using Phanerochaete sordida CDH coad-
sorbed with SWCNTSs, together with a Pt/C cathode. A solution with
0.1 M, 4.5 pH citrate buffer containing O, and 5mM lactose was
used. The open circuit voltage was 590 mV and a maximum power
density of 0.032 mW cm~2 at 430 mV was obtained. CDH was also
adsorbed on graphite in a fuel cell with laccase immobilized in a
polymer (Coman et al., 2008). The power density (0.005 mW cm~2)
was lower than the SWCNT system of Tasca et al. (2008a), but the
cell voltages achieved were slightly higher.

In a similar fashion to CDH, FDH contains a heme group that
should in principle allow direct electron transfer to the electrode.
Previous investigations, however, were not successful in achieving
practical currents. Kamitaka et al. (2007) immobilized FDH from
Gluconobacter sp. by adsorption on a Ketjen’s black (KB) modified
carbon-paper anode that was capable of 4 mA cm~2. Combined with
a laccase biocatalyst from Trametes sp. adsorbed on a carbon aero-
gel cathode, a membrane-less bio-fuel cell was constructed and
operated at room temperature in an O, saturated, 5 pH Mcllvaine
buffer containing 200 mM fructose. Under stirred conditions, to
alleviate the O, mass transfer limitation, a maximum power den-
sity of 0.85 mW cm~2 at 410 mV was obtained and the open circuit
voltage was recorded as 790 mV. The power output decreased to
63% of the maximum after 12 h of continuous operation. Under
low power conditions, 4 cells connected in series continuously
powered a small light-emitting diode for 60 days. Since the cell
was operated at low power output for two months, the short life-
time was unlikely to be due to enzyme desorption but rather to
a loss of activity during continuous operation at a high current
density.

Though stirring is not usually desired in real applications, it
is often used in systems to improve mass transport and increase
the power output. Katz et al. (2005) investigated the effects of a
constant magnetic field applied parallel to the electrode surface in
surface-confined bio-electrocatalytic systems. In the two systems
of GOx-FAD-PQQ and lactate dehydrogenase (LDH)/NAD*-PQQ, in
which the current was limited by mass transport, it was found that
the current increased by a factor of three when a magnetic field
(0.92T) was applied. This improvement was brought on by a mag-
netohydrodynamic effect, engendering a magnetic force on the ions
in solution, and thus decreasing the hydrodynamic layer thickness
and increasing the current density.

Glucose dehydrogenase (GDH) was later immobilized with its
cofactor, NAD* on KB, supported on a GC rod (Miyake et al., 2009).
Together with a BOD/KB cathode, the constructed fuel cell was
operated in an O, saturated phosphate buffer solution (PBS) con-
taining 50 mM glucose. It achieved a maximum power density
of 0.052mW cm~2 at 0.3V with an open circuit voltage (OCV) of
0.642 V.

Physical adsorption is attractive due to its simplicity, although
enzyme retention is usually problematic. A review of systems
employing simple adsorption shows that, despite exhibiting ‘nor-
mal’ cell voltages, they have low power densities compared to
alternative systems based on the same biocatalysts. This indicates
either poor electron transport despite the direct capabilities, or is
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possibly a result of the low maximum enzyme loadings that can be
achieved.

