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Multienzyme systems are essential for utilizing di-, oligo-, and polysaccharides as fuels in enzymatic fuel
cells effectively. However, the transfer of electrons generated by one enzymatic reaction in
a multienzyme cascade at the electrode may be impeded by other enzymes, potentially hindering the
overall efficiency. In this study, carbon paper was first modified by incorporating single-walled carbon
nanotubes (SWCNTSs) and gold nanoparticles (AuNPs) sequentially. Subsequently, glucose oxidase (GOx)
and a trehalase—gelatin mixture were immobilized separately on the nanostructured carbon paper via
layer-by-layer adsorption to mitigate the electron transfer hindrance caused by trehalase. The anode
was first fabricated by immobilizing GOx and trehalase on the modified carbon paper, and the cathode
was then fabricated by immobilizing bilirubin oxidase on the nanostructured electrode. The SWCNTs and

AuNPs were distributed adequately on the electrode surface, which improved the electrode
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Accepted 26th October 2023 performance, as demonstrated by electrochemical and morphological analyses. An enzymatic fuel cell

was assembled and tested using trehalose as the fuel, and a maximum power density of 23 pW cm™2

DOI: 10.1039/d3ra01554h was obtained at a discharge current density of 60 pA cm™2. The anode exhibited remarkable reusability
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1. Introduction

Enzymatic fuel cells (EFCs) produce electricity by utilizing
biomolecules, such as sugars and amino acids. They are
attractive power sources for biological or medical applications,
such as implantable and patchable electronic devices.!
Numerous attempts have been made thus far to fabricate single-
enzyme electrodes for EFCs by utilizing monosaccharides, such
as glucose, although there are other types of sugars. If di-, oligo-,
and polysaccharides are used in such EFCs, the applicable
range of sugars can be expanded, but there are no single
enzymes that can oxidize these saccharides directly.> Therefore,
electrodes are often modified with several enzymes working
parallelly or showing cascade functions to further extract the
energy stored in these sugar substrates.> Co-immobilization of
multiple enzymes allows direct transfer of the reaction inter-
mediates between the enzyme active sites to reduce diffusion
limitations, thereby increasing the reaction rate.** However, in
multienzyme electrodes, electron transfer from the active site of
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one enzyme to the electrode may be inhibited by the other
enzymes. We considered that this problem could be overcome
using highly conductive nanomaterials as electrodes and
immobilizing the enzymes on the electrode surfaces separately.
In a previous study, we found that the current generation was
improved by separately immobilizing glucose oxidase (GOx) and
trehalase (TREH) on the surface of a gold electrode using
agarose and by incorporating single-walled carbon nanotubes
(SWCNTs) in the GOx layers to fabricate the anode.®

SWCNTs have large surface areas, high electrical conduc-
tivity, chemical stability, and mechanical strength, and their
use as electrode material provides additional electronic
properties.®® Gold nanoparticles (AuNPs) are also an attractive
material for fabricating enzyme electrodes owing to their high
conductivity and high surface-to-volume ratio.” Furthermore,
the covalent attachment of AuNPs on SWCNTs' or AuNP/
SWCNT films"™ can enhance the electrochemical perfor-
mance of the GOx electrode. In addition to these nanomaterials,
carbon paper (CP) has garnered attention for fabricating flexible
electrodes for patchable biosensors, fuel cells, and redox flow
batteries because of its high conductivity, chemical stability,
and large surface area owing to the gathered structure of the
fine carbon fibers."

In this study, a bienzyme electrode was developed to
generate a large amount of electricity using trehalose, a disac-
charide, as fuel. Highly conductive electrodes were fabricated by
modifying the surface of CP with SWCNTs and different
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loadings of AuNPs to compare their electrochemical perfor-
mances. TREH and GOx were immobilized on the SWCNT-
AuNP-modified CP by separating the two enzymes with
gelatin. Gelatin is a biocompatible, flexible, and stable natural
biopolymer that has been used as a matrix for enzyme
immobilization.”>"” The performance of the GOx-TREH anode
was evaluated by electrochemical and biochemical analyses. A
cathode was also fabricated by immobilizing bilirubin oxidase
(BOD) on the SWCNT-AuNP-modified CP. An EFC consisting of
an anode and a cathode was constructed and evaluated by
measuring the cell potential under a discharge current.

