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AbstractWe designed an enzymatic biofuel cell (EFC) that utilizes indium tin oxide (ITO) electrodes, and sequen-
tial deposition of single-walled carbon nanotube (SWCNT) and gold nanoparticle (AuNP) layers on the electrodes to
enhance their electron transfer. Cyclic voltammograms of the SWCNT-modified ITO electrodes showed higher peak
currents compared to those of the bare ITO electrodes. Immobilization of glucose oxidase (GOD) on SWCNT-modi-
fied ITO electrodes increased their electron transfer resistance by a factor of ten, which could be mitigated by incorpo-
rating an AuNP layer between the GOD and SWCNT layers. The single-layer GOD generated higher current than the
doubled-layer GOD, with higher specific activity. The assembled EFC featured SWCNT-modified ITO electrodes with
sequential layers of immobilized AuNPs and GOD (anode), and with a single layer of immobilized bilirubin oxidase
(BOD) (cathode). The cathode performance was further improved by the presence of AuNPs between the BOD and
SWCNTs on cathode. The enhanced electron transfer kinetics and enzymatic activity observed for SWCNT/AuNP-
modified ITO electrodes resulted in a maximum power density of 38.2±2.0W/cm2 at 0.57±0.03 V of a cell voltage.
Keywords: Indium Tin Oxide Electrode, Single-walled Carbon Nanotubes, Gold Nanoparticles, Covalent Immobilization,

Glucose Oxidase, Enzymatic Biofuel Cell

INTRODUCTION

Enzymatic biofuel cells (EFCs) consist of two bio-electrodes fab-
ricated with immobilized enzymes that catalyze the oxidation of glu-
cose at the anode, and the reduction of molecular oxygen at the
cathode. Anode enzymes are one of glucose oxidase, glucose dehy-
drogenase, or cellobiose dehydrogenase, while bilirubin oxidase or
laccase is cathode enzyme [1-4]. The concomitant oxidation and
reduction reaction at the electrodes yields electrical power. Interest
in miniature EFCs is increasing, because they are considered an
alternative power source for human-implanted biomedical devices.
However, the largest obstacles to miniaturization of EFCs have
been the low power output and the instability of the immobilized
enzymes. Recent advances in nanotechnology and biotechnology
have steadily improved the performance of EFCs [1]. To date, many
attempts have been made to fabricate the electrodes, which include
reconstitution of an electrically contacted enzyme electrode [5], and
direct electron transfer (DET) between the redox active sites of
enzymes and the electrodes [5-9]. It has been also demonstrated
that EFCs implanted in Rat could power electronic devices [10].
However, an obstacle facing DET-based EFCs is the low perfor-
mance of EFCs associated with difficulty with the transfer of elec-
trons between the redox center of the enzyme and the electrode

due to a large distance [11]. To overcome this drawback, EFCs have
been constructed using redox mediators for the efficient transfer of
electrons. Heller et al. developed osmium-based redox polymer medi-
ators for EFCs which are popularly used for EFCs because of their
excellent water solubility, easy modification of their chemical struc-
ture, and their ability to control the potential of EFCs [12,13]. Addi-
tionally, carbon nanotubes (CNTs) or gold nanoparticles (AuNPs)
used in EFCs to facilitate electron transfer have significantly con-
tributed to these works. The CNTs and AuNPs both provide large
surface area-to-volume ratios for enzyme immobilization and good
electrical conductivity. In addition, while CNTs are electrochemi-
cally stable, intensive work has not been made on modifying CNTs
and AuNPs as electrodes to increase the power output in EFCs.
Therefore, further fabrication of electrodes using CNT-based nano-
structured materials and enzyme immobilization with optimal con-
figuration has been necessary to improve the performance of EFCs.
Efforts have been made on fabrication of CNT yarn [14] or opti-
mizing enzyme layers on CNT electrode [15] for EFCs. The for-
mation of multilayer film of glucose oxidase and AuNPs or CNTs
on the electrode was demonstrated to result in excellent bioelectric
sensing response to the oxidation of glucose [16,17]. We previously
reported that maximizing the loading of glucose oxidase (GOD)
on the surface of multi-walled carbon nanotubes (MWCNTs) en-
hances the generation of electric power or sensing signal [18]. In
most works, CNTs powder is compressed or attached on glassy car-
bon electrode. However, it is difficult to maintain stable compressed
pellet form and/or uniform attachment of CNTs powder on the
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electrode. Therefore, another fabrication technique is required to
ensure the stable and uniform modification of electrodes with CNTs
or AuNPs.

CNT-based thin films have been prepared by electrical, chemi-
cal, or physical methods [19]. The modification of indium thin oxide
(ITO) electrode with CNTs has been also attempted [20]. ITO is
commonly used in the production of plasma displays, gas sensors,
and organic solar cells, because of its good optical transparency
and conductivity [21]. These properties of ITO allow it to be used
to monitor the behavior of electrode-grown cells [21,22], with no
significant cytotoxicity observed. In addition to biocompatibility,
(electro) chemically stable surface modifications of ITO electrodes
allow the development of an immunosensor with high biofouling
resistance, which is an important property of implantable devices
designed for long-term operation [23]. Many metals, including alu-
minum and copper, are good candidates for electrodes, but most
of them cannot be used for implantation because of their toxicity
[24-26]. Furthermore, facile micropatterning of ITO electrodes
enables the fabrication of microchip devices [27]. Despite these
advantages, it is still challenging to develop ITO-based EFCs because
of the intrinsic poor electron transfer of ITO [28-30].

Therefore, we developed a high-power EFC fabricated with ITO
electrodes, where SWCNTs, AuNPs, and GOD are optimally con-
figured. Electrodes were prepared through sequential deposition of
single-walled carbon nanotubes (SWCNTs), AuNPs, and GOD lay-
ers on the surface of ITOs, and the characterization of the power-
generating performances of electrodes with different configuration
of these nanomaterials and GOD. Os-based redox polymers were
used as mediators to transfer electrons between enzyme and sur-
face of electrodes. The roles of all constituents were investigated by
electrochemical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV), which revealed that SWCNT layers improved the
electron transfer performance of ITO electrodes. Although direct
enzyme immobilization on deposited SWCNTs increased the elec-
trode electron transfer barrier, the introduction of an AuNP layer
between the GOD and SWCNT layers significantly decreased the
electron transfer resistance, and improved the enzymatic activity.
The EFC was assembled with GOD electrodes with optimal con-
figuration as anode and bilirubin oxidase-immobilized ITO as cath-
ode, then its performance was investigated.