7.2. Enzyme immobilisation in polymers

Early hydrogel-modified electrodes in EFCs performed well over
a period of a few days but suffered long-term stability issues
(Calabrese-Barton et al., 2004). Amongst the causes of lost activity
were (a) leaching of components from the cross-linked matrix and
(b) hydrogel loss (Binyamin and Heller, 1999; Boland et al., 2009b).
A recently developed method for improving stability consists of
anchoring the hydrogel to the electrode surface via covalently
attached tether groups (Boland et al., 2009b; Lehr et al., 2010).
Boland et al. (2009b) compared the current densities and stabilities
of pre-treated and bare graphite and Au electrodes. The pre-treated
graphite electrodes were functionalised to yield the amine func-
tional groups by electrochemical reduction of a diazonium salt
from 1,4-phenylenediamine. An Os-based redox polymer was then
cross-linked on the bare and pre-treated electrodes, with GOx on
the anode and BOD on the cathode. For both electrodes, retention
of activity was vastly improved by pre-treatment, although the test
times of 48 h were still rather short. The authors postulated that
the improved stability was due to the presence of amine groups
on the pre-treated surfaces; these groups are amenable to anchor-
ing of the hydrogel through reaction with the oxirane ring of the
crosslinker.

Recently, Sakai et al. (2009) prepared an anode by successively
applying solutions of poly-L-lysine (PLL), GDH, diaphorase, NADH,
vitamin K3 and polyacrylic acid sodium salt to four separate car-
bon fiber (CF) sheets. A membrane electrode assembly (MEA) was
constructed by combining the anode with a cellophane membrane
and an air-breathing cathode, fabricated by successively treating
two CF sheets with K3[Fe(CN)g], PLL and BOD solutions. A bio-fuel
cell containing the MEA and a 0.1 M, 7 pH PBS at room tempera-
ture with 0.4 M glucose yielded a power density of 1.45 mW cm—2
at 0.3V with an OCV of 0.8V and a short circuit current (SCC) of
11mAcm~2. The diaphorase biocatalyst was used for a reduced
overpotential oxidation of NADH with vitamin K3 as the electron
mediator. Two cells were then connected in series to operate a small
toy car (16.5 g) for more than 2 h continuously. The assembled unit
had a power output of 100 mW, a volume of 80 cm3, and a weight
of 39.7 g, of which 16.1 g was the fuel solution.

LDH is one of the many PQQ dependent enzymes capable of DET
through a heme group (Treu and Minteer, 2008). Treu and Minteer
(2008) isolated PQQ-dependent LDH bound to the outer mem-
brane of Gluconobacter and purified them through ion exchange
chromatography. The enzyme was immobilized with a tetrabuty-
lammoniumbromide (TBAB)-modified Nafion solution on CF paper.
CaCl, was also used in the immobilization since Ca2* ions are used
to coordinate the PQQ cofactor with the apoenzyme. The anode was
combined with a Pt cathode and a Nafion membrane.

Khani et al. (2006) explored the use of alginate polymer beads in
a low cost, simple method for enhanced enzyme retention. It was
found that the use of pure alginate or alginate/carbon beads for the
immobilization of GOx and laccase maintained 75% and 91% of the
enzymatic activities, respectively, and doubled the active half-life
of the enzymes. The rates of activity loss for entrapped laccase and
BOD were 0.6% and 1.14% per day, respectively. While the turnover
rate of GOx improved with the alginate beads (compared to a solu-
tion), the opposite was true for laccase. The Michaelis—-Menten
constant for GOx in the alginate beads increased by almost a fac-
tor of four, an effect that was explained by the limited substrate
concentration near the enzymes.

Polymers containing redox mediator metal complexes have
been used in the immobilization of GOx (Mano et al., 2005; Mano,
2008; Gao et al., 2009), lacasse (Calabrese-Barton et al., 2001;

Soukharev et al., 2004; Barriere et al., 2004; Gallaway and Calabrese
Barton, 2008) and BOD (Mano et al., 2002a). Mano (2008) used Os
based metal complexes attached to a PVP polymer in addition to a
crosslinking agent to wire GOx and laccase to two 7 wm diameter
x2 cm long GC electrodes. The GOx was sourced from P. pinophilum
rather than the traditional Aspergillus niger since it has a lower
Michaelis constant (which is needed for operating the miniature
fuel cell in a glucose concentration similar to that found in physi-
ological conditions, 5-8 mM). In a 20 mM citrate buffer with 5 mM
glucose at 5 pH (optimum for GOx) and 37°C, the fuel cell was
capable of producing 0.28 mW cm~2 at 0.88V, and operated con-
tinuously for 1 month at a power loss of 3% per day for the first 2
weeks. At neutral pH, however, Penicillium pinophilum is unstable
and denaturation of the enzyme was found to occur; the optimum
pH was in the range 4-6.

