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Fig. 1. A sheet-shaped biofuel cell constructed by stacking enzyme-modified nanoengineered carbon fabric strips with a hydrogel film that retains electrolyte solutions and

fructose fuel.

2.2. Preparation of gas-diffusion carbon fabric cathode

The preparation of the cathode basically followed the proce-
dures used for our previous carbon paper-based BOD cathode [23].
BOD is one of multi-cupper oxidases that can directly catalyze four-
electron reduction of O to HyO even without electron transfer
mediators [10,16,32]. A25 plaliquot of a 8 mg ml~! solution of ket-
jenblack (KB)/poly(tetrafluoroethylene) (PTFE) (1: 1) was put on a
CFstrip and dried in air. The surface of the KB-modified CF electrode
was further modified with a 0.1 ml solution of 5mgml~! bilirubin
oxidase (BOD, EC 1.3.3.5, 2.5U/mg, from Myrothecium). After dry-
ing in air, the strip was additionally coated with the KB solution to
make surface hydrophobic. The geometric size was the same as the
anode (0.32 mm thickness, 0.25 cm? area).

2.3. 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 200mM fructose, while the BOD-modified
cathodes were in air-saturated Mcllvaine buffer (pH 5.0). The per-
formance of a biofuel cell constructed with the FDH-modified CF
anode, the BOD-modified CF cathode, and the fructose-containing
agarose film (3 mm thick) was evaluated from the cell voltage
upon connecting with a variable external resistance between 180 £2
and 10k§2. For preparing the fructose-containing agarose films,
a 150 mM Mcllvaine buffer containing 200 mM fructose was first
warmed to dissolve 1.5 wt% agarose, and molded with cooling. The
current and the power were derived from the detected cell voltage
and the resistance. Unless otherwise indicated, the electrochemi-
cal measurements were carried out at room temperature, around
25°C.

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

Fig. 2 shows cyclic voltammograms of the FDH/CNT/CF elec-
trodes (solid plots) at 10mVs~! in a stirred buffer solution
containing 200 mM fructose. In comparison with the FDH/CF elec-
trode 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. 6.5 mF cm~2) than that of
the original CF (0.07 mFcm~2). Importantly, the oxidation current
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Fig. 2. Cyclic voltammograms of FDH-immobilized CF strip electrodes at 10 mVs™!
in a stirred buffer solution (pH 5) containing 200 mM fructose. The CF electrodes
were pre-modified with CNTs dispersed with different concentrations of Triton X~
100 surfactant.



K. Haneda et al. / Electrochimica Acta 82 (2012) 175-178 177

(@)

(b)

Fig. 3. Photographs and SEM images of (a) a bare CF strip and (b-d) CNT-modified strips. The CNT dispersions were prepared with (b) 0.05%, (c) 0.1%, (d) 0.5% Triton X-100

surfactant.

density depended on the concentration of the Triton X-100 surfac-
tant used for the CNT dispersion (0.05, 0.1 and 0.5%), despite the
fact that all these CNT-modified electrodes had similar capacitance
(similar specific surface area). The use of 1% surfactant brought
no significant further change over that from 0.5% surfactant. Fig. 3
shows the surface structure of the CNT-adsorbed CF strips observed
by optical and scanning electron microscopies. The CNT dispersions
with 0.05% and 0.1% surfactant are found to precipitate on the CF
surface (Fig. 3band c). In contrast, the CNT dispersion with 0.5% sur-
factant seems to entirely penetrate into the CF strip. This uniform
modification with CNT would be a main reason of the enhanced
anode performance, up to a value of 11.5mAcm~2 at 0.6 V.

3.2. Performance of gas-diffusion biocathodes

Fig. 4 shows cyclic voltammograms of a BOD-modified CF cath-
ode at 10mVs~'. The electrode strip was put on an oxygenic
pH 5.0 buffer solution so as to contact the solution by the BOD-
modified face (purple solid plot). The reduction current density
reaches ~0.76 mA cm~2 (at 0V), which is 1.5 times larger than that
measured by the biocathode immersed into the solution (broken
line plot). This increase of current density is a result of a better
oxygen supply from the ambient air through the CF. Moreover,
an additional KB coating onto the BOD-modified face of the CF
strip enhanced the performance further to 2.0mAcm=2, which
was reproducible within 10% variation (1.8-2.2 mA cm~2) for four
independent electrode specimens. Presumably, the hydrophobic
nature of that coating controls excess penetration of solution into
the CF electrodes [23]. The reduction current density at 0V varied
1.8-2.2mAcm—2.

