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Fig. 1. (a) Schematic illustration of a biofuel cell sheet constructed by laminating
enzyme-modified nanoengineered carbon fabric strips with a hydrogel film that
retains electrolyte solutions and fructose fuel. (b) Schemes of fructose oxidation at
the enzymatic anode. (c) Schemes of oxygen reduction at the enzymatic gas-
diffusion cathode. (d) Schematic illustration of multi-lamination for boosting
power.

(0.09 MPa), the CNT-modified strip shows hydrophilic property.
Then, the CNT-modified CF strip was immersed in a stirred
solution of D-fructose dehydrogenase (FDH) (EC1.1.99.11,
169.9 U mg~', ca. 140 kDa, from Gluconobacter, purchased from
Toyobo Enzyme Co.) for FDH immobilization (Tominaga et al.,
2009; Tsujimura et al., 2010; Miyake et al., 2011b). It has been
reported that FDH works as an electrocatalyst for two-electron
oxidation of fructose (Tominaga et al., 2007; Murata et al., 2009).
The flavin-containing subunit of FDH accepts electrons from
fructose, and transfers these electrons to the heme c-containing
subunit that can electrically communicate with electrode. A
geometric area of 0.564 cm? was utilized for calculation of the
current density in cyclic voltammetry (CV).

2.2. Preparation of gas-diffusion carbon fabric cathodes

The preparation of the cathode basically followed the proce-
dures used for our previous carbon particle (ketjenblack)-based
BOD cathode (Miyake et al., 2011b; Haneda et al., in press). BOD is
one of the multi-copper oxidases that can directly catalyze the
four-electron reduction of O, to H,O even without electron
transfer mediators (Tsujimura et al., 2007; Wen et al, 2011).
The type 1 Cu site of BOD accepts electrons from fabric electrode,
and transfers these electrons to the type 2-3 cluster of BOD for O,
reduction. A 40 pl aliquot of a 10 mg ml~" CNT solution was put
on a CF strip and dried in air, followed by thoroughly washing out
the surfactant by soaking in an ethanol solution for more than 1 h
with stirring. The surface of the CNT-modified CF electrode was

further modified with a 0.1 ml solution of 5mg ml~" bilirubin
oxidase (BOD, EC 1.3.3.5, 2.5U/mg, from Myrothecium) in
vacuum oven (AVO-205N, purchased from AS ONE, 0.09 MPa,
35 C°). The strip was additionally coated with the CNT solution to
make the surface hydrophobic. A surface area of 0.25 cm? was
utilized for calculation of the current density in cyclic voltam-
metry (CV).

2.3. Preparation of the hydrogel films

The fructose-containing double-network (DN) hydrogel films
were prepared by a three-step process(Gong, 2010; Wu and Gong,
2011): (1) single network hydrogel formation, (2) second network
formation into the single network hydrogel and (3) loading of
500 mM fructose. We used stock solutions A, B and C. Solution A
contains 2-acrylamido-2-methlypropane (AMPS, 1M), N,N-
methylenebisacrylamide (MBAA, 40 mM), 2-oxoglutaric acid
(OA, 1 mM) and ammonium persulfate (APS, 19 mM). Solution B
was a mixture of acrylamide (AAm, 4 M), OA (1 mM), NaCl
(80 mM) and APS (19 mM). Solution C contains AAm (2 M), OA
(1 mM) and APS (19 mM). At first, the solution A was poured into
a silicone mold, and preliminarily crosslinked by UV exposure
(265 nm, 8 W) for 5 h. The formed soft gel was then immersed in
solution B for 14 h to prevent dramatic swelling and further
irradiated with the UV lamp for 5 h to reinforce the gel in order to
become a sheet. After washing with water for 24 h, the gel sheet
was immersed in solution C for 14 h followed by UV irradiation
(5h) to form a DN network. Finally, the DN gel sheet was
immersed in 500 mM fructose solution for 24 h.

2.4. Electrochemical measurements

The performance of the CF electrodes was analyzed by a three-
electrode system (BSA, 730C electrochemical analyzer) in solution
using a Ag/AgCl reference and a platinum counter electrode. The
FDH-modified anodes were evaluated in stirred Mcllvaine buffer
(pH 5.0) containing 500 mM fructose, while the BOD-modified
cathodes were used in air-saturated Mcllvaine buffer (pH 5.0).
The performance of a biofuel cell sheet constructed using the
fructose-containing DN hydrogel film (0.5 mm thick) was evalu-
ated from the cell voltage upon connecting with a variable
external resistance between 180 Q and 10 kQ. The current and
the power were derived from the cell voltage and the resistance.
Unless otherwise indicated, the electrochemical measurements
were carried out at room temperature, around 25 °C.