Gao et al. (2009) investigated the performance of different poly-
mer backbones and a 7.24 pH PBS, GOx from A. niger, containing
15 mM glucose and atmospheric O,. The main purpose of this study
was to investigate the effect of purifying the enzyme. Commer-
cial enzyme stocks usually contain other chemical elements whose
exact composition is unknown. Purification of the stock was found
to improve the specific activity and the performance of a fuel cell
compared to non-purified enzymes.

Organic polymers have also been wused to covalently
attach enzymes. In the work by Kuwahara et al. (2009),
3-methylthiophene and thiophene-3-acetic acid were co-
polymerised into a film on a gold coated alumina plate.
Subsequently, GOx and BOD were covalently attached to the
carboxyl groups of the polymer. Appropriate mediators were used
in the two PBS (7 pH) solutions separated by a Nafion membrane.
The anolyte was saturated with nitrogen and contained 0.1 M
glucose while the catholyte was saturated with O,. The OCV and
maximum current density, both higher with BOD/copolymer than
with Pt/C cathodes, were 0.61V and 0.15mWcm~2 at 0.35V.
Periodic measurements of the separate half-cell currents showed
that the anodic current decreased by 50% over one month, while
the cathodic current decreased by 25%.

Brunel et al. (2007) made a membrane-less bio-fuel cell using
porous tubes supplied internally with O, and containing the bio-
catalyst at the outer surfaces exposed to the anolyte. GOx and
its mediator, 8-hydroxyquinoline-5-sulfonic (HQS) acid, were co-
immobilized in polypyrrole (PPy) polymer and the cathode was
similarly prepared using laccase and its mediator, 2,2'-azinobis
(3-ethylbenzothiazoline-6-sulfonate) diammonium salt (ABTS), on
a porous carbon tube. A solution of nitrogen saturated PBS and
10mM glucose at 37° C was used. A separate solution contain-
ing dissolved O, was circulated inside the cathode. At a pH of 5, a
maximum power density of 0.027 mW cm~2 at 0.24 V was obtained.
This decreased to 0.020 mW cm~2 at 7 pH. Some degree of leakage
of the ABTS mediator was observed. The cell was tested intermit-
tently after being stored at 4 ° C and retained 80% of its initial power
density after 1 month.

Tamaki and Yamaguchi (2006) have immobilised a quinone
mediator on a flexible spacer to polymer grafted on carbon black
(Tamaki and Yamaguchi, 2006; Tamaki et al., 2007). The electrode
was then immersed in GOx solution, and a cross-linking agent was
applied after drying. The aim was to create a three-dimensional
structure where the electron conduction was divided between the
carbon particles and the redox polymers.

The DET of GOx has been established using a simple anode fabri-
cation method and without the use of nanomaterials. In the work by
Wang and Chen (2009), GOx was immobilized in PLL on a GC elec-
trode, before a layer of Nafion was applied. Electrochemical tests
on the Nafion-PLL-GOx anode showed reversible electrochemical
behavior of the GOx and a performance similar to that using nano-
materials.
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Rather than using polymers applied as films, Kim et al. (2009)
prepared an anode using PPy nanowires to immobilize GOx and its
mediator, HQS, on a nanoporous anodized aluminum oxide elec-
trode. Different nanowire lengths, diameters, and electrode base
preparation methods were tested, along with a single cathode made
by immobilizing a mixture of laccase and its mediator, ABTS, in a
PPy film on a gold electrode. With increasing nanowire length, the
cell showed a decrease in OCV and an increase in the power density,
which reached 0.28 mW cm~2 (at 0.15 V) using a 200 nm diameter
x16 wm length wire. This system suffered from low operating and
open-circuit cell voltages, probably due to the high resistance of the
long nanowires. The voltage was found to increase using 350 nm
long wires grown directly on the Au surface, but the current and
power output would be expected to decrease due to a decrease in
the available surface area for enzyme immobilization.