MATERIALS AND METHODS

1. Chemicals
GOD from Aspergillus niger (59 units/mg, product No. G0050)

was purchased from TCI (Tokyo, Japan). ITO glass sheet (100/
sq) was purchased from U.I.D. (Sejong, Korea). Reagent grade sul-
furic acid and hydrochloric acid were purchased from Junsei (Tokyo,
Japan). Carboxylic acid functionalized SWCNTs were purchased
from Sigma-Aldrich (MO, USA. product No. 652490). According to
information from the provider and previous report [31,32], SWCNTs
are produced by electric arc discharge technique with a carbona-
ceous content of 80-90% and 5-10% metallic (nickel) impurities.
They were purified with nitric acid and left in a highly functional-
ized form with a carboxylic acid. The average diameter of individ-
ual SWCNT is 1.4±0.1 nm, and bundle dimensions are 4-5 nm×

0.5-1.5m. N-(3-dimethylaminopropyl)-N'-ethyl carbodiimide hy-
drochloride (EDC-HCl), N-hydroxysuccinimide (NHS), N-morholi-
noethane sulfonic acid (MES), sodium (meta) periodate, ethylene
glycol, cysteamine, poly(ethylene glycol) diglycidyl ether (PEGDGE,
Mnav: ~500), horseradish peroxidase (product No. P6140), biliru-
bin oxidase from Myrothecium verrucaria (BOD, 25 unit, product
No. B0390), o-dianisidine, urea, potassium chloride, and AuNP
solution (product No. 753610) were purchased from Sigma-Aldrich.
The osmium redox polymers, poly (N-vinylimidazole)-[Os(4,4'-
dimethyl-2,2'-bipyridine)2Cl])+/2+ (PVI-Os-dme-bpy), poly (N-viny-
limidazole)-[Os(4,4'-dimethoxy-2,2'-bipyridine)2Cl])+/2+ (PVI-Os-
dmo-bpy), and poly (N-vinylimidazole)-[Os(4,4'-dichloro-2,2'-bipyri-
dine)2Cl]+/2+-co-acrylamide (PAA-PVI-Os-dCl-bpy) were synthe-
sized according to previous reports [33,34]. The redox potentials
of PVI-Os-dme-bpy, PVI-Os-dmo-bpy, and PAA-PVI-Os-dCl-bpy
are 0.14, 0.025, and 0.36 V vs. Ag/AgCl [13,34-36]. All solutions
were prepared in deionized (DI) water (1,834 M-cm) unless oth-
erwise mentioned.
2. Fabrication of SWCNT-modified ITO Electrodes

ITO glass slides (1.25 cm×2.75 cm) were cleaned by 5-min rins-
ing with piranha solution and 5-min sonication in DI water (160
HT, Soniclean Pty Ltd., Seoul, Korea), followed by drying in a stream
of nitrogen gas at room temperature [37].

Prior to immobilization on ITO, SWCNTs (5mg) were dispersed
in MES buffer (5 mL, pH 6.0) with the aid of sonication for 3 h,
followed by 10-min centrifugation at 1,106×g and 25 oC. The super-
natant was decanted, and diluted to give an SWCNT solution with
different concentrations. Subsequently, ITO was incubated over-
night in the obtained SWCNT solution at room temperature with
slow shaking. After being washed in DI water and dried at room
temperature, the ITO was modified with SWCNTs (ITO-SWCNT)
to afford good electro-conductivity [38] and good anchoring points
for the covalent attachment of AuNPs and enzymes. The amount
of SWCNTs adsorbed on ITO was estimated as the difference
between the amounts of SWCNTs in solutions before and after
incubation. To measure the concentration of SWCNTs in solution,
the supernatant and pellet were separated by centrifugation from
10mL of SWCNT dispersion (1mg/mL), and were then transferred
to weighed aluminum dishes. After drying at 80 oC for 2h in a vac-
uum oven, the dried weight of supernatant or pellet was calculated
by subtracting the weight of aluminum dish. This supernatant with
known concentration of SWCNTs was used as standard solution
for preparing the calibration curve. The concentration of SWCNTs
remaining in supernatant after adsorption was determined by meas-
uring the absorbance at 300 nm using an ultraviolet/visible (UV/
Vis) spectrophotometer (UV-1601, Shimazu, Japan), based on the
calibration curve as described by Attal et al. [39]. The calibration
curve prepared from a SWCNTs solution with known concentra-
tion was linear up to 22g/mL of SWCNTs.
3. Preparation of Enzymes and AuNP Layer on ITO-SWCNT
Electrodes

Before immobilization, the carbohydrate groups on the periph-
eral surface of GOD were oxidized to carbaldehydes, as follows. A
solution of GOD (20M) in phosphate buffer saline (PBS; 5 mL,
pH 6.8) was reacted with sodium metaperiodate (NaIO4; 6 mg/mL)
for 1 h at 4 oC in the dark. Subsequently, the reaction was quenched
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with 25 mM ethylene glycol, and left at 25 oC for 30 min. The reac-
tion solution was dialyzed (12,000-14,000 MWCO membrane)
and then concentrated with ultrafiltration (30,000 MWCO mem-
brane), following the previously documented procedure [16].