3. Results and discussion
3.1. Performance of FDH/CNT/CF bioanodes

Fig. 2a shows cyclic voltammograms of the FDH/CNT/CF
electrodes (solid plots) at 10mV s~ in a stirred buffer solution
containing 500 mM fructose. In comparison with the FDH/CF
electrode prepared without CNTs (broken line plot), the increased
specific surface area produced by CNT-modification obviously
increased the current density by at least an order of magnitude.
In fact, the measured double-layer capacitance of the CNT-
modified electrodes has a 2 orders larger value (ca. 6.7 mF cm™2)
than that of the original CF (0.07 mF cm~?2). The oxidation current
density depended on the concentration of the Triton X-100
surfactant used for the CNT dispersion (Haneda et al., in press).
The CNT dispersion with 0.5% surfactant is capable of entirely
penetrating into the CF strip (see Supplementary Fig. 1b). This
uniform modification with CNT would be a reason for the
enhanced anode performance. In addition, the electrode
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Fig. 2. (a) Cyclic voltammograms of fructose oxidation at 10 mV s~! in a stirred
50 mM buffer solution (pH 5) containing 500 mM fructose. The CF strip electrodes
were modified with only 10 mgml~' FDH (broken black line) or with both
10mgmi~! CNT and 10 mgml~—' FDH (red line). The activity of the bioanode
fabric was enhanced by optimizing the buffer concentration to 0.5 M (red bold
line). (b) Current density at 0.6V vs. Ag/AgCl of the FDH anode measured in
different buffer concentration. The measurements were carried out for the same
FDH anode specimen. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

performance was drastically enhanced by increasing the buffer
concentration in the measurement solutions from 50 mM to
0.5 M (red bold line). This is made possible by the existence of
adequate buffer capacities that prevent local pH changes caused
by oxidation products. Excess buffer concentration, however, lead
to a low current density (see Fig. 2b). This is probably due to
lowering of the enzyme activity because the enzyme is exposed
by a high ionic strength solution. The maximum current of the
optimized bioanode produced 15.8 mA (28.0 mA cm~2) at 0.6V
using a 500 mM buffer. Even in quiescent conditions, the current
reached 5.8 mA (10 mA cm~2) at 0.6 V (Supplementary Fig. 2),
being equivalent to that in DN hydrogel made with 500 mM
Mcllvaine buffer solution (pH 5.0) containing 500 mM fructose.

3.2. Performance of gas-diffusion biocathodes

Fig. 3a shows cyclic voltammograms of a BOD-modified CF
cathode at 10 mV s~. The electrode strip was put on an oxygenic
pH 5.0 buffer solution so as to contact the solution by the BOD-
modified face (green line). The reduction current density reaches
~19mAcm™2 (at 0V) by utilizing an oxygen supply from the
ambient air through the CF. Moreover, an additional CNT coating
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Fig. 3. (a) Cyclic voltammograms of O, reduction at a BOD/CNT-modified CF strip
measured at 10 mV s~! on the solution (green). The activity of the CF electrode
was enhanced by further modification with CNT after the BOD immobilization
(blue line) and by subsequent optimization of buffer concentration (bold blue).
(b) Current density at 0V vs. Ag/AgCl of the BOD cathode fabric with different
buffer concentration. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

onto the BOD-modified face of the CF strip enhanced the perfor-
mance further to 2.9 mA cm™2, Presumably, the hydrophobic nature
of that coating controls excess penetration of solution into the CF
electrodes (Supplementary Fig. 3) (Miyake et al, 2011b; Haneda
et al, in press). In addition to optimizing the performance of the
bioanode fabric, the cathodic performance can be optimized by
changing the buffer concentration (Fig. 3b); the maximum current
was 4.6 mA cm~2 at 0V using a 250 mM buffer condition.