7.3. Reconstructed apoenzymes and sol-gels

Monolayers of enzymes covalently bonded through redox relay
molecules have been used for the construction of anodes (Zayats
etal.,, 2008, and references therein). Lee et al. (2009) attached NAD* -
dependent LDH to PQQ electron mediators, which were in turn
attached to a gold electrode by a cystamine monolayer. The nov-
elty of the method introduced was that the final step of covalent
attachment of LDH was performed in the presence of the NAD*
cofactor, lactate substrate, and Ca2*, which helped to promote a
favorable orientation of the LDH after immobilization. The bio-
electrochemical oxidation reactions of NADH, mediated by PQQ and
leading to an electron transfer to the anode are (Shukla et al., 2004):

NADH + PQQ + H* — NAD* + PQQH, (4)
PQQH; — PQQ + 2H™ + 2 e~ (to anode) (5)

The anode was combined with a cathode composed of microper-
oxidase (MP-11) attached to a monolayer of cystamine on a gold
electrode. The anolyte consisted of 0.1 M, 7 pH, tris buffer con-
taining optimized solution concentrations of 10 mM CaCl,, 10 mM
NAD* and 5 M lactate, while the catholyte consisted ofa 0.1 M, 7 pH,
PBS containing 1 mM hydrogen peroxide as the electron acceptor
and ABTS as the mediator. The two compartments were separated
by a Nafion membrane and the cell was operated at room temper-
ature. The maximum power density obtained was 0.142 mW cm~2.
No mention was made of the cell voltage but a reading from the
power and polarization plots shows that the OCV was around
0.34V, and the maximum power density was achieved at around
0.1V; relatively low when compared to the difference in the formal
potential of the two mediators, 0.585V (Ef\BTS = 0.46 (Zebda et al.,
2009b) and Eg = -0.125 (Katz et al., 1999a)).

Sol-gel was employed by Lim et al. (2007) for the encapsula-
tion of GOX, using tetramethoxy silane as the precursor for the
silica gel incorporating both the biocatalysts (GOx and BOD) and
SWCNTs. Ferrocene methanol and ABTS were the mediators in the
membrane-separated anodic and cathodic compartments, respec-
tively. Both compartments contained phosphate buffer solutions,
with 100 mM of glucose at the anode side and saturated O, at the
cathode side. Operating at room temperature, the fuel cell achieved
a maximum power density of 0.120mW cm~2 at 0.24V, with an
OCV of 0.48V. Immobilization in a hydrogel removed any effects
associated with orientation of the enzymes. Mobile enzymes dif-
fuse in the gel, increasing the number of active enzymes and thus
increasing the current, which may reach three times that for a
monolayer (Tsujimura et al., 2005). The performance was poor
when compared to other systems using the same biocatalysts and
operating at a similar pH and fuel concentration.

7.4. Nanostructured electrodes

In recent years, the use of nanotechnology to develop biofuel
cell electrodes has become widespread. Nano-structured materials
have been shown to be appropriate hosts for enzyme immobiliza-
tion, providing a greater surface area for attachment and improving
enzyme kinetics (Kim et al., 2006). They can also be used as elec-
trical ‘wires’ between the electrode and the active redox centre of
the enzyme.