3.3. Performance of the flexible biofuel cell

A biofuel cell was constructed with the FDH/CNT-modified
CF anode and the KB/BOD/KB-modified gas-diffusion CF cathode.
These electrodes were attached to both sides of an agarose hydrogel
(3 mm thick) made with 150 mM Mcllvaine buffer solution (pH 5.0)
containing 200mM 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. 5 shows typical examples
of the cell performance. The open-circuit voltage of the cell was
0.7V, which is similar to the difference between the potentials at
which fructose oxidation and oxygen reduction start to occur in
cyclic voltammograms (—0.1V in Fig. 2 and 0.6V in Fig. 4, respec-
tively). The maximum values of current and power densities are
determined by the BOD-cathode because of its comparatively lower
performance than FDH-anode. Even as a stand-alone assembly with
the fuel (fructose)-containing gel sheet, the maximum power den-
sity reached 550 uW cm~2 at 0.4 V. Importantly, this device could
be repeatedly bent to a 44° angle without significant loss of out-
put power. Bending in excess of this value caused fracture of the
agarose hydrogel sheet; our device can be made more resistant to
mechanical stress by using more elastic hydrogels such as polyviny-
lalcohol.
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Fig. 4. Cyclic voltammograms of O3 reduction at a BOD/KB-modified CF strip mea-
sured at 10mVs~! in the solution (broken line) and on the solution (air-diffusion
configuration, solid lines). The activity of the CF electrode was enhanced by further
modification with KB after the BOD immobilization.
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Fig. 5. Performance of the sheet-shaped biofuel cell (1 cm = 0.2 cm) with and with-
out bending. The internal agarose layer was made with 150 mM Mcllvaine buffer
solution (pH 5.0) containing 200 mM fructose.

4. Conclusions

We have developed a totally flexible, sheet-shaped biofuel cell
device by stacking a FDH/CNT-modified CF strip, a KB/BOD/KB-
modified gas-diffusion CF strip, and an agarose hydrogel film that
retains electrolyte solution and fuel (fructose). The results pre-
sented include two strategies to improve the performance of the
device. (1) A CF anode modified with an appropriate CNT disper-
sion showed higher activity. (2) The gas-diffusion biocathode was
improved by optimizing its hydrophobicity. The improved biofuel
cell sheet produced a maximum power density of 550 W cm~2 at
0.4V even when bent. Such a flexible, sheet-shaped power source
could be combined in the future with flexible electronic to make
wearable devices.

Acknowledgements
The authors thank Dr. Piotr Jasinski, Gdansk University of

Technology, for his helpful advice. The carbon fabric and carbon
nanotubes were kindly donated from Toho Tenax Co. and Bayer

Co., respectively. This work was partly supported by the Noguchi
Institute.