2. Experimental methods
2.1 Chemicals

Trehalose-degrading enzyme (TREH) from recombinant
Escherichia coli (E-TREH, 4200 U mL ™', 303 U mg ') was
purchased from Megazyme (Wicklow, Ireland). Before use, the
salts in the TREH solution were removed with a dialysis
membrane having a molecular cutoff of 12-14 kDa (Spectra/
Por®, Spectrum Labs, CA, USA), and the solution was concen-
trated with Amicon Ultra® centrifugation filters with 10 kDa
molecular cutoff (Millipore, Ireland). GOX from Aspergillus niger
(100 000 units per g, product no. G2133), BOD from Myrothe-
cium verrucaria, 5 nm AuNPs (product no. 741949), potassium
dihydrogen phosphate (K,HPO,), sodium chloride (NaCl),
potassium chloride (KCl), disodium hydrogen phosphate
(Na,HPO,), citric acid monohydrate, 2,2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic  acid) diammonium salt
(ABTS), ferrocene-methanol (FcMeOH), sodium citrate tribasic
dihydrate, gelatin from porcine skin (powder, gel strength
~300 g, Bloom), and other chemicals were purchased from
Sigma-Aldrich (MO, USA). Nafion™ 117 (thickness: 183 um) was
purchased from Chemours (DE, USA), and carboxylic-acid-
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functionalized SWCNTs were purchased from Sigma-Aldrich
(product no. 652490). According to the manufacturer's infor-
mation and a previous report,'® the SWCNTs were produced by
electric arc discharge with a carbonaceous content of 80-90%
and metallic (nickel) impurities of 5-10%; they were then
purified with nitric acid and left in a highly functionalized form
with carboxylic acid. The average diameter of a single SWCNT is
1.4 £+ 0.1 nm, and the bundle dimensions are 4-5 nm x 0.5-
1.5 nm. All solutions were prepared in deionized (DI) water
(1834 M cm) unless otherwise noted. The CP (HCP-020N) was
purchased from WizMAC (Seoul, Korea), and polyvinyl chloride
(PVC) film (thickness: 200 pm) was purchased from Office Depot
(Seoul, Korea).

2.2 Modification of CP with SWCNTs and AuNPs

The PVC film was attached to one side of a 3 M double-sided
adhesive tape with a transparent film as the support matrix,
and the CP (3 cm x 0.3 cm) was attached to the other side of the
tape. The middle part of the CP was covered with the PVC film
while the lower (0.5 cm x 0.3 cm) and upper parts were exposed
for enzyme immobilization and connection to a potentiostat,
respectively. The CP surface was modified with SWCNTs as
follows: 6 mg of SWCNT powder was placed in a glass tube
containing 6 mL of distilled water and sonicated in an ultra-
sonic bath (160HT, Sonicclean Pty Ltd., Seoul, Korea) for 3 h to
obtain good dispersion. The supernatant was then separated
from the slurry by centrifugation at 1106g and 25 °C for 10 min.
The concentration of SWCNTs in the supernatant was 650 pg
mL ™! when measured using a UV/vis spectrophotometer (UV-
1601, Shimadzu, Japan) according to a previously reported
method.” About 30 pL of the supernatant was next placed on
the exposed surface (0.15 cm?) of the CP and dried at room
temperature for 2 h. This SWCNT-modified CP (CP-SWCNT) was
further modified with AuNPs as necessary: 10-30 pL of the AUNP

CP-SWCNT-AuNP,,/GOx

=

%
|

CP/GOx-Gel CP-SWCNT/GOx-Gel

CP-SWCNT-AuNP,,
/GOx/Gel-TREH

CP-SWCNT-AuNP,, 5,
/GOx-Gel

Scheme 1 Moadification of CP with SWCNTs or AuNPs and immobilization of GOx and TREH on the nanostructured electrodes.
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solution was placed on the surface of the CP-SWCNT and dried
at room temperature (CP-SWCNT-AuNP) (Scheme 1).