Lee et al. (2010) compared a fuel cell constructed using
GOx and laccase with a cell containing SWCNT and a cell
containing DNA-wrapped SWCNT. The use of single-stranded DNA-
wrapped SWCNTs was found to increase the GOx loading to
73.3 wgmm~2 compared to approximately 19 wgmm~2 for both
SWCNT/FAD-GOx and cystamine/PQQ/FAD-GOx anodes. The elec-
tron conductivity at the three anodes was also studied and the
results showed that the two electrodes containing SWCNT had sim-
ilar conductivities, which were an order of magnitude greater than
that of the cystamine/PQQ/FAD-GOx anode. A membrane-less fuel
cell employing DNA-wrapped SWCNTs for immobilization of GOx
and laccase and operating in a PBS (7 pH, 25 °C) using glucose and
0O, (the fuel concentration was unspecified) achieved a maximum
power density of 0.442 mW cm~2 at 0.46 V, with an OCV of approxi-
mately 1.5 V. The authors suggested that DNA wrapping contributes
towards decreasing the shear stress between the enzyme and the
SWCNT, in addition to acting as the primary electron transfer medi-
ator. These results are, however, questionable since the high OCV
cannot be explained in terms of the redox potentials of the two bio-
catalysts (EQy, ~ —0.34Vand ED__  ~0.54V vs.SCE (Zebdaetal,,
2009b)). The power density obtained using this pair of mediator-
less biocatalysts was higher than those obtained with the same
catalysts either entrapped in polymers with mediators (Brunel
etal., 2007), or wired through mediator activated polymers (Mano,
2008). Moreover, this system (Lee et al., 2010) was operated at neu-
tral pH, a condition that is not optimal for Trametes versicolorlaccase
activity.

These disadvantages of using laccase have been found to be
source dependent. Those sourced from Melanocarpus albomyces,
for instance, display optimum activity close to neutral conditions
(Kavanagh et al., 2009). Kavanagh et al. immobilised laccase with
an Os containing polymer, while the anode contained suspended,
mediated GOx. The maximum power density was 0.052 mW cm~2
at 0.21V with and OCV of 0.55V. Ivnitski et al. (2006) prepared
a GOx anode using multi-walled carbon nanotubes (MWCNTSs),
which were grown using cobalt nanoparticles deposited on a car-
bon paper (CP). A mixture of GOX and polyethyleneimine was then
applied to the electrode, followed by a casting of Nafion. The pos-
itively charged polycation acts as a binder between the negatively
charged GOx and the CP/MWCNT electrode.

Fischback et al. (2006) used enzymes in cross-linked clusters
covalently immobilized on functionalised CNTs, which were than
cast on a carbon felt. The preparation procedure involved immobi-
lizing single GOx enzymes on functionalised CNTs, before adding
ammonium sulfate to form enzyme clusters from the remaining
freely suspended GOx. These clusters around the CNTs were then
cross-linked and applied with Nafion on a carbon felt electrode.
The anode was combined with a proton exchange membrane and
an air-breathing Pt cathode. The cell was tested in the absence of
a buffer, with an ammonium buffer and with a sodium buffer. In
the absence of a buffer, the initial performance was poor, but the
cell remained stable over a longer period of time and maintained
almost constant power output. The maximum power density was
0.120mW cm~2 at 0.1V with an OCV of 0.33 V. The buffered cells
underwent a degradation in performance due to the presence of
cations, which hinder the passage of protons through the mem-
brane. Cross-linked enzyme clusters have previously been shown
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by the same group to provide good stability and high activity reten-
tion (up to 250 days). While an un-buffered solution was found to
give better performance due to a lack of interference with proton
transport, it may also have led to the low operating voltage (low
solution conductivity). The use of an alternative membrane in the
buffered cells to alleviate the problem of hindered proton transport,
while not increasing the internal resistance, was not investigated.