3.3. Performance of the laminated biofuel cell sheets

The FDH/CNT-modified CF anode and the CNT/BOD/CNT-mod-
ified gas-diffusion CF cathode were laminated to the opposite
faces of a DN hydrogel sheet (0.5 mm thick) made with 250 mM
Mcllvaine buffer solution (pH 5.0) containing 500 mM fructose.
The enzyme-modified hydrophilic anode appeared to become
moistened by blotting of the solution from the hydrogel layer.
On the other hand, the O, reduction at the hydrophobic cathode
proceeded at the three-phase boundary of the hydrogel-electrode
interface. Fig. 4a shows typical examples of the cell performance.
The open-circuit voltage of the cell was 0.74 V, which is similar to
the difference between the potentials at which fructose oxidation
and oxygen reduction start to occur in cyclic voltammograms
(—=0.14V and 0.60V in Figs. 2a and 3, respectively). The max-
imum power density reached 0.95mW cm~2 at 0.36 V, which
was determined by the BOD-cathode fabric because of its
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Fig. 4. (a) Performance of the biofuel cell (1 cm x 0.2 cm x 1.1 mm) with and without bending. The internal hydrogel layer was made with 250 mM Mcllvaine buffer
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of the emission from LEDs connected with the triple-layer cell (inset). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

comparatively inferior activity compared to the FDH-anode fabric.
The internal resistance of the cells was negligibly small, being
10 Q hydrogel resistance and 26 Q cell resistance measured by AC
impedance spectroscopy ( +5 mV, 1-10,0000 Hz). The stability of
the cells decreased extremely for few hours. Since the bioelec-
trodes maintained 85% performance in 500 mM fructose buffer
solution (pH 5.0) for 24 h (Supporting Fig. 4), the shorter stability
is due to drying of the hydrogel.

Importantly, the performance of the cell bent into an circle
(blue plots) is almost identical to that of a cell that was not bent
(green plots). Such high flexibility originates in the superior
mechanical strength of both the fabric bioelectrodes and the DN
hydrogel. As shown in Fig. 4b, the present laminar cell is thin,
being only 1.12 mm thick, which also leads to a flexible character.
Moreover, owing to the characteristic properties of the hydrogel,
the laminar cell requires no sealing frame. Such important cell
characteristics confer attractive advantage from a practical view-
point. The application of such a laminar cell for boosting the
output voltage is demonstrated in Fig. 4. The booster cell was
fabricated simply by lamination of anode/hydrogel/cathode
sheets (see Fig. 1d). As shown in Fig. 4a (red plots), the open-
circuit voltage of the laminated cell was 2.09 V, which is 2.8-fold
that of a single cell. The maximum current was quite similar to
that of the single cell. These results indicate that layered cells can
be connected in series without suffering from short-circuit, even
without packaging. lonic isolation between the cells could be
avoided by the hydrophobicity of gas-diffusion cathodes and the
solid-like property of hydrogels. The laminated cell produced a
maximum power of 0.64mW at 121V (2.55mW cm™?
6.28 mW cm~3); using this level of power, we were able to light
the LEDs, as demonstrated in Fig. 4c.

4. Conclusions

We have developed layered biofuel cells constructed by
laminating FDH/CNT-modified CF strips, fuel-containing DN

hydrogel films, and CNT/BOD/CNT-modified gas-diffusion CF
strips. A single-layer cell of anode/hydrogel/cathode sheets was
very thin (1.1 mm thickness), and exhibited high flexibility, being
resistant to a circular bending stress. A triple-layer cell produced
a higher open circuit voltage of 2.09 V corresponding to a 2.8-fold
improvement over the single cell voltage (0.74 V) and a maximum
power of 0.64 mW (2.55 mW cm~2) at 1.21V, indicating a suc-
cessful series-connection even without packaging of each cell. It is
important to note that the output voltage can easily be tuned by
changing the number of layers. Such a flexible, tunable, totally
organic power source could be combined in the future with
wearable electronics.
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Molecularly Ordered Bioelectrocatalytic Composite Inside
a Film of Aligned Carbon Nanotubes