2.3 Fabrication of enzyme electrode

Various types of anodes were fabricated by immobilizing GOx
or TREH on the modified CP by physical adsorption. The GOx
solution was prepared by dissolving lyophilized GOx in 0.1 M
phosphate-buffered saline (PBS, pH 7.0).> Solutions of GOx
(20 mg mL ") and gelatin (20 mg mL™") were mixed ina 1:1
ratio, and about 10 puL of the mixture was dropped on the
surface of the CP, CP-SWCNT, and CP-SWCNT-AuNP,, 3,
before drying at room temperature for 2 h; these electrodes
correspond to CP/GOx-Gel, CP-SWCNT/GOx-Gel, and CP-
SWCNT-AuUNP;,_3,/GOx-Gel, respectively. The bienzyme elec-
trode (CP-SWCNT-AuNP,,/GOx/Gel-TREH) was fabricated by
immobilizing GOx and TREH on CP-SWCNT-AuNP;, through
layer-by-layer adsorption. About 10 pL of the GOx solution
(10 mg mL ") was first placed on the surface of the CP-SWCNT-
AUNP, ; then, 10 pL of the TREH-gelatin mixture (210 U mL ™!
TREH and 10 mg mL " gelatin) was placed on the surface of
GOXx (Scheme 1). The BOD-based cathode was then fabricated
by sequential immobilization of BOD (1.25 U) and gelatin (0.1

mg).

2.4 Surface characterizations and biochemical analyses of
the electrodes

Transmission electron microscopy (TEM) images were obtained
using a TF30ST (FEI, Hillsboro, USA) at an operating voltage of
300 kV to observe the SWCNTs in the dispersion or supernatant.
The surface morphology of the modified CP was observed by
field-emission scanning electron microscopy (FE-SEM, Apero
2S, Thermo Fisher Scientific) coupled with energy-dispersive X-
ray spectroscopy (EDS, Oxford Instrument, Aztec Software) at an
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accelerating voltage of 20 kV. Prior to analysis, all samples were
mounted on carbon tape and coated with Pt using a Cressington
sputter coater 208HR to a thickness of about 0.1-10 nm under
a vacuum pressure of 0.1 mbar.

The activity of the immobilized GOx was measured using
a coupled enzyme assay. The assay solution containing o-dia-
nisidine, glucose, and horseradish peroxidase was saturated
with oxygen by bubbling air for 30 min, and a 3 mL aliquot was
used to treat a solution of free GOx (0.1 mL, 0.1 mg mL™ ") or the
GOx-immobilized electrode in a spectrophotometer cuvette.
The increase in absorbance at 460 nm was measured at 1 min
intervals using a UV/vis spectrophotometer. The specific activity
of GOx was calculated from the initial linear portion of the
obtained curve for a known GOx content. One unit of GOx
activity is defined as the amount of enzyme that catalyzes the
oxidation of 1 pmol of glucose per minute at room temperature
and pH 6.0. The equation for calculating GOx activity is noted in
a previous work.?

2.5 Electrochemical analyses of the enzyme electrodes and
EFC performance

The electrochemical cell was a three-electrode system with
a working electrode, a counter electrode (Pt), and an Ag/AgCl
reference electrode (LF-2, Innovative Instruments Inc., Tampa,
FL, USA). Cyclic voltammetry (CV) was performed at a scan rate
of 25 mV s~ in 8 mL of 10 mM PBS (pH 6.0) containing 0.1 mM
FcMeOH for evaluation of the modified CP. The electrode was
incubated in electrolyte for 15 min prior to applying a constant
oxidation potential of around 0.3 V (vs. Ag/AgCl) to the elec-
trochemical system for chronoamperometry (CA). The electro-
lyte was supplemented with glucose (30 mM) and trehalose (30
mM) for CV analyses of the GOx- and GOx-TREH-immobilized
electrodes, respectively, whereas the electrochemical proper-
ties of the BOD electrode were measured using 100 mM citrate
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(a) Schematic illustration and (b) photograph of an EFC utilizing trehalose as the fuel.
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buffer (pH 5.0) containing 1 mM ABTS under saturated O,
conditions.