References

[1] L Willner, E. Katz, Bioelectronics, Wiley-VCH, Weinheim, 2005.
[2] G.T.R. Palmore, H. Bertschy, 5.H. Bergens, G.M. Whitesides, ]. Electroanal. Chem.
443 (1998) 155.
[3] 1. Willner, Y.M. Yan, B. Willner, R. Tel-Vered, Fuel Cell. 1 (2009) 7.
[4] M. Moehlenbrock, 5.D. Minteer, Chem. Soc. Rev. 37 (2008) 1188.
[5] W. Gellett, M. Kesmez, ]. Schumacher, N. Akers, S.D. Minteer, Electroanalysis 22
(2010) 727.
[6] A. Heller, B. Feldman, Chem. Rev. 108 (2008) 2482,
[7] S.C. Barton, ]. Gallaway, P. Atanassov, Chem. Rev. 104 (2004) 4867.
[8] J.A. Cracknell, K.A. Vincent, F.A. Armstrong, Chem. Rev. 108 (2008) 2439.
[9] J. Wang, Talanta 75 (2008) 636.
[10] M,. Cooney, V. Svoboda, C. Lau, G. Martin, 5.D. Minteer, Energy Environ. Sci. 1
(2008) 320.
[11] 5.A. Neto, ].C. Forti, A.R. De Andrade, Electrocatalysis 1 (2010) 87.
[12] I Ivanov, T. Vidakovic-Koch, K. Sundmacher, Energies 3 (2010) 803.
[13] Yu E. Hao, K. Scott, Energies 3 (2010) 23.
[14] S. Rubenwolf, S. Kerzenmacher, R. Zengerle, F.V. Stetten, Appl. Microbiol.
Biotechnol. 89 (2011) 1315.
[15] M.H. Osman, A.A. Shah, F.C. Walsh, Biosens. Bicelectron. 26 (2011) 3087.
[16] Y.Kamitaka, 5. Tsujimura, N. Setoyama, T. Kajino, K. Kano, Physiol. Chem. Phys.
9(2007) 1793.
[17] R.A.Bullen, T.C. Arnot, ].B. Lakeman, F.C. Walsh, Biosens. Bioelectron. 21 (2006)
2015.
[18] J. Kim, H. Jia, P. Wang, Biotechnol. Adv. 24 (2006) 296.
[19] ]. Wang, Y. Lin, Trends Anal. Chem. 27 (2008) 619.
[20] E.Katz, 1. Willner, Chem. Phys. Chem. 5 (2004) 1084,
[21] L. Gorton, A. Lindgren, T. Larsson, F.D. Munteanu, T. Ruzgas, I. Gazaryan, Anal.
Chim. Acta 400 (1999) 91.
[22] T.Miyake, M. Oike, 5. Yoshino, Y. Yatagawa, K. Haneda, M. Nishizawa, Lab Chip
10(2010) 2574,
[23] T. Miyake, K. Haneda, N. Nagai, Y. Yatagawa, H. Onami, S. Yoshino, T. Abe, M.
Nishizawa, Energy Environ. Sci. 4 (2011) 5008.
[24] F.Gao, L. Viry, M. Maugey, P. Poulin, N. Mano, Nat. Commun. 1 (2010) 2.
[25] H. Sakai, T. Nakagawa, Y. Tokita, T. Hatazawa, T. Ikeda, S. Tsujimura, K. Kano,
Energy Environ. Sci. 2 (2009) 133.
[26] S. Tsujimura, A. Nishina, Y. Hamano, K. Kano, S. Shiraishi, Electrochem. Com-
mun. 12 (2010) 446.
[27] A. Zebda, C. Gondran, A.L. Goff, M. Holzinger, P. Cinquin, 5. Cosnier, Nat. Com-
mun. 2 (2011) 370.
[28] T. Miyake, S. Yoshino, T. Yamada, K. Hata, M. Nishizawa, |. Am. Chem. Soc. 133
(2011)5129.
[29] H.Nishide, K. Oyaizu, Science 319 (2008) 737.
[30] ].A. Rogers, T. Someya, Y. Huang, Science 327 (2010) 1603.
[31] M. Tominaga, C. Shirakihara, I. Taniguchi, . Electroanal. Chem. 610 (2007) 1.
[32] s. Shleev, ]. Tkac, A. Christenson, T. Ruzgas, AL Yaropolov, M. Whittaker, L.
Gorton, Biosens. Bioelectron. 20 (2005) 2517.



pubs.acs.org/macroletters

Conducting Polymer Microelectrodes Anchored to Hydrogel Films

Yuichiro Ido,” Daisuke Takahashi,” Masato Sasaki,” Kuniaki sz.ga.rnine,*’$ Takeo M_iyake,T’i Piotr ]asinski,§
and Matsuhiko Nishizawa™ *

fDepat‘tment of Bioengineering and Robotics, Graduate School of Engineering, Tohoku University, 6-6-01 Aramaki, Aoba-ku, Sendai
980-8579, Japan

*JST-CREST, Sanbancho, Chiyoda-ku, Tokyo 102-0075, Japan

§Faculty of Electronics, Telecommunication and Informatics, Gdansk University of Technology, ul. Narutowicza 11/12, 80-233
Gdansk, Poland

© Supporting Information

ABSTRACT: We report the fabrication of totally organic hydrogel-
based microelectrodes of poly(3,4-ethylenedioxythiophene)
(PEDOT), which exhibit a lowered sheet resistivity of about 100 Q/
[J. The preparation process starts with the electrodeposition of
conductive PEDOT (ca. 20 S cm™) on Pt microelectrodes. After
laminating hydrogels onto the PEDOT-modified Pt electrode
substrates, a second PEDOT (low conductivity) layer was electro-
deposited to anchor the first PEDOT film to the hydrogel. Finally, the
hydrogel sheet with PEDOT micropatterns was peeled off by taking
advantage of the electroactuation property of PEDOT. The process
proved to be versatile, allowing the use of most natural and synthetic
hydrogels including agarose, collagen, polyacrylamide, and so on.