Grafting of oxidized/purified GOD (oxy-GOD) or AuNPs on
SWCNTs was initiated using EDC/NHS coupling at optimized con-
dition [18]. Briefly, ITO-SWCNT slides were immersed in MES
buffer (2 mL, 100 mM, pH 6.0) containing EDC (52 mM) and NHS
(430 mM), followed by shaking at 160 rpm for 3 h at 25 oC. The
slides were thoroughly rinsed with the same buffer to remove un-
reacted residues and the urea by-product. Four types of GOD-
attached ITO electrodes (electrodes I, II, III, and IV) were pre-
pared by conjugating oxy-GOD with amine-reactive or AuNP-
conjugated ITO-SWCNT slides (Fig. 1). Electrode I was fabricated
by conjugating oxy-GOD with NHS ester-activated SWCNTs. The
activated SWCNTs adsorbed on ITO glass were treated with MES
buffer (2 mL, 100 mM, pH 6.0) containing oxy-GOD (8.7 mg/
mL), followed by 3 h shaking at 160 rpm and 25 oC. Electrode II
was prepared by fabricating AuNP layer and GOD layer sequen-
tially on the activated SWCNTs on ITO glass, respectively. The
AuNPs and GOD layers were assembled by attaching AuNPs on
aminated SWCNTs, followed by grafting oxy-GOD on the pro-
duced AuNPs layer, using cysteamine as a cross-linker. In detail,
the NHS-ester activated ITO-SWCNT glass was immersed in cys-
teamine solution (20 mM, 2 mL) and incubated in darkness for
2 h at 25 oC, followed by washing with DI water. The ITO-
SWCNT glass bearing thiol group (-SH) was incubated for 2 h in
a 2-mL AuNP solution, which was used as received with no dilu-
tion, to form Au-S bonds between AuNPs and SWCNTs on ITO.
The AuNP-SWCNT-grafted ITO glass slides were reacted with
cysteamine, and washed with DI water, with covalent linking of
oxy-GOD aldehyde groups to cysteamine NH2 groups performed
by immersing the above slides into oxy-GOD solution for 2 h [16].

Electrode III was prepared by incubating electrode I in oxy-GOD
solution, without further treatment. Electrode IV was prepared by
subjecting electrode II to the above procedure of AuNP and GOD
layer formation.

The BOD cathode was prepared by immobilizing BOD and
PAA-PVI-Os-dCl-bpy on ITO-SWCNT electrodes through physi-
cal adsorption. A solution of BOD or BOD-AuNP mixture with
250 unit/mL of BOD activity, a stock solution of PAA-PVI-Os-dCl-
bpy (10mg/mL) and PEGDGE (10mg/mL) were mixed in a 4 :4 :1
ratio (v : v : v). The obtained mixture (8L) was placed on the sur-
face of the ITO-SWCNTs, followed by drying for 1 h at room
temperature.
4. Surface Characterization of Electrodes and Biochemical
Analyses of Immobilized GOD

Transmission electron microscopy (TEM) measurements were
performed on an FEI TECNAI TF30ST at an acceleration voltage
of 300 kV. A drop of SWCNT dispersion or supernatant was placed
onto a carbon-coated TEM copper grid. TEM images were recorded
using CCD cameras installed in this microscope. The surface mor-
phology of bare or SWCNT-modified ITO was investigated by
field emission scanning electron microscopy (FESEM) using a JEOL
JSM 7610F instrument operated at an acceleration voltage of 5 kV.

The chemical composition of the GOD-attached ITO electrodes
was analyzed using X-ray photoelectron spectroscopy (XPS, AXIS
Ultra-delay Line Detector, Kratos, UK) at the Korea Basic Science
Institute (Daejeon, Korea). Electrode analyses were also performed
using Raman spectroscopy and energy dispersive X-ray (EDX)
spectrometry, as described in the supplementary section.

The amount of immobilized enzyme (GOD loading) on the
electrodes was indirectly estimated by measuring the concentra-
tion of flavin adenine dinucleotide (FAD) related to the amount of
immobilized GOD, following a previously described procedure
[18]. Briefly, GOD-modified ITO electrodes were soaked in 5 mL

Fig. 1. Schematic illustration of the layer-by-layer immobilization of SWCNTs, AuNPs, and GOD on ITO electrodes.
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of a solution containing 8 M urea and 0.05 M KCl for 2 h, and the
concentration of FAD released from immobilized GOD was esti-
mated by measuring the fluorescence of the solution (emission at
520 nm, and excitation at 375 nm; LS-50B, PerkinElmer). The cali-
bration curve prepared using a series of standard FAD solutions
was linear up to 60 nM. Alternatively, the loading of GOD was
estimated by the difference between the amounts of enzyme in the
GOD solution before and after coupling reaction and desorbed
during washing cycle [18]. The amount of enzyme was deter-
mined by measuring the protein content of enzyme solution using
a commercial kit (Thermo Scientific, Rockford, IL, USA) follow-
ing the protocol supplied by the company. The GOD loading was
expressed as the amount of immobilized GOD per unit area of
electrodes.

The activity of free and immobilized GOD was measured from
a coupled-enzyme assay using horseradish peroxidase and o-diani-
sidine. The assay solution was prepared by mixing 2.5 mL of 1 wt%
o-dianisidine in 0.1 M potassium phosphate buffer (pH 6.0), 0.3 mL
of 18 wt% glucose in DI water, and 0.1 mL of 0.2 mg/mL horse-
radish peroxidase. The resulting mixture was saturated with oxy-
gen by bubbling air for 30 min, and its 2.9-mL aliquot was used to
treat a solution of free GOD (0.1 mL, 0.1 mg/mL) or GOD-immo-
bilized ITO in a spectrophotometer cuvette, with the absorbance
increase at 460 nm measured at one-minute intervals using UV-
vis spectrophotometer. The specific activity of GOD was calcu-
lated from the initial linear portion of the obtained curve and the
known GOD content.
5. Electrochemical Analyses of Immobilized Enzyme and EFC
Performance