The EFC was assembled with a CP-SWCNT-AuNP, ,/GOx/Gel-
TREH anode and CP-SWCNT-AuNP10/BOD/Gel cathode, as
shown in Fig. 1. The chambers of the EFC were separated by an
N117 membrane. The anodic chamber was filled with 10 mM
PBS (pH 6.0) containing trehalose (30 mM) and FcMeOH (0.1
mM), whereas the cathodic chamber was filled with 100 mM
citrate buffer (pH 5.0) supplemented with 1 mM ABTS. Elec-
trochemical measurements were performed at room tempera-
ture using an electrochemical workstation (CH Instruments,
model 660D, Houston, TX, USA). The discharge curves of the
EFC were recorded at variable discharge currents. The current
and power densities were calculated based on the geometric
area (0.15 cm?®) of the bare CP.

200 nm

Fig. 2 TEM images of SWCNTs in the (a) dispersion and (b)
supernatant.

E i Pt m Electron
Fig. 3 SEM images and EDS mappings of the cross sections of (a) CP, (b) CP-SWCNT, and (c) CP-SWCNT-AuUNPq.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1 Characterization of SWCNT-AuNP-modified CP
electrodes

As shown in the TEM image, entangled SWCNT bundles were
observed in the SWCNT dispersion while most of the SWCNTs
in the supernatant were not bundled (Fig. 2). Owing to their
aromatic structure, the CNTs tend to bundle via strong cohesive
van der Waals interactions and are insoluble in water.*
Carboxylated SWCNTs were used because the hydrophilic
carboxylic group allows dispersion of the SWCNTs.*® In addi-
tion, a sonication step was adopted to improve the dispersion of
the SWCNTs in an aqueous medium. It has been reported that
sonication induces high shear forces by acoustic cavitation,
which causes clefts in the SWCNT bundles; the SWCNT surfaces
in these clefts are then exposed to the aqueous solution.*** The
results clearly show that carboxylated SWCNTs are dispersed
well in the aqueous solution by sonication; further, the nano-
tube bundles and aggregates can be successfully removed by
centrifugation.

The supernatant containing well-dispersed SWCNTs was
used to modify the surface of the CP. The SEM images show the
surface morphologies of the bare, SWCNT-, and SWCNT-AuNP-
modified CPs (Fig. S1f). The network of SWCNTs is clearly
observed on the surface of the SWCNT-modified CP, whereas
smooth stacked sheets are seen on the bare CP. This demon-
strates that the SWCNTs are evenly and adequately adsorbed on
the surface of the CP. The AuNPs decorating the SWCNTs were
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also dispersed along the nanotubes and exhibited spherical
forms on the SWCNT-AuNP-modified CP. The SWCNTs can be
clearly observed under the AuNP layer and are compactly
attached to the walls of the nanotubes, suggesting the forma-
tion of an SWCNT-AuNP nanocomposite on the CP. The cross-
sectional morphologies of the CP before and after modifica-
tion with SWCNTs and AuNPs were further characterized as
shown in Fig. 3. Chemical information on the electrodes was
also revealed via EDS analysis. The CP was characterized as
interconnected carbon fibers and carbon flakes that are
randomly scattered over the surface and interior. It is noted that
the SWCNTs are seamlessly integrated into the carbon fiber
network comprising the CP, effectively bridging any gaps and
enveloping the entire surface. The atomic percentage of oxygen
over a circular area of the corresponding CP-SWCNT electrode
increased to 9.44% after modification from 4.06% of the bare
CP. Correspondingly, the O/C ratio of the CP-SWCNT increased
to 0.1 from 0.04 of the CP. There are oxygen-containing groups,
such as carbonyl (-CO-) and ether (-C-O-C-), in the carboxyl-
ated SWCNTs;* therefore, the increase in O/C ratio indicates
the incorporation of SWCNTs on the surface of the CP. The EDS
spectra confirm the presence of AuNPs on the surface of CP-
SWCNT-AuNP;,, and the atomic percentage of gold (Au)
acquired from representative areas of the CP-SWCNT-AuNP;,
was 0.24%. However, there was no substantial variation in the
Au content among CP-SWCNT-AuNP;,, CP-SWCNT-AuNP,,, and
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CP-SWCNT-AuNP;,, (data not presented), which is likely attrib-
utable to the uneven distribution of AuNPs on the CP-SWCNT or
limitations of quantitative analysis when using SEM-EDS.
Nevertheless, it was confirmed using SEM and EDS that both
SWCNTs and AuNPs were successfully adsorbed on the surface
of the CP.