__ PEDOT Pattems
Hydrogel .

C onducting polymers (CPs) such as poly(3,4-ethylenediox- conductive PEDOT, as described later; the polymerization
ythiophene) (PEDOT) are attractive electrode-coating from aqueous EDOT solutions would have advantages for the
materials, having the advantages of biocompatibility and low biofunctionalization of PEDOT such as enzyme immobiliza-
electrical impedance.'_3 They have been utilized for imglanted tion.>* Next, as illustrated in Figure 1b,c, after forming agarose
electronics*™® and in vitro devices for culturing cells.”™"" In or laminating a precured other hydrogel onto the PEDOT-
contrast to these conventional metal-supported CP electrodes, modified electrode substrates, a second PEDOT layer was
we have attempted to prepare an autonomous CP micro- electropolymerized from aqueous EDOT solution to anchor
electrode on a hydrogel substrate that contains ~80% H,0 in the first conductive PEDOT film to the hydrogel matrix. The
order to develop a totally organic, flexible, and molecularly process we previously reported'> depended only on this sparse
permeable electrode. All of the existing printing methods using PEDOT for electrode preparation. Finally, the hydrogel film
screens, inkjet systems, or microstamps, require the drying of with PEDOT micropatterns was peeled from the Pt electrode
fluid inks and, thus, cannot be used for printing on a moist gel substrate (Figure 1d) by taking advantage of the electro-

substrate. Recently, we found that the electrodeposition of chemical elastic actuation of PEDOT (+0.5 V vs Ag/
PEDOT into an agarose film produces such a gel-based AgCl).ls‘lé

electrode, which is soft enou§h to contract synchronously with
the motion of muscle cells.'” However, the sheet resistivity of
that PEDOT electrodes formed in the agarose (ca. 10 kQ/0) second PEDOT, proving its importance for nondisruptive
was unfortunately higher than expected. ~ Apparently, dendritic peeling. The 1 X 1 cm Pt electrodes on glass substrates were

growth through the hydrogel matrix’ resulted in a larger surface first coated with a 300 mC PEDOT film. Next, a melted 2.8 wt
area (manifested by a larger double layer capacitance) but a

lower electrical conductivity due to the sparse structure. An
improvement in the conductive property of the PEDOT/
hydrogel electrodes should expand their possible applications.

We report herein an improved process to prepare more
conductive PEDOT micropatterns on hydrogels. As shown in
Figure la, the dense PEDOT film was first electropolymerized
on Pt microelectrodes. Owing to the absence of hydrogel, we Received: December 22, 2011

can freely employ appropriate polymerization conditions. For Accepted: February 24, 2012
example, the use of CH;CN as solvent leads to highly Published: February 28, 2012

Figure 2 shows photographs of typical specimens after the
peeling process with different polymerization charges of the

% agarose solution was poured over the substrate and gelated
by cooling in room temperature (2 mm thickness). Then a
second PEDOT layer was electropolymerized at charges of (a)
0, (b) 100, and (c) 200 mC. Finally, twin cycles of
electrochemical elastic actuation was applied for inducing stress
at the polymer/electrode interface, leading to eventually

A 4 ACS Publications  © 2012 American Chemical Society 400 dx.doi.org/10.1021/m22002406 | ACS Macra Lett. 2012, 1, 400-403
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Figure 1. Schematic illustrations of the fabrication process for a conducting polymer/hydrogel electrode: (a) PEDOT was electropolymerized on a
Pt microelectrode substrate; (b) a hydrogel sheet was formed or laminated on the substrate; (c) PEDOT was again polymerized; (d) then a
PEDOT /hydrogel electrode was peeled from the substrate after electrochemical elastic actuation.
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PEDOT /agarose
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with residual PEDOT
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()
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Figure 2. Photographs of Pt/glass substrates and agarose sheets after
the peeling process with twin redox cycles (£0.5 V vs Ag/AgCl). The
polymerization charge of the first PEDOT films was 300 mC and (a)
0, (b) 100, and (c) 200 mC for the second PEDOT layers. The
polymerization was potentiostatic at 1.0 V vs Ag/AgCl in 0.1 M
LiClO, aqueous solution of EDOT.