The electrochemical cell consisted of a three-electrode system
with working electrode, Pt wire (counter electrode), and Ag/AgCl
in saturated KCl (reference electrode). The EIS measurements
were captured in the presence of 10 mM K3[Fe(CN)6]/K4[Fe(CN)6]
(1 : 1) mixture as a redox probe in the frequency range 0.1-100,000
Hz at the formal potential of the system, Eo=0.23 V. The amplitude
of the alternate voltage was 5mV. The CV measurements were per-
formed at scan rate of 10 mV/s in PBS (pH 7.0) for ITO-SWCNT
or PBS (pH 7.0), supplemented with glucose (30 mM) for GOD-
immobilized ITO as an electrolyte. The ITO-SWCNT or enzyme
immobilized ITO electrodes were used without further modifica-
tion for the EIS measurements. However, working electrodes were
prepared by modifying the immobilized GOD (anode), and BOD
(cathode) with osmium-containing redox mediators, according to
the previously described procedure [18,40], for CV analysis or EFC
test. For CV analyses of SWCNT-coated ITO or GOD-attached ITO
electrodes, PVI-Os-dme-bpy was used as a common mediator.
However, PVI-Os-dmo-bpy was used as an anode mediator for
full-cell test because the high potential gap between anode and cath-
ode results in high power output. A stock solution of PVI-Os-dme-
bpy (10mg/mL, for GOD electrode in CV analysis) or PVI-Os-dmo-
bpy (10 mg/mL, for anode in EFC) was mixed with PEGDGE
(10 mg/mL) in a 4 : 1 ratio (v : v), and the obtained mixtures (8L)
were drop-cast on the surfaces of GOD-immobilized ITO glass
slides, respectively, followed by 1 h drying at room temperature.
According to the procedure, the amount of adsorbed Os-polymer
was 64g per cm2 of electrode surface.

Fig. 2 shows the working principle of the assembled EFC which
comprised the anode and cathode. Anode and cathode were
placed in 250-mL beaker, which was filled with a solution of glu-
cose (30 mM) in PBS (150 mL, pH 7.0) saturated with oxygen. All
electrochemical measurements were performed at room tempera-
ture in a Faraday cage, using an electrochemical workstation (CH
Instruments, model 660d, Houston, USA) interfaced to a com-
puter. The EFCs discharge curves were recorded at variable dis-
charge currents.

RESULTS AND DISCUSSION

1. Preparation and Characterization of SWCNT-modified ITO
Electrodes

The supernatant of SWCNT dispersion made a thin-film coat-
ing over ITO by physical adsorption in this study. It was estimated
that ~60% of SWCNTs was pelleted out during the centrifugation
of 1 mg/mL SWCNT dispersion, with the residual SWCNT con-
centration in the black-colored supernatant equal to 350g/mL.
The TEM image shows that the most of SWCNTs in the superna-
tant were debundled (Fig. 3(b)), whereas entangled SWCNT bun-
dles were observed in SWCNT dispersion before centrifugation
(Fig. 3(a)). Since nanotube bundles and aggregates could be easily
removed by centrifugation [41], we could obtain well dispersed
SWCNTs in supernatant.

The above supernatant was diluted to give concentrations of 87,
161, and 338g/mL, and the resulting solutions were used to coat
ITO slides with SWCNTs. After incubation, the color of the slides
changed to dark gray, and the slide was darker in solution with
higher concentrations. Fig. 4(a) shows that the amount of SWCNTs
adsorbed on ITO (SWCNT loading) increased with increasing
SWCNT concentration in solution, whereas the adsorption effi-
ciency (~5.5%) was not influenced by the applied concentrations.
Three ITO slides with different SWCNT loadings (9.3±0.1, 18.1±
5.8, and 36.7±1.6g/cm2) were prepared, and SWCNT coverage

Fig. 2. Schematic diagram of the ITO-based EFC running with glu-
cose.
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was examined by Raman spectroscopy. Fig. S1 shows the charac-
teristic Raman peaks of CNTs, such as their D (1,347 cm1), G+

(1,592 cm1), and G bands (1,569 cm1), and wire-like CNT pat-
terns in Raman mapping images, indicating the successful immo-

bilization of SWCNTs on ITO slides [42]. The area and thickness
of Raman scatterings of SWCNTs also increased in proportion to
the loading amount of SWCNTs. Figs. 3(c) and (d) show the
FESEM images of the surface morphology of bare ITO and ITO

Fig. 3. TEM images of (a) SWCNT dispersion and (b) SWCNT supernatant. SEM images of (c) bare ITO and (d) SWCNT-coated ITO (37-
SWCNT-ITO).

Fig. 4. Characterization of ITO electrodes with different SWCNT loadings. (a) The amount of immobilized SWCNTs onto the surface of
ITO electrode in SWCNT solutions with different concentrations and (b) cyclic voltammograms for the different ITO electrodes
(ITO, 9-SWCNT-ITO, 18-SWCNT-ITO, 37-SWCNT-ITO, 74-SWCNT-ITO). Electrodes were modified with redox polymer (PVI-Os-
dme-bpy), and then cyclic voltammetry measurements were performed in PBS (pH 7.0) at scan rate of 10 mV/s.
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with SWCNT loading of 36.7±1.6g/cm2. SWCNT networks were
clearly observed on SWCNT-coated ITO, whereas bare ITO exhib-
ited aggregates of spherical particles, typical surface morphology of
ITO. Together with Raman spectroscopic analysis, this evidence
clearly indicated that coverage of SWCNTs on ITO could be con-
trolled by varying the concentration of the SWCNT solution used
for incubation. Furthermore, SWCNTs were adsorbed well and
homogeneously layered on the ITO electrode.

SWCNT-coated ITO electrodes (ITO-SWCNTs) were charac-
terized by CV analyses, which were performed using a mediator
(PVI-Os-dme-bpy) immobilized on ITO-SWCNTs. Fig. 4(b) shows
the CV curves recorded in PBS (pH 7.0) for ITO-SWCNTs modi-
fied with the above mediator, revealing oxidation and reduction
peaks corresponding to the Os (II/III) transition at 0.2 V (vs. Ag/
AgCl). The peak current densities (j) observed for ITO-SWCNTs
were higher than that of bare ITO glass in PBS, with the maxi-
mum current density obtained at an SWCNT loading of 37g/
cm2 (37-SWCNT-ITO). It was considered that the large surface
area of ITO-SWCNTs enhanced the electron transfer capability of
the electrodes, resulting in higher electrochemical current than
that observed for the bare ITO electrode. Also, increased SWCNT
loadings were shown to promote the electron transfer capability of
ITO-SWCNTs. Therefore, the incubation of ITO slides was repeated
twice in fresh SWCNT solution (338g/mL), and ITO with higher
SWCNT loadings (74±5.9g/cm2) was obtained. However, no
further increases in peak current density were observed with fur-
ther increases in SWCNT loading (74±5.9g/cm2). This indicates
that the SWCNT coating (~37g/cm2) facilitates electron transfer
[43,44], but the extra thickness of the immobilized SWCNT layer
may affect electron transfer by increasing the electron transport
distance. According to Sone and Yagi [45], carboxylated SWCNTs

are adsorbed on ITO electrode by chemical interaction between
carboxyl groups and the ITO surface. They also revealed that the
SWCNT layer increased the capacitance of electrode, interfacial
area between electrode surface and electrolyte, thereby resulting in
higher current generation.
2. Surface Characterization of GOD-immobilized Electrodes
by X-ray Photoelectron Spectroscopy (XPS)