Deng et al. (2008) applied several coatings of AuNP/enzyme
bilayers on macroporous gold electrodes initially treated with cys-
tamine. Using GDH and laccase as enzymes, a membrane-less fuel
cell was constructed. The cell was studied with respect to the
number of bilayers and compared to one with flat gold electrodes
and one bilayer. A maximum power density of 0.178 mW cm—2
at 226 mV was achieved using five bilayers while the OCV was
0.32mV. The current and power density were found to increase
with the first 5 layers and in all cases were higher than with flat
electrodes. A higher OCV (0.52 V) was observed with flat gold elec-
trodes, and was attributed by the authors to a difference in the O,
reduction potential compared to that for the macroporous cath-
ode. However, CVs of these two anodes showed that a current peak
occurred at a slightly higher potential with the flat electrode, indi-
cating that the lower cell voltage is due to both electrode potentials,
possibly as a consequence of the higher electrical resistance of the
macroporous materials.

SWCNTs on GC have been used to attach AlcDH to covalently
linked NAD* (Yan et al., 2009). This anode was combined with a
cathode containing both Pt and BOD in a copolymer cross-linked
matrix and the cell was operated with 0.1 M PBS and 40 mM of
ethanol at a pH of 7.0 (Fig. 4). A maximum power density of
0.2mWcm~2 at 0.55V and 0.37mAcm~2 with an OCV of 0.62V
were attained. While CNTs are employed for their good conductiv-
ity and large surface area for depositing the enzymes, Zhou et al.
(2009) showed that a higher voltage and power density can be
obtained with a mesoporous carbon based material.

Ideally, enzymatic electrodes for power generation should max-
imize enzyme loading, activity and stability, while also minimizing
inefficiencies due to substrate mass transport limitations and slow
electron transfer from the enzyme to the electrode. While increas-
ing bond strength (physical adsorption/entrapment, ionic bonding,
and covalent bonding) improves enzyme retention, deactivation
is also more probable (Sheldon, 2007). Simple physical binding
or entrapment in polymers is sometimes complemented by ionic
binding, but this imposes an operating pH depending on the type of
enzyme used and the ionomer charge. Addition of a cross-linking
agent is a simple and widely used method to improve the stability
and increase both the concentration of the enzyme and its activity
(Sheldon, 2007).

The random enzyme orientation, when physically adsorbed or
covalently bonded, is unfavourable for efficient electron commu-
nication with the active site. The reconstruction of apo-enzymes
around the active site bound to a redox relay provides excel-
lent electrical communication. Monolayers of these electrically
contacted enzymes have a high turnover number and sensitivity,
although the enzyme loading is limited by the electrode surface
area. This limitation can be relieved by a similar enzyme reconsti-
tution but on an electrically active thin polymer film (Zayats et al.,
2008). Immobilization of mediators and enzymes on polymer films
is a simple and practical method for biofuel cell electrodes; how-
ever, the effective diffusion coefficient of the mediator (and hence
the electron transport rate) is several orders of magnitude lower
than that of a typical diffusional mediator (Kim et al., 2006).

The increasing use of nanostructures (such as nanoparticles,
nanofibers and CNTs) has a twofold advantage: providing a greater
surface area for the biocatalysts and enhancing their stability and
activity (Kim et al., 2008). These procedures are, on the other hand,
relatively costly. Some reports have claimed that CNTs can have an

adverse effects on the enzyme kinetics (Zhao et al., 2009), indicat-
ing that the use of these structures requires a careful selection of
enzymes, electrode materials and attachment methods. More gen-
erally, a careful optimization of the nanostructure size is required,
since small pores can lead to mass transport limitations for the
mediator/substrate and large pores can lead to leaching of the
enzyme (Kim et al., 2006).

7.5. Fuel oxidation

In many enzymatic fuel cells, both the cathode and anode are
enzyme-based, with the aim of combining the benefits of higher
stability and the good catalytic activity of inorganic materials,
together with improved O, reduction kinetics via biocatalysts at
low temperatures (Choi et al., 2009; Habrioux et al., 2007, 2009).
Habrioux et al. (2009) used Au-Pt nanoparticles supported in a
Nafion/carbon-black mix, together with BOD and its mediator ABTS
co-immobilized in a Nafion film to construct a concentric bio-fuel
cell. A maximum power density of 0.19mW cm~2 at 0.52V was
achieved at 37° C and 7.4 pH using 0.7 M glucose. An appreciable
power density of 0.09 mW cm~2 could still be achieved at a lower
glucose concentration of 10 mM.