detachment. In the case without the second PEDOT
deposition, a clean transfer of the pattern has never achieved
(Figure 2a). The second PEDOT of 100 mC resulted in an
irregular, partial transfer (Figure 2b). On the other hand, the
second PEDOT of 200 mC ensured 100% transfer every time
(Figure 2c), indicating that a sufficient amount of a second
dendritic PEDOT layer (more than 200 mC) can serve as an
effective anchor to connect the first PEDOT film and the
hydrogel matrix. It is worth noting that a prior hydrophilic
modification of the glass substrates with aminosilane is also
necessary for nondisruptive peeling; we immersed Pt/glass
substrates in 20 mM 3-aminopropyltriethoxysilane /heptane for
6 h for forming the self-assembling monolayer of aminosilane
on the surface of the glass part of the substrates. Without these
treatments, the naturally impure glass surface often causes
anisotropic lateral growth of the polymer from the Pt electrode
along the surface of the surrounding glass, resulting in adhesion
between the CP and the glass substrate."!
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Figure 3. (a) Sheet resistivity of the PEDOT patterns (1 X 1 cm)
transferred to agarose films as functions of polymerization charge of
the first PEDOT film (100, 200, and 300 mC) and the solvents used
for the polymerization (H,O, CH;CN, and their 1:1 mixture). The
mean values (+standard deviation) of at least three independent
specimens are given. The polymerization was potentiostatic at 1.0 V in
each solution containing 50 mM EDOT and 0.1 M LiClO,. The
charge for second PEDOT layer was 300 mC. (b) Thickness of the
first PEDOT films measured by a surface texture analyzer (DEKTAC
150). (c) Conductivity of the PEDOTs calculated by using their
thickness. The conductivity value in the case without the first PEDOT
film (only the second PEDOT anchor) is also shown.

With the polymerization charge of the second PEDOT fixed
at 300 mC, we studied next the sheet resistivity of the peeled
PEDOT patterns by changing the polymerization conditions of
the first PEDOT films. The resistivity measurements were
conducted under wet conditions by the two-point probe
method around 0.4 V versus Ag/AgCl, where the PEDOT is in

dxdoi.org/10.1021/mz2002406 | ACS Macro Lett. 2012, 1, 400—403
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Figure 4. Photographs of the PEDOT microelectrodes anchored to
the preliminarily molded hydrogel films of collagen (0.3 mm thick),
glucomannan (1 mm thick), polyacrylamide (1 mm thick), and a
commercial soft contact lens made of poly(2-hydroxyethyl meth-
acrylate). Scale bar: 5 mm.

the oxidized form. The ohmic property was checked by varying
the bias between the probes. Figure 3a shows that increasing
the polymerization charge up to 300 mC decreased the sheet
resistivity to less than 500 Q/[]], a value 2 orders of magnitude
lower than that (ca. 10 kQ/[J) of the PEDOT electrode
prepared by our previous process without the first PEDOT
film."* In particular, the PEDOT film prepared using CH,CN
solvent showed the lowest resistivity, about 100 Q/[].
Presumably, polymerization at greater than 300 mC will further
decrease the sheet resistivity. As shown in Figure 3b, the
thickness of the first PEDOT film, measured by a surface
texture analyzer, were found vary with solvents used, probably
due to difference in the Coulombic efficiency of electro-
deposition. The 300 mC/cm” polymerization led to a thickness
of about 1.5 ym in H,0, 3.0 yum in H,0/CH,CN, and 4.5 gm
in CH,CN, respectively. Figure 3c depicts the conductivity of
the transferred PEDOTs calculated taking account of their
thickness. The conductivity values of the present PEDOT
electrodes reach the range of 10" S/cm, regardless of the kind
of solvent, the value being comparable to the generally known
conductivity of the PEDOT. > For reference, the second
PEDOT layer grown in agarose showed a thickness of about §
pm for 300 mC/cm?'? as also judged from the cross section
(Supporting Information, Figure S1). Because the conductivity
of the second PEDOT layer grown in agarose was in the range
of 107" §/cm, its contribution to the net conductivity is small; it
functions simply as an anchor between the first PEDOT film
and the hydrogel.

The process used to prepare PEDOT micropatterns was
versatile, being also successful with precured films of other
kinds of natural hydrogels (collagen, glucomannan) and
synthetic hydrogels (polyacrylamide, poly(2-hydroxyethyl
methacrylate)), as shown in Figure 4. In addition, the
PEDOT patterning process is adaptive to the variations of
elasticity, thickness and shapes of the hydrogels. For example,
even a commercial soft contact lens can be used as the substrate
for PEDOT electrodes. Although the structural and electrical
characters of the second PEDOT would be somewhat different

402

by the hydrogels used, they functioned well as the anchor for
nondisruptive peeling of the first PEDOT, as with the case of
agarose. Among the hydrogels we studied, only the fibrin gel
could not be used as the substrate for PEDOT electrodes. The
electrostatic and chemical conditions in fibrin may inhibit the
polymerization of the second PEDOT.