The oxy-GOD or AuNPs were covalently attached onto ITO
with optimal SWCNT loading (37-SWCNT-ITO), and Fig. 1 shows
the fabrication process of four different GOD-immobilized elec-
trodes. To verify the conjugation of GOD with AuNPs or SWCNTs,
we characterized the surface compositions of the layers fabricated
on ITO electrodes. Fig. S2 shows the EDX analyses, in which the
major peaks observed in the four electrodes were In, Sn, O, Si, Na,
Mg, Al, and Cl, which are major components of the ITO elec-
trode [46]. Strong Au peaks were observed on electrodes II and
IV, while they were not observed on electrodes I and III. The data
confirms the successful binding of AuNPs onto electrodes II and
IV.

XPS analyses of the surfaces of electrode II were also performed
in comparison with ITO-SWCNT. The wide scan spectra of ITO-
SWCNT in both Figs. 5(a) and (c) show peaks located at 444.3 eV
(3d5/2) and at 451.1 eV (3d3/2) corresponding to indium, and at
486.0 eV (3d5/2) and 495.2 eV (3d3/2) corresponding to tin [47].
The higher peak of O1s (532.8 eV) revealed in Fig. 5(d), along
with the appearance of a stronger N1s peak on electrode II (ITO-
SWCNT-Au-GOD) than ITO-SWCNT, indicates the presence of
GOD on the electrode, as O and N were expected from the back-
bone amide and carboxylic groups of GOD, respectively [48]. Figs.
5(b) and (e) show that the C1s peaks of two electrodes could be
deconvoluted into three peaks at 285.5, 286.7, and 289.4 eV, which

Fig. 5. XPS spectra of the ITO-SWCNT and ITO-SWCNT-Au-GOD. (a), (c) and (d) Survey spectra, and (b), (e) and (f) XPS spectra of N1s,
and C1s core levels, respectively.
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are assigned to C-C bonds of graphitic carbon, -C-OH, and HO-
C=O, respectively, indicating the typical C1s spectra of carboxyl-
ated carbon nanotubes [49,50]. The peak of carboxyl group (HO-
C=O) in electrode II dramatically increased compared to that of
ITO-SWCNT, indicating the formation of covalent bonds between
GOD and the SWCNTs via AuNPs [49,51]. Fig. 5(f) shows that
the binding energy at 400 eV in the N1s spectra was assigned to
the formation of amide bonds [51,52] on the surface of electrode
II, which further confirms the covalent binding of GOD onto the
electrode. Fig. 6 shows a comparison between (a) ITO-SWCNT,
(b) ITO-SWCNT-Au, and (c) ITO-SWCNT-Au-GOD (electrode II)
in the S2p region. The ITO-SWCNT-Au shows a peak at ~162.5
eV which is assigned to the sulfur bound to the AuNPs (S-Au)
[53], whereas the peak of electrode II remained at ~163.5 eV, cor-
responding to the sulfur of the free thiol group (S-H) [54], which
is presumably attributed to the single cysteine residue in GOD
[53]. The free sulfite (SO3

) peak at ~168.8 eV likely originated from
MES buffer components left in the sample. The results of the EDX
and XPS analyses clearly demonstrate that AuNPs were bound on
SWCNTs functionalized with thiol (cysteamine) via thiol-gold bond-
ing, and that GOD was covalently attached onto the surface of

AuNPs on electrode II.
3. Electrochemical Characterization of GOD-immobilized Elec-
trodes

The electrochemical properties of GOD-immobilized electrodes
were characterized by CV and EIS. In the absence of glucose, all
electrodes showed small and quasi-reversible peaks, which repre-
sent the redox couple responsible for the redox reaction of the
mediator, PVI-Os-dme-bpy (Fig. S3). However, upon addition of
30mM of glucose to the PBS (pH 7.0), a sharp increase in the anodic
current was observed at potential around 0.3 V (vs. Ag/AgCl) for
GOD-immobilized electrodes, whereas the curve of ITO-SWCNT
was not affected by the presence of glucose, as shown in Fig. 7(a).
Compared with the CV curves in the absence of glucose, a cathodic
current was not observed for GOD-immobilized electrodes, which
was ascribed to the fast reduction of mediator in the enzymatic
reaction. These sigmoidal voltammograms are characteristic of
enzymatic glucose oxidation, wherein the electron transfer medi-
ated by the osmium redox polymer is directed from the enzyme
active site to the electrode. The peak current density (j) of elec-
trode I was ~3 times higher than that of ITO-SWCNT. Table 1
summarizes the GOD loading and electrochemical properties of

Fig. 6. XPS spectra of (a) ITO-SWCNT, (b) ITO-SWCNT-Au, and (c) ITO-SWCNT-Au-GOD showing S2p high resolution spectra.

Fig. 7. Characterization of ITO-SWCNT electrodes with different configurations of immobilized AuNPs and GOD. (a) Cyclic voltammo-
grams and (b) electrochemical impedance spectra of electrode I (ITO-SWCNT-GOD), II (ITO-SWCNT-Au-GOD), III (ITO-SWCNT-
GOD-GOD) and IV (ITO-SWCNT-Au-GOD-Au-GOD). Electrodes were modified with redox polymer (PVI-Os-dme-bpy), then
cyclic voltammetry measurements were performed in PBS (pH 7.0) supplemented with 30 mM of glucose at scan rate of 10 mV/s.
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the four electrodes.
Since GOD contains two FAD molecules as cofactor, we esti-

mated immobilized GOD on the electrodes by measuring released
FAD from denatured GODs. For electrode II, it was estimated that
26.2±1.0g of GOD was immobilized per cm2 of electrode. For
comparison, GOD loading was also estimated by measuring the
difference in the protein concentration of the solution before and
after coupling reaction. The GOD loading for electrode II was 31±
1.7g per cm2 of electrode, which was fairly in good accordance
with the value estimated by the amount of released FAD. We also
demonstrated a similar result in a previous study [18]. Therefore,
GOD loadings of other electrodes were estimated by measuring
the amount of FAD released after denaturing the immobilized
GOD.