The electrochemical properties of the bare and modified CPs
were investigated by CV. As shown in Fig. 4 and Table 1, the
cyclic voltammograms of the bare and modified CPs exhibited
a pair of redox waves in the tested potential ranges, and the
formal potential of these peaks was taken as the average of E,
and Ep, about 0.2 V, which is near the standard potential of
FcMeOH.* For all electrodes, the responses were similar to that
of the reversible one-electron transfer with a peak-to-peak
separation of AE, = [Ep* — ExY| = 40-60 mV, which is close to
the theoretical value of 59 mV for the one-electron process.”
Notably, the AE,, of the modified CP is less than that of the bare
CP, indicating better electron transfer kinetics for the modified
CP.>® The current generation with the modified CP was signifi-
cantly higher than that of the bare CP upon covering the CP
surface with 10 uL of AuNPs (CP-AuNP;,) (Fig. 4(a)). A subtle rise
in the current peak was observed as the dosage of AuNPs was
augmented to 20 pL. However, there was no further increase in
current as the dosage of AuNPs was increased to 30 pL (CP-
AuNP;,). Upon modifying CP with SWCNTs, a notable
increase in current was observed. This increase was further

20 -
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Fig. 4 Cyclic voltammograms of the (a) CP and (b) CP-SWCNT modified with different amounts of AuNPs. The cyclic voltammetry measure-
ments were performed at a scan rate of 25 mV s+ in 10 mM PBS (pH = 6.0) containing 1 mM ferrocene methanol.

Table 1 Peak potential and current values for carbon paper modified with SWCNTs and/or AuNPs

Electrode Epy (mV) Epe (mV) AE, (mV) I (HA) Iy (HA) Iya/Ise
Cp 240 + 3 180 + 3 60 £1 8.2+ 0.4 —6.2 + 0.4 1.3
CP-AuNP,, 230 + 2 180 + 2 50 + 4 12.9 + 2.0 —-99+21 1.3
CP-AuNP,, 230 + 3 190 £ 1 40 £ 4 13.7 £ 0.1 —11.0 £ 0.2 1.2
CP-AuNP;, 230 £ 2 190 £ 2 40£0 13.1 +£1.2 —10.9 £ 0.9 1.2
CP-SWCNT 230 + 2 180 + 2 50 £ 4 14.1 +£ 0.7 —11.8 £ 0.2 1.2
CP-SWCNT-AuNP,, 230 £ 2 180 + 4 50 £ 5 16.9 + 1.1 —-141+£11 1.2
CP-SWCNT-AuNP,, 230 + 2 190 + 3 40 + 4 13.7 £ 0.5 —11.0 +£ 0.6 1.2
CP-SWCNT-AuNP;, 230 £ 7 180 + 4 50 £ 5 19.8 £ 1.0 —17.0 £ 0.7 1.2
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amplified when the CP-SWCNTs were subjected to modification
with 10 pL of AuNPs (CP-SWCNT-AuNP,,). Moreover, this
incremental trend was further noted to be present, albeit slight,
upon increasing the AuNPs dosage to 30 puL (CP-SWCNT-
AuNP3,), as demonstrated in Fig. 4(b) and Table 1. This shows
how much conductivity can be increased with relatively few
AuNPs on CP and CP-SWCNT, but there is a limit to improving
the conductivity of the electrode only by increasing the loading
of AuNPs.