The hydrogel-based CP micropatterns discussed here
represent a totally organic, moist, flexible, and molecularly
permeable electrode that can be combined with cells and tissues
without disturbing the physiological conditions including the
continuous supply of O, and nutrients. Such properties are
ideal for use as in vivo and in vitro electrodes for stimulation
and recording. Besides such cellular applications, these
improved conductivity CP/gel electrodes should be applicable
to a variety of hydrogel-based electronic systems such as
iontophoretic drug delivery.
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The optical microscope image of the cross section of PEDOT/
agarose electrode. This material is available free of charge via

the Internet at http://pubs.acs.org.
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Similar to conventional electrolyte batteries, biofuel cells often need to be stacked in order to boost
their single cell voltage ( < 1 V) up to a practical level. Here, we report a laminated stack of biofuel cells
that is composed of bioanode fabrics for fructose oxidation, hydrogel sheets containing electrolyte and
fuel (fructose), and O,-diffusion biocathode fabrics. The anode and cathode fabrics were prepared by
modifying fructose dehydrogenase and bilirubin oxidase, respectively, on carbon nanotubes-decorated
carbon fiber fabrics. The total thickness of the single set of anode/gel/cathode sheets is just 1.1 mm. The
laminated triple-layer stack produces an open-circuit voltage of 2.09 V, which is a 2.8-fold increase over

that of a single set cell (0.74 V). The present layered cell (5 mm x 5 mm) produces a maximum power of
0.64 mW at 1.21V, a level that is sufficient to drive light-emitting diodes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Enzyme-based biofuel cells (BFCs) that generate electricity
through enzymatic oxidation of biological fuels like sugars and
alcohols have attracted attention as ubiquitous, safe power
sources (Heller, 2004; Barton et al., 2004; Cooney et al., 2008;
Willner et al., 2009). In this decade, the output current of
enzymatic BFCs have been dramatically improved from pA to
mA level (Sakai et al., 2009; Gao et al,, 2010; Zebda et al,, 2011;
Miyake et al., 2011a). In contrast, the cell voltage is determined by
the coupling of redox reactions at anode and cathode, and is
typically limited around 1.0 V, a value that is insufficient for many
practical applications; for example, a single light-emitting diode
(LED) requires a voltage larger than 1.6 V. Therefore, in a similar
manner to electrolyte batteries, BFCs are often stacked for boost-
ing the output voltage (Ferrigno et al., 2002; Sakai et al., 2009;
Gellett et al., 2010; Holzinger et al., in press). When stacking with
series-connections, each BFC should be isolated by proper packa-
ging to prevent short-circuits via ion-conductive fuel solutions,
and these packages are then interconnected electrically with
metal lead. Such requirements, however, are often troublesome
from the standpoint of exploiting the BFC's simplicity and
disposability.
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In this manuscript, we describe a layered biofuel cell con-
structed by laminating enzyme-modified carbon fabric (CF) strips
and hydrogel film containing electrolyte and fuel as shown in
Fig. 1. The hydrogel sheets ensure ion-conduction between anode/
cathode fabrics, and also serve as the fuel tank that could
eliminate the necessity of packaging. A BFC sheet using a
conventional agarose (Haneda et al., in press) was thick and weak
due to the fragile nature of agarose. In the present work, we
employ a heavy-duty “double network (DN) hydrogel”, resulting
in a very flexible, thinner BFC (~1 mm thickness). The pre-
modification of CF with carbon nanotubes (CNTs) was effective
to improve the performances of both bioanode and biocathode.
The laminated stack of the improved bioelectrodes was practical
for LED lighting.

2. Experimental section
2.1. Preparation of carbon fabric anodes

A 5 mm x 5 mm strip (0.3 mm thickness) of carbon fabric (CF)
(TCC-3250, donated from Toho Tenax Co.) was first modified with
multiwalled carbon nanotubes (CNTs) (Baytubes, donated from
Bayer Material Science Co.) to increase the specific surface area
(Supplementary Fig. 1). The CNTs were pretreated by heating at
400 °C for 11 h and by immersing in mixed acid (HzS04+HNO; in
a 1:3 ratio) for 5h. The treated CNT were dispersed in water
containing 0.5% Triton X-100 surfactant. A 40 pl aliquot of the
10 mg ml~! CNT dispersion was dropped on a CF strip and dried
in air. After degassing the CNT-modified strip by immersion in a
stirred Mcllvaine buffer solution for more than 1 h under vacuum
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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 Umg~", 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 0, 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 pul 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 5 mgml~" 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), NacCl
(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 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 10 mVs~' 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 10mV 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
10mgml~' CNT and 10 mg ml~' FDH (red line). The activity of the bioanode
fabric was enhanced by optimizing the buffer concentration to 0.5M (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 0.6 V
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. AgfAgCl 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 0.95 mW 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 = 1.1 mm) with and without bending. The internal hydrogel layer was made with 250 mM Mecllvaine buffer
solution (pH 5.0) containing 500 mM fructose. The performance of a triple-layer cell is also shown. (b) Photograph of the biofuel cell sheet bend into a circle. (c) Photograph
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 © 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 (2.55mWcm™2
6.28 mW cm™?); 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*