The introduction of a AuNP layer between the GOD and
SWCNT layers (in electrode II) increased the current density to
484.4±66.5A/cm2, which was 2.7-times higher than that of elec-
trode I, although the amount of GOD immobilized on electrode II
(26.2±1.0g/cm2) was less than that deposited on electrode I. The
catalytic current of electrode III decreased even for GOD amount
(56.4±3.8g/cm2), exceeding that deposited on electrode I, but a
2.5-fold increase in current compared to electrode III was observed
by incorporating AuNPs between the GOD layers in electrode IV.
The AuNPs and GOD layers were expected to play a critical role
in electron generation and transport. Therefore, to identify how
the AuNPs and GOD layers affected the current, we performed
additional EIS characterization of each electrode in the presence of
10 mM Fe(CN)6

3/4 and the impedance spectra were fitted with
the equivalent circuit inset and fitting curves are shown in Fig.
7(b) as solid lines, together with the experimental data denoted as
symbols. The plots show good agreement in terms of simulated
and experimental EIS. Rs denotes the solution resistance, which is
the resistance between the reference and working electrodes. The
first semicircle (at a high frequency) is ascribed to the resistance of the
surface film (Rf) arising from the coating materials (ITO, SWCNTs,
or AuNPs), and the second semicircle (at a high-medium frequency)
is associated with the resistance of electron transfer (Ret) at the
electrode/electrolyte interface. Additionally, the CPEf and CPEdl,
constant phase elements are related to the capacitances of the coat-
ing material and double layer of electrode/electrolyte, respectively.
The slope line in low frequencies, referred to as open Warburg
impedance (Wo), results from the resistance of ion diffusion [55,
56]. As Rs and Wo represent the bulk properties of the electrolyte
solution and diffusion feature of the redox probe in solution, respec-
tively, they are not affected by chemical transformations occurring
at the electrode surface. On the other hand, Ret (second semicircle

diameter) varies by the properties depending on the dielectric and
insulating properties of the electrode/electrolyte interface, and
changes in Ret can be employed as a signal to characterize the elec-
trode modification [16,55,56]. Therefore, the electron transfer pro-
cess occurring on ITO-SWCNTs was examined by measuring
their Ret in the presence of Fe(CN)6

3/4.
Fig. 7(b) shows that significantly different spectra can be obtained

depending on the configurations of the AuNPs and GOD immo-
bilized on ITO-SWCNT electrodes. The smallest second semicir-
cle was observed for ITO-SWCNT, indicating the lowest charge
(electron) transfer resistance, whereas the direct conjugation of
GOD to SWCNTs on the ITO electrodes (electrode I) resulted in
a large increase of electron transfer resistance (Ret=266.1 from
Table 1). Notably, the diameter of the second semicircle was de-
creased by introducing AuNPs between GOD and SWCNTs, indi-
cating a dramatic decrease of electron transfer resistance. The result
indicates that GOD acts as a barrier to the interfacial electron trans-
fer, whereas AuNPs are excellent electron transfer promoter. Sev-
eral reports also showed that the electron transfer resistance of
SWCNT-modified electrodes could be further decreased by the im-
mobilization of AuNPs on their surface [55,57], which was attributed
to the excellent conductivity of these metallic nanoparticles.

In addition to being influenced by conductivity, the electron
transfer kinetics is also affected by the charge of materials on elec-
trode interfaces. Electrostatic repulsion between negatively charged
molecules and Fe(CN)6

3/4 results in increased electron transfer
resistance because the repulsion of the same charge of the mole-
cules hinders the interfacial electron transfer of the redox probes.
In addition, insulating biomolecules, such as enzymes, can block
electron transfer on the electrodes, which results in increased elec-
tron transfer resistance. Since GOD is negatively charged at neu-
tral pH [58], the electrostatic repulsion and poor conductivity of
the insulating layer were expected to increase the interfacial elec-
tron transfer resistance. In contrast, positively charged cysteamine-
modified AuNPs were expected to weaken the electrostatic repul-
sion. Consequently, the electron transfer was accelerated by the
presence of AuNPs between GOD and the SWCNTs on ITO elec-
trodes, due to the electrostatic attraction as well as good conduc-
tivity of these metallic nanoparticles. Immobilization of additional
GOD and AuNPs on electrode II, leading to electrode IV, resulted
in an increase in the diameter of second semicircle, implying in-
creased electron transfer resistance. According to the above expla-
nation and previous reports [18,59], electron transfer resistance
should be increased with the increase in GOD loading. However,
the Ret value of electrode III was comparable to that of electrode I,
even though the GOD loading was 1.6-times higher, whereas the

Table 1. Electrochemical properties of the four electrodes with different GOD loadings or AuNPs

Electrode Description GOD loading
(g/cm2)

Peak current density
(A/cm2)

Peak current/GOD
(A/g)

Ret

()
I ITO-SWCNT-GOD 35.3±5.8 182.6±20.7 05.2±0.4 266.1
II ITO-SWCNT-Au-GOD 26.2±1.0 484.4±66.5 18.5±0.7 092.5
III ITO-SWCNT-GOD-GOD 56.4±3.8 128.1±10.8 02.3±0.3 206.1
IV ITO-SWCNT-Au-GOD-Au-GOD 35.6±2.2 320.2±59.4 09.0±2.1 131.5
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resulting current by electrode III was much lower than that by
electrode I. To explain this result, biochemical analysis of the im-
mobilized GOD was performed in the next experiments.
4. Enzymatic Activities of GOD Immobilized on Electrodes

The relative activities of the four electrodes are shown in Fig. 8,
which represent the ratio of specific activity of free and immobi-
lized oxy-GOD to that of free native GOD (control). The relative
activity of free oxy-GOD was 97±2%, indicating that the GOD
activity was not reduced during the oxidation of the native GOD
by NaIO4. This result is in good accord with the previous report
by Nakamura et al. [60], in which they demonstrated that carbo-
hydrate on the peripheral surface of the GOD was oxidized to car-
baldehyde with NaIO4, and no significant alteration was brought
about by this treatment in the catalytic parameters (Km and kcat),
the immunological reactivity and the gross structure.