An earlier study demonstrated a substantial conductivity
increase with a relatively low gold nanoparticle content but, this
effectiveness diminishes when significant agglomeration
occurs at high concentrations due to the formation of large
electron tunneling gaps between individual nanoparticles
during substantial nanoparticle agglomeration, reducing the
effective conductive paths for electron transfer.””?® On the
contrary, by integrating SWCNTs and AuNPs, it was found that
electrode performance was further improved through the
increased loading of AuNPs in this study. Consequently, the CP-
SWCNT-AuNP electrode exhibited the highest peak current,
achieving a 2.1-2.4-fold increase in current compared to the
bare CP by increasing the loading of AuNPs up to 30 uL on CP-
SWCNT. This enhancement can be attributed to the large
surface-to-volume ratio of the SWCNTs and AuNPs combined
with the highly porous structure of the networks of inter-
connected SWCNTs, which creates a larger interface for electron
transfer compared to the CP or CP-AuNP. The results indicated
that the electrochemical performance of the electrode was
enhanced by the adsorption of SWCNTs and AuNPs on the CP
surface, which may be attributable to the increased electro-
chemical surface area and the enhanced electron transfer ability
of the electrode as reported previously.**

3.2 Electrochemical characterizations of GOx-immobilized
electrodes

Three kinds of GOx electrodes were fabricated by immobilizing
GOx on bare CP, CP-SWCNT, and CP-SWCNT-AuNP,,. In the
absence of glucose, small quasi-reversible oxidation and
reduction peaks of FcMeOH were observed at around 0.2 V (vs.

350 41— — - CP/GOx-Gel (a)
—— CP-SWCNT/GOx-Gel

e CP-SWCNT-AuNP, /GOx-Gel

Current (pA)

-150

-0.2 0.0 0.2 0.4 0.6

E (V vs. Ag/AgCl)

Fig. 5
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Ag/AgCl) for all electrodes (Fig. S2T). Notably, the anodic peak
potential of the voltammogram shifted to a slightly more posi-
tive value and anodic peak currents increased sharply in the
presence of glucose (30 mM) for all electrodes compared to the
CVs in the absence of glucose (Fig. 5(a)). The potential shift and
S-shaped curves are believed to be caused by the rapid oxidation
of glucose by the catalytic enzyme reaction.** The oxidation
current intensity increased in the following order: CP/GOx-Gel <
CP-SWCNT/GOx-Gel < CP-SWCNT-AuNP10/GOx-Gel. This indi-
cates that the SWCNTs and AuNPs contribute synergistically to
enhance the electrical performance of the GOx electrode.

The effect of AuNP loading was further investigated for GOx
immobilized on CP-SWCNT-AuNP in an electrolyte supple-
mented with 30 mM glucose using CV and CA. The cyclic vol-
tammogram (a) and current responses vs. time (b) are shown in
Fig. 6. Similar trends were observed for both the CV and CA;
a higher current was generated when GOx was immobilized on
CP-SWCNT than CP. Attachment of GOx on CP-SWCNT-AuNP
resulted in a higher current than on CP-SWCNT. Furthermore,
the current increased slightly when the AuNP loading increased
from 10 pL to 30 pL, while no significant difference was
observed between CP-SWCNT-AuNP,,/GOx-Gel and CP-SWCNT-
AuNP,,/GOx-Gel. It was considered that the presence or absence
of a nanomaterial (SWCNTs or AuNPs) influenced the GOx
electrode performance critically, whereas the effect of AuNP
loading was not critical considering the cost of the AuNPs.
Therefore, in all subsequent experiments, CP-SWCNT-AuNP,,
was used as the bare electrode.

The activity of the immobilized GOx was measured, and
varying activities were observed from the GOx attached to CPs
with and without modification (Fig. 5(b)). The highest and
lowest activities were observed for CP-SWCNT-AuNP, ,/GOx-Gel
and CP/GOx-Gel, respectively. These biochemical data are
consistent with the corresponding electrochemical data.
Enhancement of enzyme activity in the presence of AuNPs was
demonstrated for various enzymes, including GOx, in previous
studies.*** It is known that AuNPs may allow proteins to retain
their biological activities upon adsorption; therefore, electrode
modification with this material provides a microenvironment

120
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(a) Cyclic voltammograms and (b) relative activities of CP/GOx-Gel, CP-SWCNT/GOx-Gel, and CP-SWCNT-AuUNPo/GOx-Gel.
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(a) Cyclic voltammograms and (b) chronoamperometric curves of GOx-immobilized CP-SWCNT-AuNP with different AuNP loadings in

10 mM PBS (pH = 6.0) supplemented with 1 mM ferrocene methanol and 30 mM glucose.

similar to that of the redox proteins in native systems.** It has
been suggested that the distance between the FAD center and
electrode surface is reduced by the partial unfolding of GOx as it
is adsorbed on the nanotubes.* It was previously demonstrated
that the electrochemical performance of the GOx electrode
could be enhanced by the synergistic interactions of AuNPs and
SWCNTSs.*** Together with these previous demonstrations, we
suggest that the SWCNTs and AuNPs cooperate to enhance the
performance of the GOx electrode by not only increasing the
activity of GOx but also providing extra electron transfer
pathways.