Most fuels used in EFCs are either saccharides, such as
glucose, lactose, fructose and cellobiose, or alcohols such as
ethanol. Recently, glycerol has been considered due to its high
energy density and abundance (it is a byproduct of biodiesel)
(Arechederra et al., 2007; Arechederra and Minteer, 2009). In
a study by Arechederra et al. (2007), a cascade of two PQQ-
dependent enzymes, AlcDH and aldehyde dehydrogenase (AldDH)
was immobilized in modified Nafion on a CP/Pt cathode, and the
assembled fuel cell produced a maximum power density of up to
1.21 mW cm~2. This cell was further developed by adding a third
enzyme, oxalate oxidase (Arechederra and Minteer, 2009), which
allowed the complete oxidation of glycerol and slightly increased
the maximum power density to 1.32mW cm~2 with 100mM of
glycerol. However, the cell was less tolerant to high fuel concen-
trations compared to the original cell.

Another enzyme cascade system was reported by Topcagic and
Minteer (2006). Ethanol was oxidized to acetate by AlcDH and
AldDH and dissolved O, was reduced by BOD immobilized with
two consecutive mediators in Nafion. In a membrane-less system
employing 7.15 pH PBS with 1 mM ethanol and 1 mM NAD* as the
anodic mediator, an OCV of 0.51V and a maximum power density
of 0.39 mW cm~2 were achieved. Both the voltage and power were
lower than an equivalent cell employing a Nafion membrane sep-
arator. Ramanavicius et al. (2008) developed a fuel cell that used
ethanol as the substrate for both half reactions, with an AlcOD/MP
cascade on the cathode and AlcDH on the anode. The maximum
power density was 1.5 x 10~3 mW cm~2 with an OCV of 0.24 V.

In addition to the development of enzyme/electrode prepa-
ration methods, several studies have been aimed at optimising
systems according to the buffer type and concentration, redox poly-
mer composition, and binder-to-enzyme ratios (Sakai et al., 2009;
Kjeang et al., 2006; Kontani et al., 2009; Mano et al., 2005; Stoica
et al., 2009). Most of the choices were specific to the setup used
and are of limited use for other designs. In the case of microflu-
idic fuel cells, numerical optimization of the channel dimensions
has been performed by several groups (Zebda et al., 2009a,b; Togo
et al., 2008).

Membrane-less fuel cells have several attractive features,
including structural simplicity, reduced cost, and a greater scope
for miniaturization. There are, however, several requirements for
such systems: specificity of the two half reactions occurring, such
that the substrates/products of one do not interfere with the other,
and acceptable operating conditions common to both biocatalysts
(Stoicaetal.,2009). Anumber of membrane-less systems have been
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Fig. 4. A schematic representation of a membrane-less bio-fuel cell employing bioelectrocatalytic electrodes composed of (a) alcohol dehydrogenase (AlcDH) reconstituted
on a relay-NAD* monolayer associated with carbon nanotubes (anode); and (b) a platinum-nanoparticle/bilirubin-oxidase (BOD) crosslinked composite on a Au/Pt electrode

(cathode). Adapted from Yan et al. (2009).

developed, exhibiting varying degrees of electrical performance.
In systems based on DET using CDH/laccase (Coman et al., 2008),
CDH/BOD (Coman et al., 2009), or GOx/laccase (Wang et al., 2009),
power densities of only a few wW cm—2 have been realised. The first
two systems employing CDH exhibited relatively high operating
and open cell voltages, and hence the low power was due to a low
current, specifically the anodic current. This was potentially due
to unfavorable orientation of CDH after immobilization; CDM has
one FAD domain and one heme domain allowing DET to the elec-
trode. Membrane-less systems employing mediators, and either
GDH/BOD (Gao et al., 2007), AlcDH/BOD (Topcagic and Minteer,
2006), GDH/laccase (Deng et al., 2008), or FDH/laccase (Kamitaka
et al,, 2007), can have power densities 1-2 orders of magnitude
higher than those yielded by DET. The absence of soluble media-
tors, however, remains an essential feature of the flow type fuel
cells proposed for in vivo applications.