The relative activity of electrode I was 50±1%, which indicates
that during the immobilization, the enzyme activity decreased two-
fold. The possible reduction in the activity of immobilized enzyme
has been generally accepted, because of the internal and external
mass transfer, and/or a shift in the optimal condition required for
the substrate conversion [61]. Notably, however, the relative activi-
ties of electrode II were slightly greater than that of electrode I,
which indicates that, while the AuNPs did not have any detrimen-
tal effect, they increased the catalytic activity of the enzyme. The
enhancement of specific enzyme activity in the presence of AuNPs
was demonstrated for lipases [62], -amylase [63], and glucose
oxidase [64,65], in which the AuNPs altered the catalytic proper-
ties of enzymes by increasing the affinity for enzyme-substrate for-
mation, and enhancing their stability. The relative activity of electrode
III was 1.7-times less than that of electrode I, while the relative
activity of electrode IV was 2.3-times less than that of electrode II.
The result clearly indicates that the specific activity of the double-
layer GOD was lower than that of the single-layer GOD. Accord-
ing to Sakr et al. [66], the thicker the deposited enzyme layers, the
more the layer limits the diffusion of the substrate to reach the
enzyme, which results in a considerable decrease in the specific

activity of the enzyme. The positive effect of AuNPs may be mini-
mized at the highly diffusion-limited condition, due to the thick
GOD layer. As mentioned (Table 1), the Ret value of the single-
(electrode I) and double-layer GOD (electrode III) are compara-
ble, but the current per GOD loading of electrode I was 2.2-times
greater than that of electrode III. Together with electrochemical
analysis, enzyme assay data clearly shows that the higher current
generation by electrode I was mainly due to the higher activity of
immobilized GOD on electrode I, than that on electrode III. The
result shows that optimizing the configuration of GOD and AuNP
layers can maximize current generation. The size of the AuNPs
may also affect the performance of the electrodes. It has been gen-
erally known that smaller-sized AuNPs provide a higher surface
area to volume ratio by allowing for more freedom in the orienta-
tion of the anchored enzyme, which leads to higher electrocata-
lytic activity [67,68]. In this study, 20 nm-diameter AuNPs were
immobilized on the surface of electrode because AuNPs ranging
10-20 nm have previously shown a pronounced effect on the sens-
ing signals of electrodes [16]. The performance of the enzyme elec-
trode would be further enhanced if the particle sizes were optimized.
5. Application of the Optimally Configured ITO Electrodes
for a High-power EFC

Since electrode II showed the best electrochemical performance,
i.e., low electron transfer resistance and high enzymatic activity
leading to high peak current, it was chosen as anode for EFC sys-
tem. The BOD was chosen as cathode enzyme because of its sta-
bility in the presence of halide ions at neutral pH [69]. Preliminarily,
the electrochemical performance of BOD electrode with or with-
out AuNPs was evaluated by using CV in a PBS (pH 7.0) saturated
with oxygen. Notably, 1.4-fold greater reduction peak current was
obtained by introducing AuNPs (Fig. 9). The result indicates that
AuNPs mediated electron transfer in the cathode in collaboration
with PAA-PVI-Os-dCl-bpy, thereby enhancing the current gener-

Fig. 8. Relative activities of free- and GOD-immobilized electrodes
(I-IV). Control and oxy-GOD represent free GOD and NaIO4-
oxidized GOD, respectively.

Fig. 9. Cyclic voltammograms of BOD-immobilized ITO electrodes
with or without AuNPs; bare electrodes (thin solid line),
ITO-SWCNT/BOD (dotted line) and ITO-SWCNT/Au-BOD
(thick solid line). Electrodes were modified with redox medi-
ator, PAA-PVI-Os-dCl-bpy and then cyclic voltammetry meas-
urements were performed in PBS (pH 7.0) saturated with
oxygen at scan rate of 10 mV/s.
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ation. Enhanced catalytic response by AuNPs in BOD electrodes
was also described in a previous report [70].

Accordingly, we tested the performance of an EFC, where the
cathode was an electrode fabricated with AuNPs and BOD (ITO-
SWCNT/Au-BOD), while still using electrode II as an anode. The
PVI-Os-dmo-bpy and PAA-PVI-Os-dCl-bpy were used as anode-
and cathode mediator, respectively. In glucose solution (30 mM),
the EFC displayed an open circuit voltage (OCV) around 0.84 V,
but cell voltage dropped off when current was drawn from cells
(Fig. S4). Fig. 10 shows the discharge (polarization) profiles of the
EFCs, measured for different discharge currents. The power den-
sity increased with increasing discharge current, reaching a maxi-
mum (38.2±2.0W/cm2) at 0.57±0.03 V of a cell voltage under 66.7
A/cm2 of discharge current density. The power density of EFCs
was still high at 88.3A/cm2 of discharge current, but it dropped
with further increase in discharge current. Fig. S5 shows the stabil-
ity of EFCs. Cell voltage was maintained at 0.54 V under 66.7A/
cm2 of discharge current density for 48 h. We consider that the
performance can be further improved if BOD enzyme and Os-
polymer mediators are attached on the electrodes by covalent bind-
ing. Table S1 shows the power outputs of newly fabricated ITO-
based EFCs using glucose as fuel [28,30]. Notably, the maximum
power output obtained in this study was 27-fold greater than that
of the other reported ITO-based EFCs.