Syuhei Yoshino, Takeo Miyake, Takeo Yamada, Kenji Hata, and Matsuhiko Nishizawa*

1. Introduction

Controlling the electrical contact of redox enzymes with elec-
trodes is a critical issue for enzymatic biodevices such as bio-
fuel cells and biosensors.'*2 The mutual positioning between
enzyme molecules, mediator molecules (not always necessary),
and electrode surface determines the efficiency, reproducibility,
and stability of the bioelectrocatalysis systems. A conventional
engineering for accelerating the electron transfer to the redox
enzymes is inclusive immobilization with mediator polymer
matrices, in which the successive electron exchange between
the neighboring mediator groups connects the enzyme redox
center and the electrode surface.'%?] For example, Os-complex-
pendant polymers are successful mediating matrices for glu-
cose oxidase (GOD) and can provide glucose oxidation current
at a mA cm™? level.l'*-18 Barton et al. reported ca. 20 mA cm™
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using GOD, an Os-complex polymer, and
a carbon nanotube (CNT)-modified elec-
trode.l') However, because of random
mutual positioning in the 3D composite,
many enzyme molecules are isolated from
the molecular network for continuous bio-
electrocatalysis. On the other hand, direct
immobilization of an enzyme monolayer
on the electrode surface has improved
the efficiency of enzyme utilization. A
striking example is the reconstituting apo-
GOD on a relay-FAD monolayer linked
to electrode surfaces.?'7-% Since all the
enzyme units are oriented in an optimal
position with respect to the electrode sur-
face, a high electron-transfer turnover rate
comparable to that for bulk GOD reaction
(approximately 700 s at 25 °C) has been
achieved. However, the drawback of such
2D monolayer engineering is the lower
Dbioelectrocatalytic performance due to the limited amount of
immobilized enzymes.

We present herein an enzyme/mediator/electrode ordered
ensemble that shows both “high turnover rate” and “large cata-
Iytic current”. In order to satisfy both of these requirements,
the larger amount of enzymes than monolayer should be
immobilized while keeping effective contact with electrodes.
We realize such ideal conditions by taking advantage of a film
of well-aligned carbon nanotube forest {CNTF)2! consisting of
single-walled CNTs arrayed with a pitch of 16 nm. The CNTF
was synthesized by water-assisted chemical vapor deposition
on a line-patterned Al,O5/Fe catalyst on silicon wafers (see the
Experimental Section for details).?!} As shown in Figure 1a, the
synthesized CNTF film (1.5 mm x 1 mm) was pulled from the
substrate and pinched by inverse operating tweezers (electrical
lead), to produce an exposed electrode geometric area of ca.
2 mm? (sum of both faces of a 1 mm X 1 mm sheet). The thick-
ness of the CNTF films (4, 12, or 20um) was determined by
the width of the line-patterns of Al,O5/ Fe catalyst. Recently, we
reported that the intraspace of the CNTF is useful for immo-
bilization of fructose dehydrogenase and laccase, which are
the direct electron transfer (DET)-type enzymes.? Although
there are a few recent reports that also GOD is capable of direct
communication with electrodes,?*%! our repeated attempts to
prepare a workable GOD/CNTF ensemble electrode without
any mediators have failed. Therefore we developed a stepwise
process to construct the molecular architecture with polyvi-
nylimidazole-{Os(bipyridine),Cl] (PVI-[Os(bpy),Cl}; MW: 15 000)
and GOD (EC:1.1.3.4; MW 186 kDa), as illustrated in Figure 1b
and 1lc. The PVI-[Os(bpy),Cl] was synthesized according to a

Adv. Energy Mater. 2013, 3, 60-64
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Figure 1. Schematic illustration of the stepwise process for constructing bioelectrocatalytic composite inside a CNTF film.

literature method,?®l with a molar ratio of imidazole group to
[Os(bpy),Cl] of 5.

2. Results and Discusssion
2.1. Adsorption of PVI-[Os(bpy),Cl] inside CNTF Films

The CNTF film was first treated with 0.1% Triton X-100 to make
it hydrophilic, and then soaked in a stirred phosphate buffer
solution (PBS, pH 7.0) containing 1 mg mL™' PVI-[Os(bpy),Cl]
at 4 °C. As shown in Figure 2a, the cyclic voltammogram (CV) of
the treated CNTF showed a symmetric shape typical for adsorbed
redox species.”’) In fact, the amplitude of peak currents were
proportional to the scan rates (Figure 2b). The amount of PVI-
[Os(bpy),Cl] adsorbed within the CNTF films were estimated by