Molecularly ordered composites of polyvinylimidazole-[Os(bipyridine),Cl]
(PVI-[Os(bpy),Cl]) and glucose oxidase (GOD) are assembled inside a film
of aligned carbon nanotubes. The structure of the prepared GOD/PVI-
[Os(bpy).Cl]/CNT composite film is entirely uniform and stable; more than
90% bioelectrocatalytic activity could be maintained even after storage for
6 d. Owing to the ideal positional relationship achieved between enzyme,
mediator, and electrode, the prepared film shows a high bioelectrocatalytic
activity for glucose oxidation (ca. 15 mA cm™2 at 25 °C) with an extremely
high electron-transfer turnover rate (ca. 650 s~') comparable to the value for
GOD solutions, indicating almost every enzyme molecule entrapped within
the ensemble (ca. 3 X 102 enzymes ina 1 mm X 1 mm film) can work to
the fullest extent. This free-standing, flexible composite film can be used by
winding on a needle device; as an example, a self-powered sugar monitor is

using GOD, an Os-complex polymer, and
a carbon nanotube (CNT)-modified elec-
trode.l'®f 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.*7-2% Since all the
enzyme units are oriented in an optimal
position with respect to the electrode sur-
face, a high electron-transfer turnover rate

60 wileyonlinelibrary.com

demonstrated.

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.'"*?) 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.'**% Barton et al. reported ca. 20 mA cm™
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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
bicelectrocatalytic 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)®! 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,0;/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 20pum) was determined by
the width of the line-patterns of Al,0,/ 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 1c. 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,?%! 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

2,
=

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 x 10719 mol for a 12 um thick film and 12.8 x 107'% mol for a
20 wm 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 7—7
interaction.”! 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)?Y was (1.6 £0.1) x 107 mol cm?,
which is comparable with the value for a PVI-{{Os(bpy),Cl] film
adsorbed on a flat Au surface (3.2 x 10719 mol cm™%).12%

2.2. Electrocatalytic Activity of GOD/
PVI-[Os(bpy),Cl]/CNTF Ensemble Films
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Subsequent loading of the enzyme GOD was
T 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 s in a stirred 200 mmo-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 pm
thickness and 14.7 mA cm™ for 20 pm thick-
ness), indicating that also GOD can entirely
penetrate inside the PVI-[Os(bpy),;Cl]-modi-
fied CNTF films. For example, the content of
i GOD incorporated in a 20 pm thick film was

o
o

Current (mA) -,

50 100 0 3
Scanrate (mV s7)

o

Figure 2. a) Cyclic voltammograms at 10 mV s™! of the PVI-[Os(bpy),Cl]-modified CNTF film
(20 pm 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. ¢) 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 (t standard deviation) of three

independent specimens are given.
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6 measured as ca. 0.86 ug 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 pg). 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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a piece of the ensemble film (ca. 0.86 pug). The

35 =—o20um37.5°C
—20pm 25 °C
— 4pm25°C
25+ ~— Glucosefree
e GOD free

15t

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 s7Y) at 25 °C.3Y These results indicate
that most of ca. 3 x 10'? 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

Currentdensity (mAcm?) ~—

present GOD electrode resulted in a resistance
to oxygen inhibition, as shown in Figure 3c.

The catalytic performance was almost iden-

-0.1 0.2 0.5
E (V vs. Ag/AgCl)

tical in N-saturated, air-saturated, and even
0.8 ;
O,-saturated solutions. In general, glucose
oxidation with GOD-modified electrodes is
often disturbed by dissolved O,, which is trou-

b) C) i blesome for glucose sensing.*?33 However,
. 8 151 the ordered Os(bby), groups in the present
2 °0r L] NE * 2 ensemble electrode could effectively accept
o G the electron from GOD in preference to Oy,
2 qE: i resulted in excellent O, resistance.
‘E’ L 60} et
2 >
3 g g i 2.3. Application as a Flexible Anode of Biofuel
- o = Cells
ﬁ © 30t g 5 L ® N, saturated
g @ § :(a)fr i::ﬁ::gg The present [ree-standing, bioelectrocatalytic
5 2 film could be used for miniature biofuel cell
z 0 i S = P devices. We demonstrate here the application
2 0 ' ’ ' of the film to a self-powered sugar indicator
0 2 4 6 3 0 100 200 designed for inserting into a fruit. For indi-