The enhanced power generation achieved by our system was
due to the optimal configuration of SWCNTs, AuNPs, and GOD
layers on the surface of ITO electrodes as well as efficient electri-
cal connection of enzyme redox centers to electrodes by Os-based
redox mediators. The result clearly demonstrates successful devel-
opment of high-power glucose EFCs using ITO-SWCNT-Au-GOD
and ITO-SWCNT/Au-BOD as anode and cathode, respectively.

The poor electron transfer of ITO has been a barrier to the devel-
opment of a high power EFC, even though it has the several advan-
tages including a low background signal. The represented con-

figuration of the nanomaterials allowed the development of the
high power EFC system using ITO electrodes. To the best of our
knowledge, the power density of the represented EFC fabricated
with the optimally configured ITO electrodes was the highest among
the previously reported ITO-based EFCs [23,38,71]. The proposed
electrode fabrication method is promising for enhancing the stabil-
ity of EFCs because CNT coating on the surface of ITO and covalent
attachment of enzyme on electrodes make the enzyme electrode
more stable than the mechanical compression of CNT-enzyme com-
posite. The performance of EFCs will be further improved if EFC
is equipped with systems for continuous supplying glucose and
oxygen as well as improved cathode.

CONCLUSION

We achieved effective electron transfer on ITO electrodes func-
tionalized with SWCNTs and AuNPs, with their subsequent con-
jugation of GOD affording anode electrodes that were suitable for
the fabrication of high-power EFC. The large surface area-to-vol-
ume ratio and good conductivity of SWCNTs and AuNPs reduced
the electron transfer resistance of ITO electrodes, and AuNPs im-
proved the catalytic activity of GOD by increasing the affinity for
enzyme-substrate formation while also enhancing its stability. We
also found that single layer of AuNP-GOD on ITO modified with
SWCNT afforded the best electrochemical performance, whereas
the corresponding double layers increased electron transfer resis-
tance, with decrease in specific catalytic activity resulting in lower
peak currents. Power generation was enhanced by introducing
AuNPs between BOD and SWCNTs on the cathode assembled in
EFCs using the optimized GOD electrode as the anode. The novel
technology used in this study for the adsorption of SWCNTs and
covalent bindings of AuNPs-GOD on ITO could be also applied
to improve the performance of transparent electrodes in biosen-
sor. We believe the described characterization and application of
SWCNT- and AuNP-modified ITO electrodes will facilitate the
development of more practical ITO-based EFCs for implantable
or patchable electrical devices.
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Instrumental Analysis of GOD-immobilized ITO Electrodes
The distribution of SWCNTs in the deposited layer and its

thickness were analyzed by high-resolution Raman microscopy
(LabRAM, HR Evolution, HORIBA, France). SWCNTs immobi-
lized on ITO slides (1 cm×1 cm) were irradiated by 633-nm laser
through an Olympus 50× objective, and Raman-scattered radia-
tion was collected by the same objective (integration time=8 s), and
dispersed using a 600 groove/mm grating. Images were acquired
over a 50m×50m area, and Raman spectra were recorded with
a step size of 2.5m, and are shown in Fig. S1.

JEOL JSM-7610F microscopy with racer northern EDX system

(JEOL Ltd., Japan) was used for the elemental analysis of the fabri-
cated four electrodes at the accelerating voltage of 20 kV. Samples
were placed on the sample holders supported by 1-min sputter
coating of Pt, and the spectra are shown in Fig. S2.
Operational Stability of EFCs

The operational stability of the developed EFC was evaluated by
measuring cell voltage versus time under 66.7A/cm2 of discharge
current. Measurement was performed in PBS (pH 7.0) supple-
mented with 30 mM of glucose with slow shaking. Electrolyte was
replaced every 12h and saturated with oxygen before use. The result
was shown in Fig. S5.

Fig. S1. SWCNT distribution on the surface of ITO electrodes depending on the loading amount of SWCNTs ((a) 9; (b) 18; (c) 37) g/cm2).
The Roman numbers represent (I) bright field microscopy images, (II) collected Raman scattering over the X and Y axes of the sam-
ples, (III) images of Raman mappings using the collected Raman scatterings II, (IV) collected Raman scatterings over the Z and Y
axes of the samples, and (V) images of Raman mappings using the collected Raman scatterings IV.
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Fig. S2. EDX spectra of electrodes I, II, III, and IV.

Fig. S3. Cyclic voltammograms of electrode I (ITO-SWCNT-GOD),
II (ITO-SWCNT-Au-GOD), III (ITO-SWCNT-GOD-GOD)
and IV (ITO-SWCNT-Au-GOD-Au-GOD) in the absence of
glucose in PBS (pH 7.0) at scan rate of 10mV/s. Electrodes
were modified with redox polymer (PVI-Os-dme-bpy).

Fig. S4. The cell voltage curve under discharge current (66.7A/
cm2) for EFC consisting of electrode II (ITO-SWCNT-Au-
GOD)/PVI-Os-dmo-bpy as anode and ITO-SWCNT/Au-
BOD/PAA-PVI-Os-dCl-bpy as cathode. Measurements were
performed in PBS (pH 7.0) supplemented with 30 mM of
glucose. Electrolyte was saturated with oxygen before use.
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Table S1. Comparison of the construction and power out of recent ITO-based EFCs utilizing glucose as fuel
Nanostruture *Enzymes (anode/cathode) Mediator Power output  (W/cm2) References
Indium tin oxide nanoparticle CDH/ BOD Mediator-free 1.4 28
Indium tin oxide nanoparticle GDH/BOD Mediator-free 0.09 30
SWCNT and gold nanoparticles GOD/BOD Os polymer 38 This work

*GDH, CDH, GOD, and BOD represent glucose dehydrogenase, cellobiose dehydrogenase, glucose oxidase, and bilirubin oxidase

Fig. S5. Operational stability under discharge current (66.7A/cm2)
for EFC consisting of electrode II (ITO-SWCNT-Au-GOD)/
PVI-Os-dmo-bpy as anode, and ITO-SWCNT/Au-BOD/
PAA-PVI-Os-dCl-bpy as cathode. Measurements were per-
formed in PBS (pH 7.0) supplemented with 30 mM of glu-
cose with slow shaking. Electrolyte was replaced every 12
and saturated with oxygen before use.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