integrating the CV currents and is plotted in Figure 2c against
the soaking time in the 1 mg mL™' PVI-[Os(bpy),Cl] solution.
The amount of PVI-[Os(bpy),Cl] in a CNTF film increased with
the soaking time and reached a maximum after 2 h. Impor-
tantly, these values are proportional to the CNTF film thickness
(7.2 % 1071 mol for a 12 pum thick film and 12.8 x 1071° mol for a
20 pm thick film), indicating that the PVI-[Os(bpy),Cl] molecules
can entirely and uniformly adsorbed inside the CNTF films, as
illustrated in Figure 1b. A part of the free imidazole groups of
the mediator polymer would adsorb on CNT surfaces via w7
interaction.l?®! The adsorption density of PVI-[Os(bpy),Cl] calcu-
lated using the effective inner surface area of the CNTF films
(8.2 cm? for 20 um thick film)?! was (1.6 + 0.1) x 1071° mol cm?,
which is comparable with the value for a PVI-[Os(bpy),Cl] film
adsorbed on a flat Au surface (3.2 x 1071 mol em ).l

2.2. Electrocatalytic Activity of GOD/
PVI-[Os(bpy),Cll/CNTF Ensemble Films

Subsequent loading of the enzyme GOD was
? conducted by immersing the PVI-[Os(bpy),Cl]-
adsorbed CNTF films in a stirred PBS solu-
tion (pH 7.0) containing 3 mg ml™' GOD for
1 hour. Figure 3a shows the CVs of GOD/
PVI-[Os(bpy),Cl]/CNTF ensemble films at
10 mV s7! in a stirred 200 mmp-glucose PBS
solution. The catalytic current for glucose
oxidation increased in response to the thick-
ness of CNTF films (3.7 mA cm™ for 4 um
thickness and 14.7 mA ¢cm™ for 20 um thick-
ness), indicating that also GOD can entirely
penetrate inside the PVI-[Os(bpy),Cl]-modi-
fied CNTF films. For example, the content of
. GOD incorporated in a 20 um thick film was
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Figure 2. a) Cyclic voltammograms at 10 mV s of the PVI-[Os(bpy),Cl]-modified CNTF film
(20 um thickness) in PBS (pH 7.0). A CNTF film was soaked in the 1 mg mL™" PVI-[Os (bpy),Cl]
PBS for 6 h. b) Redox peak currents of the CVs as a function of scan rate. c) The amount of
Os(bpy), unit inside a CNTF film (film thickness: 12 and 20 um) as a function of soaking time
for 1 mg mL™" PVI-[Os(bpy),Cl] PBS solution. The mean values (+ standard deviation) of three

independent specimens are given.
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6 measured as ca. 0.86 g by a C-6667 Protein
Quantitation Kit, the value being a little below
the case when GOD molecules (6.7 X 6.7 X
21 nm?)B% align to form lines in the inter-
space of CNTs (1.17 ug). The current den-
sity under stirred condition was enhanced to
as high as 26.7 mA cm™ by turning up the
buffer temperature to 37.5 °C. This glucose
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derived averaged turnover rate was ca. 650 s
being comparable to that of GOD in bulk solu-
tion containing the natural electron acceptor
0, (700 s7%) at 25 °C.?Y These results indicate
that most of ca. 3 x 102 GOD units within
the film could efficiently work to the fullest
extent, presumably owing to the molecularly
ordered structure of enzyme/mediator/elec-
trode ensemble. Such a high efficiency of the
present GOD electrode resulted in a resistance
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to oxygen inhibition, as shown in Figure 3c.
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2.3. Application as a Flexible Anode of Biofuel
Cells

The present free-standing, bioelectrocatalytic
film could be used for miniature biofuel cell
devices. We demonstrate here the application
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Figure 3. a) Cyclic voltammograms of GOD/PVI-Os/CNTF ensemble films at 10 mV s7' in
stirred air-saturated 25 °C (or 37.5 °C) PBS containing 200 mmp-glucose. The thicknesses of
CNTF films were 4 or 20 um. The control voltammograms without GOD and glucose are
also shown. We used a total geometric area of the pinched film (2 mm?) for the calculation
of the current densities. b) The oxidation current densities at 0.6 V vs. Ag/AgCl for the GOD/
PVI-[Os (bby),Cl]/CNTF film (20 um thickness) in a stirred 200 mmp-glucose PBS solution,
periodically measured during 6 d of storage in PBS solution. c) The current densities at
0.6 V for the 20 um GOD/PVI-[Os(bby),Cl]/CNTF film as a function of the glucose concentra-
tion, measured in O,-, Ny-, and air-saturated stirred PBS (pH 7.0) solutions. The mean values