Time (days)

Figure 3. a) Cyclic voltammograms of GOD/PVI-Os/CNTF ensemble films at 10 mV s 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]JCNTF 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]JCNTF film as a function of the glucose concentra-
tion, measured in O,-, N4, 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.["*"'%l [n 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 77 interaction. 8l

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

Glucose concentration (mM)

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

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 biocathode®! 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 mum 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 em x 1 cm). 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 mu glucose, a concentration that
is markedly higher than that found in raw fruits (a few tens of
mu). 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

Adv. Energy Mater. 2013, 3, 60-64
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to the power of the biofuel cell.***¢ The other

a)0-3 45 b) S LED lead was connecled to the BOD-based gas-
Cathode (BOD/ i diffusion cathode. The blinking interval of the
Carbon Cloth) device EESESM upon inserting the device to a grape was

W
o

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

o
M

o
25

o
(mr) 1emog

Current (mA)

0.25

Cell voltage (V)

- Grape berry

3. Conclusions

= = L
Grape juice 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
Figure 5. In particular, we have succeeded
in forming an entirely uniform bicelectro-
catalytic architecture with PVI-[Os(bby),Cl]
and GOD inside a CNTF film. The voltam-
mograms of the PVI-Os(bby),Cl]-modified
::gu;sg. a]t:elnl‘(crmalnce;fa b;‘ﬁfudel C?I]Ia%);posg%ogan T;‘mdej ot;G(?D/PV;-[Os(pbgégl]fCNrF CNTF indicated the uniform adsorption of
m m thickness) and a cathode o -modified carbon cloth (1 cmx 1 cm) in 200 mm glu- :
cose PBélsolution, measured by changing the external resistance (28 to 46k(). b; Photograpﬁ of ‘PVI-[OSI{bpy};I-Cl] s Hs FNT it e i o
the LED-based self.powered sugar indicator, at the tip of which the GOD/PVI-{Os(bby),Clj/CNTF  iteraction with the density of ca. (1.6 +0.1) x
film was wound. c) The device assembly was inserted in a grape and the LED blinking was meas- 107'% mol cm ™. The subsequent GOD seemed
ured (inset). The time course of LED emission, taken using an extracted juice, is also shown. to become stably entrapped at the interspaces
of PVI-[Os(bby),Cl]-modified CNTs by the

Intensity of LED emission (au)

0 005 01 015 0.2
Time (s)

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
103 (ca. 15 mA cm™) and high electron-transfer turnover rate
S (ca. 650 s7Y), indicating almost every enzyme molecules within
‘té the film could work to the fullest extent.
;:’ larger amount of efficient contact
== enzyme with mediator  of large amount
% polymer matrices of enzymes 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
% ey source and an Al,O; (10 nm)/Fe (1.0 nm) thin-film catalyst grown on
= 4 : silicon wafers.?!l We used He with H, as the carrier gas (total flow
8 ) s 5 1000 standard cubic centimeters per minute (sccm)) at 1 atm with a
C:D efficient contact of controlled amount of water vapor with ethylene (100 sccm) for 10 min.
enzyme monolayer Quantitative Analysis of the Entrapped Enzymes: The quantitative
106 analysis of GOD was conducted as explained in our previous paper.[Z
The enzyme-incorporated CNTF film was first washed and immersed
700 in 20 mm sodium phosphate buffer (pH 9.3) containing 0.1 M sodium
Electron-transfer turnover rate (s-) borate and 1% sodium cholate and dispersed with an ultrasonic

homogenizer for 15 min. The GOD in the dispersion was then analyzed
Figure 5. Scheme showing correlative characters of: a) an enzyme-ilm  using a C-6667 Protein Quantitation Kit (Molecular Probes), using

with mediator polymer matrices for larger current, b) an enzyme-mon- 5 mwm  (3-(4-carboxybenzoyl)-quinoline-2-carboxaldehyde) (ATTO-TAG
olayer electrode for higher turnover rate, and, c) the present ensemble =~ CBQCA) and 20 mwm KCN to label the enzyme with CBQCA. After 1.5 h
electrode for both large current and high turnover rate. 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.*l 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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