3.3. Electrochemical characterizations of GOx-TREH
electrodes

Initially, we investigated whether the GOx electrode could
generate electrical current by utilizing trehalose-degradation
products. Trehalose solution (30 mM) was treated with TREH
(2.1 U) for 3 h, and the GOx electrode (CP-SWCNT-AuNP; ,/GOx-
Gel) was immersed in the TREH-digested solution before per-
forming CV analysis in the presence of FcMeOH (1 mM). The
peak current intensity was strong in the presence of the TREH-

350 A
— — - Without trehalose ®
300 { —— With trehalose (30 mM)

250

Current (pA)

0.2 0.0 0.2 0.4 0.6
E (V vs. Ag/AgCl)

digested product, whereas a weak current peak was observed in
the trehalose solution without breakdown (Fig. S3f). In our
previous study, we observed that glucose is readily released
during incubation of trehalose solution in the presence of
TREH;® this result clearly indicates that TREH successfully
degrades trehalose into glucose to produce electrical energy by
the GOx electrode.

Next, a bienzyme electrode consisting of GOx and TREH was
fabricated. As mentioned above, GOx and TREH were immobi-
lized separately on the electrode surface by attaching the TREH-
gelatin mixture to the surface of CP-SWCNT-AuNP;,/GOx.
Fig. 7(a) shows the electrochemical behaviors of the GOx-
TREH electrode (CP-SWCNT-AuNP,,/GOx/Gel-TREH) with and
without trehalose in the electrolyte. A high anodic peak current
of 216 pA was observed at 0.24 V in the presence of trehalose,
whereas a small reversible current was noted in the absence of
trehalose; this clearly indicates that immobilized TREH can
degrade trehalose efficiently with minimal electron transfer
resistance from GOXx to the electrode. Table 2 summarizes the
results of some previous and current research findings. The
calculated current density in this study based on the surface

b
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Fig. 7 Cyclic voltammograms of (a) CP-SWCNT-AUNP;5/GOx/Gel-TREH in 10 mM PBS (pH = 6.0) with and without trehalose and (b) CP-
SWCNT-AUNP;0/BOD/Gel in citrate buffer (pH 5.0) supplemented with ABTS (1 mM).
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Table 2 Summary of trehalose EFCs reported in literature, with their mediators and electrode materials®

Max. oxidation current Power density

Anode Cathode OCV (V) density (mA cm™?) (LW em™?) Ref.
CR/PEGDGE-Os-modified CR/PEGDGE-Os-modified polymer-BOD  — 0.065 at 0.25 V 55 36
polymer-GOx-TREH in insect

PFCE/ferrocene/GOx in CHL with PFCE/BOD + air-diffusion 0.3 0.006 10.5 40

added TREH and mutarotase

CC/VK3/NADH/GDH in insect CC/ABTS/BOD + air-breathing 0.75 1.18at 0.6 V 285 41

with added TREH and mutarotase

CP-SWCNT-AuNP; ,/GOx/Gel-TREH CP-SWCNT-AuNP,,/BOD/Gel in 0.65 1.4 at0.24V 23 This study

in PBS (pH 6.0) with added trehalose

(30 mM) and FcMeOH (0.1 mM) (pH 5.0) with added ABTS (1 mM)

oxygen-saturated 100 mM citrate buffer

“ CR, carbon rod; PFCE, plastic-formed carbon electrode; CHL, cockroach hemolymph; CC, carbon cloth; CP, carbon paper.

area of the bare CP was 1.4 mA cm ™%, which is 24 times higher

than that reported by Rasmussen.’® To the best of our knowl-
edge, this is one of the highest values obtained for a GOx-TREH
electrode using trehalose as the fuel to generate current. This is
because the CP provides a large surface area for immobilizing
the SWCNTs-AuNPs, which serve as good electron conductors
and anchoring points for enzyme immobilization. Additionally,
separate immobilizations of GOx and TREH impart dual enzy-
matic functions to the electrode while minimizing the electron
transfer resistance.