(+ standard deviation) of three independent specimens are given.

oxidation activity is comparable or superior to those previously
reported using GOD.[13-1% In a quiescent condition, the current
density decreased by half, probably due to the limited mass-
transfer inside the film. Importantly, more than 90% of the
electrode activity could be maintained even after 6 d storage in
an air-saturated PBS solution (Figure 3b), proving the stability
of bioelectrocatalytic architecture with the composite of PVI-
[Os(bpy),Cl] polymer and GOD. The anionic GOD molecules
could be stably entrapped by electrostatic interaction with cati-
onic Os-complex of the mediator polymer that is anchored on
the CNT surface via -7 interaction.l®l

The electron-transfer turnover rate for the 20 pm thick film
was calculated from the current value at 25 °C (0.29 mA), the
Faraday constant (96 500 C mol™), the molecular weight of
GOD (186 000 g mol™), and the content of GOD molecules in

wileyonlinelibrary.com

0 100
Glucose concentration (mM)

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of the film to a self-powered sugar indicator
designed for inserting into a fruit. For indi-
cating the glucose concentration, the net per-
formance of the biofuel cell system should be
controlled by the glucose anode. Because the
oxygen in fruits is limited to a lower concen-
tration than glucose, we employ a gas-diffu-
sion biocathodel*¥! for utilizing the abundant
oxygen in air outside of the fruits (see the
Experimental Section for details). Figure 4a
shows the biofuel cell performance measured
using 200 mwm glucose PBS solution with a
couple consisting of a GOD/PVI-[Os(bby),Cl]/
CNTF film anode (20 pum thickness) and a
cathode made from bilirubin oxidase (BOD)-modified carbon
fabric (1 cm X 1 c¢m). The open-circuit voltage of the cell was
0.5 V in agreement with the difference between the potentials at
which glucose oxidation and oxygen reduction start to occur in
cyclic voltammetry (0.1 V in Figure 3a and 0.6 V in Figure S1,
see the Supporting Information). The maximum output cur-
rent (0.27 mA) is almost equivalent to the maximum oxidation
current at the composite anode (0.29 mA) that can be calculated
by the current density in Figure 3a (14.7 mA cm™) and the elec-
trode area of 2 mm?. This result indicates that the system is lim-
ited by the anode even in 200 mwm glucose, a concentration that
is markedly higher than that found in raw fruits (a few tens of
mwm). As shown in Figure 4b, a piece of GOD/PVI-[Os(bby),Cl|/
CNTF film was wound on one lead of a light-emitting-diode
(LED) device, whose blinking interval is inversely proportional

200
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to the power of the biofuel cell.?>3% The other
lead was connected to the BOD-based gas-
diffusion cathode. The blinking interval of the
LED upon inserting the device to a grape was
coincident with that for the extracted juice
(Figure 4c), proving that this device could
serve as a sugar indicator by simply being
inserted into a grape. We confirmed that there
is no corrosion reaction at the LED lead wire
during the operation. The present principle
of the self-powered sensor could be applied
to more important blood sugar monitoring
applications; we are planning to develop a
GOD/PVI-[Os(bby),Cl]/CNTF-based  device

M LED
o device

— Grape berry

Grape jui

structure suitable for low-invasive insertion
into a blood vessel through skins.

L L_J 3. Conclusions

An amount of enzyme units larger than that
in a monolayer were successfully immobi-
lized while keeping effective electrical contact
with the electrode (CNTs), as summarized in
Il Figure 5. In particular, we have succeeded

Intensity of LED emission (au)

0 0.05 01

Time (s)

Figure 4. a) Performance of a biofuel cell composed of an anode of GOD/PVI-[Os (bby),Cl]/CNTF
film (20 um thickness) and a cathode of BOD-modified carbon cloth (1 cm x 1 cm) in 200 mm glu-
cose PBS solution, measured by changing the external resistance (28 to 46kQ). b) Photograph of
the LED-based self-powered sugar indicator, at the tip of which the GOD/PVI-[Os(bby),Cl]/CNTF
film was wound. c) The device assembly was inserted in a grape and the LED blinking was meas-
ured (inset). The time course of LED emission, taken using an extracted juice, is also shown.

