Enzyme-Based Fuel Cells for Biomedical Microdevices
M. Nishizawa, M. Togo, A. Takamura, T. Asai, and T. Abe
1

Department of Bioengineering and Robotics, Graduate School of Engineering, Tohoku University,
Aoba 6-6-01, Aramaki, Aoba- ku, Sendai, Miyagi 980-8579, Japan
Tel/Fax +81-22-795-7003, nishizawa@biomems.mech.tohoku.ac.jp
Abstract

We will briefly review the trends in enzymatic fuel cells that use enzyme as an electrocatalyst to generate electricity
from biological fuel such as glucose in blood. We will then show our recent achievements mainly about the enzyme anode
that is composed of a bi-layer polymer membrane, the inner layer containing diaphorase (Dp) and the outer, glucose
dehydrogenase. The Dp membrane was formed from a newly synthesized Vitamin K3-based mediator polymer. By
coupling with an oxygen-selective cathode, the power generation performance was evaluated in buffer solution, serum and
blood. MEMS techniques have been potentially applied to array cells and to flow the fuel continuously.
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that is, direct utilization of refreshments containing sugar,
plant saps, and biological fluids such as blood.
Biological fuel cells have a long history in the literature
and they are extensively reviewed [1-4].
The MEMS-relating techniques should greatly
contribute to developing of biofuel cell. Especially, the
micro-TAS has significant overlap in technical
requirements, including the control of microfluids and
control of biomolecules [5]. By integrating fuel cell
engineering, bioengineering and microfabrication
engineering, enzyme-based biofuel cells are expected to
be formatted into miniature power sources for
independent power-on-chip systems such as portable
microdevices and implantable medical devices in future.
The enzymatic biofuel cells would mostly stand out in
biomedical applications, especially for the power
generation directly from biofluids, tissue fluids and blood,
containing glucose (ca. 5 mM), lactate (ca. 1 mM) and
oxygen (0.1 mM in arterial blood). There are many

1 INTRODUCTION
Electric power derived from dispersed ambient energy
has attracted attention as ubiquitous portable power. A
potential option of portable power source is biological fuel
cell that use enzyme as an electrocatalyst to generate
electricity from such biological fuels as alcohols and
carbohydrates [1-4]. The enzymes are the catalysts that
show highly selective activity in neutral pH aqueous
solution at near-room temperatures. The high reaction
selectivity of enzymes would make it possible to design
separator-free fuel cells that are composed of just a couple
of anode and cathode electrodes exposed to solutions
containing both fuel and oxidant (oxygen). Since the
fuel fluid is typically aqueous neutral solution, the
chemical stability of packaging does not always need to
be considered.
And most importantly, the high
selectivity of the enzyme would allow power generation
from complex natural fuel solutions without purifications,
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types of medical devices with different levels of
invasiveness, from the low invasive skin-patch device for
health monitoring and drug delivery to the highly invasive
device such as cardiac pacemaker [6,7]. Each device
requires stability and safety at each level, in addition to
the power generation property.
In this paper, we will briefly review the trends in the
research of enzymatic fuel cells, and then show our recent
achievements mainly about the enzyme anode for glucose
oxidation composed of a bi-layer polymer membrane, the
inner layer containing diaphorase (Dp) and the outer,
glucose dehydrogenase (GDH). The Dp membrane was
formed from a newly synthesized 2-methyl1,4-naphthoquinone (Vitamin K3; VK3)-based mediator
polymer. By coupling with an oxygen-selective cathode,
the power generation performance was evaluated in buffer
solution, serum and blood. MEMS techniques have been
potentially applied to array cells and to flow the fuel
continuously.

analysis in dry state. The addition of a conductive support,
Ketjenblack (KB), into the Dp/VK3 film dramatically
enhanced the generation of NAD+, and thus, the activity of
the outer membrane of GDH (a NAD+-dependent enzyme).
Figure 3a shows cyclic voltammograms of the
Dp/VK3/GDH (+ NADH) double layer electrode in 37oC
air-saturated buffer solution containing 0mM (
), 5mM
(
) and 40mM (
) glucose. The increase in
catalytic current with addition of glucose indicates the
successful cycling of reaction scheme in Fig. 2. Figure 3b
depicts the output performance measured by using a larger
Pt cathode, showing the maximum power of ca. 0.14 mW /
cm2 (at 0.45 V) in 5mM glucose buffer solution at 37 oC.
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2.1 Biological Anodes
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The electrocatalytic oxidation of biological fuel is based
on an electrical contact between redox enzymes and
electrode supports; thus, a wide variety of enzyme/mediator
systems have been studied to date.
An osmium
complex-linked polymer has been reported to serve as an
electron mediator of glucose oxidase, and has been used to
construct a biofuel cell showing excellent performance
under physiological conditions [8-10].
We have studied the diaphorase (Dp) / glucose
dehydrogenase (GDH) double layer-coated anode for
glucose oxidation, as illustrated in Figure 2 [11,12]. Dp is
a flavine-enzyme which converts nicotinamide-adenine
dinucleotide (NADH) to NAD+ [13]. The latter is an
important coenzyme participating in various biochemical
redox reactions, and NAD+-dependent enzymes constitute
the largest group of redox enzymes including the
NAD+-dependent GDH. The electron transfer between the
electrode and Dp should be mediated by inexpensive and
safe mediators for medical application, and quinine
derivatives would meet these demands. Then the inner Dp
layer was prepared by co-immobilization with NADH and
the newly synthesized 3-methyl-1, 4-naphtoquinone (vitamin
K3, VK3)-based polymer, that has VK3 moieties modified to
20% of amino group of the polyallylamine backbone. The
cross-linker for making the Dp/VK3(+NADH) film was
Poly-(ethylene-glycol) diglycidyl ether (PEGDGE). The
epoxide groups of PEGDGE reacted with the amino-groups
of PAA-VK3 to form a hydrogel film. The NADH (and also
NAD+) is anionic and thus expected to be electrostatically
immobilized within the cationic hydrogel. The prepared
Dp hydrogel membrane was further coated by a GDH
membrane composed of GDH, poly-L-lysine (PLL),
PEGDGE and NADH. The thickness of each enzyme
membrane was 4 µm, as estimated by a surface texture
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Figure 3 Cyclic voltammograms of the
enzyme anode, and cell performance in 5
mM glucose buffer solution at 37 oC.
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The obtained output is, just for reference, at the same level
as that of commercial alkali button battery (ex. 0.15mW,
LR54). The power density decreased to ca 30 % of the
initial value over 4 days, and maintained this output for
more than 2 weeks [12]. The initial power output decay
would be due to both the deactivation of enzymes and the
partial degradation of the bi-layer polymer membrane.