8. Summary and outlook

In the last few years, enzymatic fuel cells have approached
power densities of ~1 mW cm~2. For portable electronic applica-
tions, high energy density fuels such as ethanol (Topcagic and
Minteer, 2006) and glycerol (Arechederra and Minteer, 2009) show
great promise. Developments in the overall system design have also
led to more efficient systems. For example, removing the separa-
tor membrane without significant loss in power output, and the
emergence of single chamber, air-breathing systems using compact
MEAs. For many proposed applications, however, further substan-
tial improvements in performance are required (higher power
densities and energy efficiencies).

For both MFC and EFC, electrode materials need to be more
catalytic while maintaining their performance, particularly in the
face of problems caused by fouling of the active surfaces and loss
of enzyme activity. It is also important to study time-dependent
performance over practical periods, particularly with a focus on
long-term changes in the enzyme activity.

A greater understanding and characterisation of the reaction
environment can be achieved through studies of the reactant and
charge distribution, mass transport and mass transfer, as well as the
bio-electrochemical reaction kinetics. Carefully validated models
can be used in conjunction with laboratory studies to investi-
gate these processes (particularly in situ) and to accelerate the
development of practical systems. To date, only a small number
of models have been developed for specific systems (Bartlett and
Pratt, 1995; Kano and Ikeda, 2000; Ikeda and Kano, 2001; Gallaway
and Calabrese Barton, 2008; Calabrese-Barton, 2005; Kjeang et al.,
2006; Zeng et al., 2010; Marcus et al., 2007; Picioreanu et al., 2007,
2010). Models for other electrochemical cells, including polymer
electrolyte membrane (PEM) fuel cells and batteries (Shah and
Walsh, 2008; Shah et al., 2009, 2008) are ideal templates for further
developing BFC models.

A vitally important aspect of bio-fuel cell performance and
stability is the immobilization of the enzyme/mediator on the
electrode. Maintaining a continuous supply of fuel to the active
sites and ensuring an efficient electron-transfer process from the
enzyme/bacteria to the electrode via the mediator are crucial.
While previous research was mainly targeted at developing the
enzyme chemistries (Bullen et al., 2006), the past 5 years can be
marked by efforts to develop new methods and materials for inte-
grated enzyme electrodes that maximize enzyme loading and move
from the classic two-dimensional loading to highly ordered three-
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dimensional structures with improved enzyme stabilization (Kim
et al., 2008). These use of nanostructures shows great promise,
though it should be kept in mind that for application purposes
the materials must be safe and cost effective, and the fabrication
techniques must be practical.

From an engineering perspective, cells with chemistries that
allow single-compartment operation and possess constructional
simplicity would be highly advantageous. It is important that
low-cost, modular and scalable designs are developed, particu-
larly if they are to form the basis for multi-plate (e.g. bipolar)
cell stacks. At the present time, there are very few examples
of BFC stacks (Aelterman et al., 2006; Sakai et al., 2009). In
this respect, much could be learned from the rapid progress in
PEM fuel cell MEA/stack performance over the past two decades
(Barbir, 2005). Cell construction has been improved to optimise
the cell voltage through comprehensive modelling/experimental
studies of the electrode overpotentials and all cell resistances;
there is a vast body of literature on the electrical, thermal, trans-
port and mechanical properties of electrode, plate and membrane
materials.
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