103
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£
:(’ larger amount of efficient contact
s enzyme with mediator  of large amount
%’ polymer matrices of enzymes
g H
©
E
: /
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RV
efficient contact of
enzyme monolayer
106

700
Electron-transfer turnover rate (s™')
Figure 5. Scheme showing correlative characters of: a) an enzyme-film
with mediator polymer matrices for larger current, b) an enzyme-mon-

olayer electrode for higher turnover rate, and, c) the present ensemble
electrode for both large current and high turnover rate.
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0.15 0.2 in forming an entirely uniform bioelectro-
catalytic architecture with PVI-[Os(bby),Cl]
and GOD inside a CNTF film. The voltam-
mograms of the PVI-{Os(bby),Cl]-modified
CNTF indicated the uniform adsorption of
PVI-[Os(bpy),Cl] on the CNT surface via n-7
interaction with the density of ca. (1.6 £ 0.1) X
071 mol cm 2. The subsequent GOD seemed
to become stably entrapped at the interspaces
of PVI-[Os(bby),Cl}-modified CNTs by the
electrostatic interaction. Owing to the ordered positional rela-
tionship between GOD, PVI-[Os(bby),Cl], and CNT, the com-
posite film showed both high activity for glucose oxidation
(ca. 15 mA cm?) and high electron-transfer turnover rate
(ca. 650 s71), indicating almost every enzyme molecules within
the film could work to the fullest extent.

4. Experimental Section

CNTF Preparation: CNTF was synthesized in a 1 inch tube furnace by
water-assisted chemical vapor deposition at 750 °C with a C,H, carbon
source and an Al,O; (10 nm)/Fe (1.0 nm) thin-film catalyst grown on
silicon wafers.?!l We used He with H, as the carrier gas (total flow
1000 standard cubic centimeters per minute (sccm)) at 1 atm with a
controlled amount of water vapor with ethylene (100 sccm) for 10 min.

Quantitative Analysis of the Entrapped Enzymes: The quantitative
analysis of GOD was conducted as explained in our previous paper.?
The enzyme-incorporated CNTF film was first washed and immersed
in 20 mm sodium phosphate buffer (pH 9.3) containing 0.1 M sodium
borate and 1% sodium cholate and dispersed with an ultrasonic
homogenizer for 15 min. The GOD in the dispersion was then analyzed
using a C-6667 Protein Quantitation Kit (Molecular Probes), using
5 mm (3-(4-carboxybenzoyl)-quinoline-2-carboxaldehyde) (ATTO-TAG
CBQCA) and 20 mm KCN to label the enzyme with CBQCA. After 1.5 h
of incubation, the fluorescent intensity was measured by a luminescent
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image analyzer system (Fuji Photo Film, LAS-3000 mini), and the amount
of enzyme was determined by referencing a calibration curve.

Preparation of Gas-diffusion Carbon Fabric (CF) Cathodes: The
preparation of the cathode basically followed the procedures used for
our previous work.P* A 40 UL aliquot of a 10 mg mL™" multiwalled CNT
solution was put on a CF strip and dried in air, followed by thoroughly
washing out the surfactant by soaking in an ethanol solution for more
than 1 h with stirring. The surface of the CNT-modified CF electrode was
further modified with a 0.1 mL solution of 5 mg mL™" bilirubin oxidase
(BOD, EC 1.3.3.5, 2.5 U mg™', from Myrothecium) in a vacuum oven
(0.09 MPa, 35 °C). The strip was additionally coated with the CNT
solution to make the surface hydrophobic.

Electrochemical ~Measurements: The GOD/PVI-[Os(bpy),Cl]/CNTF
ensemble films, anchored at the edge with SUS316L fine tweezers,
was analyzed by a three-electrode system (BSA, 730C electrochemical
analyzer) in stirred solutions using a Ag/AgCl reference and a platinum
counter electrode. The gas-diffusion cathode (BOD-modified CF strip)
was put on an air-saturated solution so as to contact the solution by
the BOD-modified face during cyclic voltammetry (Figure S1 in the
Supporting Information). The performance of a biofuel cell constructed
from an GOD-based CNTF anode and an BOD-based CF cathode was
evaluated on the basis of the cell voltage upon changing the external
resistance between 1 kQ and 2 MQ at the time step of 60 s. Unless
otherwise indicated, the electrochemical measurements were carried out
at room temperature (25 °C).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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