co-immobilization of NADH, and therefore the exact
value of output is low, compared with the recent results
shown in Fig. 3b. It is worthwhile to note that the fuel
cell performance in serum (
) is comparable with that
in buffer solution (
), although serum contains
proteins, lipids, redox active vitamin C and so on. The
reaction selectivity of enzyme anode to glucose and the
PDMS cathode to O2 ensures these performances. On
the other hand, the performance in blood was significantly
unstable. The data in Fig. 4, taken after 2hs' incubation
of electrodes in biofluids, was less than the half of that in
serum. The output voltage was decreased, suggesting a
breakdown of the reaction selectivity of the electrodes.
Biofouling was observed especially on the PDMS cathode.
In order to get higher stable power from blood, biological
stability, associated with the natural immune response to
foreign materials, should be ensured.
We have
preliminarily examined that anti-biofouling coatings such
as MPC polymer significantly blocked the biofouling on
electrode surfaces without hindering the electrode reaction
itself.

2.2 Biological Cathodes
The enzyme electrodes for catalytic reduction of dissolved
oxygen has been developed as well, and recent reports
using bilirubin oxidase (BOD) show a successful catalytic
activity in physiological condition [14,15]. Such enzyme
cathode is equally important in developing a totally
enzymatic biofuel cell. At present, however, we are still
using a conventional PDMS-coated Pt electrode as an O2
selective cathode [11,12,16]. The PDMS coating was
prepared by placing a 3 % (w/v) aqueous PDMS emulsion
(Toray Dow Corning Silicone, Type DC 84 ADDITIVE) on
a Pt plate electrode, and drying the coated electrode for 4 h
at room temperature. The reaction of O2 reduction was not
significantly hindered by coating PDMS due to its high O2
permeability.

4 MICROFABRICATIONS
4.1 Fuel Cell Array on a Chip

3 PERFORMANCE IN BIOFLUIDS
The output voltage of a biofuel cell is less than 1V, thus
the connection of cells would be required depending on
applications. The stacking structure of separator-free
enzyme-based fuel cells can be designed flexibly. Figure 5
shows the series-connected six cells on a chip as a simple
example.
Each
cell
is
composed
of
the

The performance of the cell, with the enzyme-based
anode and the PDMS-coated Pt cathode, was preliminarily
evaluated in 37 oC biofluids: bovine serum and human
venous blood (Figure 4). Note these measurements were
previous
experiments
conducted
without
the
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Figure 4 Performance of the cell in PBS, FBS
and human venous blood at 37 oC.
0.5 mM NADH was added.

Figure 5 Biofuel cells stacked on a chip.
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Dp/VK3/GDH(+NADH) double-layer-coated Au anode and
the PDMS-coated Pt cathode. The cells were connected
electrically by a printed circuit, but ionically separated by an
arrayed camber made of PDMS. The resulting assembly
output amplified power as to drive an electronic device as
demonstrated in Figure 6a. The total performance of the
assembly measured in a glucose (5 mM)-containing buffer
solution is shown in Figure 6b. Output voltage was
increased as expected, while the flowing current is one-order
lower as compared with the case using larger cathode (Fig.
3b), suggesting that the total performance of the present cell
was kinetically determined by cathode. Thus, we are now
hurriedly focusing on development of a comparatively
active enzyme cathode.

PDMS microchannel. As shown in Figure 7b, for the
operation with stationary fuel (
), the output current
decreased gradually due to the depletion of reactants. We
can reproduce the same trace with the electrode after
recharging the solution, indicating that this profile is not
corresponding to the electrode degradation. When the
solution was flowed at 0.01 ml/min (
) and 0.1 ml/min
(
), the output shows stable higher current at higher
flow rate. The dependency of the fuel cell performance on
the flow rate is now studied in detail. The techniques for
controlling fluid, progressing in the field of micro-TAS, will
be a powerful means to study optimum operating conditions.
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Figure 7
(a) Biofuel cell on a microfluidic chip.
(b) Cell current behaviors as a function of time at
various flow rates.

Figure 6
(a) The demonstration powering digital timer.
(b) Performance of the arrayed cells on a chip,
evaluated in air-saturated buffer solution containing
5mM glucose, by changing the load (10k ohm to
3M ohm).
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4.2 Microfluidic Design
The assembly shown in Fig. 5 is one of the batch-type
reactors, and thus the output power degrades with the
depletion of fuels or dissolved oxygen like in a battery.
Rather, the longer term power generation by continuous fuel
supply is the typical mode of fuel cell. Figure 7a is a
simple fluidic chip composed of a couple of electrodes and a
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