However, the anodic peak current of CP-SWCNT-AuNP;,/
GOx/Gel-TREH in the trehalose solution was 1.5 times lower
than that obtained with CP-SWCNT-AuNP,,/GOx-Gel in the
glucose solution. Although these distinctions are intriguing,
comparable instances can be observed in other earlier publi-
cations; in the three-enzyme cascade oxidation of sucrose using
invertase, GOx, and fructose dehydrogenase, it was reported
that the cascade reaction was limited by the slow autorotation of
the glucose produced from sucrose before being utilized by
GOx.*”*® The reaction was accelerated by adding mutarotase to
easily transform o-p-glucose to B-p-glucose, which is the proper
form of GOx.* Therefore, we considered that current generation
by the GOx-TREH electrode in the trehalose solution could be
enhanced by adding mutarotase to the electrode. Furthermore,
optimizing the loading of TREH could improve the current
generation, as demonstrated in a previous study.?

3.4 Evaluation of CP-SWCNT-AuNP,,/GOx/Gel-TREH as an
anode for a high-power EFC

Because the EFC needs both an anode and a cathode, the
cathode was fabricated by immobilizing BOD on CP-SWCNT-
AuNP,, and sequentially covering the surface with gelatin to
prevent enzyme leakage. The cathodic performance of the BOD
electrode (CP-SWCNT-AuNP; ,/BOD/Gel) was evaluated in citrate
buffer (pH 5.0) supplemented with 1 mM ABTS. It is worth
noting that the reduction peak increased significantly in the
oxygen-saturated electrolyte, whereas a small reversible current
peak was observed in the electrolyte purged with nitrogen
(Fig. 7(b)). This result clearly indicates that the immobilized
BOD effectively catalyzes the reduction of oxygen to water in
cooperation with electrons transferred from the electrode via
ABTS.

Herein, the EFC was assembled such that the anode (CP-
SWCNT-AuNP,,/GOx/Gel-TREH) and cathode (CP-SWCNT-
AuNP,,/BOD/Gel) were separated by a Nafion 117 membrane,
as mentioned previously. The EFC shows an open-circuit voltage
(OCV) of approximately 0.65 V, but the cell voltage dropped
when the current was drawn from the cell. Fig. 8(a) shows the I-
V curve of the EFC for different discharge current densities,
each of which was calculated by dividing the corresponding
discharge current by the area of the bare CP. The cell voltage
decreased gradually and then dropped rapidly when the
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(a) Cell voltage and cell power density curves under different discharge currents; (b) time profiles of the cell voltages under discharge.
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discharge current increased above 60 pA cm 2. The power
density (P = J x V) increased with the increase in discharge
current density; when the discharge current density was 60 pA
cm 2, the cell voltage decreased to 0.38 V, at which point the
maximum power density of 23 uW cm > was obtained. The cell
voltage was maintained in the range of 0.26-0.31 V for more
than 40 min during discharge at 60 pA cm™? (Fig. 8(b)), indi-
cating stable operation of the EFC. The maximum power density
observed in this study was twice that obtained by Shoji et al.*
and 1.6 times that obtained by Rasmussen®® in PBS supple-
mented with trehalose (50 mM). To the best of our knowledge,
the EFCs developed in this study produce some of the highest
power among trehalose EFCs known thus far. However, the
performance of the EFC did not appear to increase as much as
that of the anode. Accordingly, we considered that the EFC
performance could be further improved by combining a high-
performance cathode.

3.5 Reusability of CP-SWCNT-AuNP,,/GOx/Gel-TREH

The reusability of a used CP-SWCNT-AuNP,,/GOx/Gel-TREH
was investigated by replacing the trehalose solution (30 mM)
with a freshly prepared solution after each cycle in the chro-
noamperometric measurements while maintaining a fixed
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potential of 0.3 V. A parallel analysis was performed with the CP/
GOx/Gel-TREH as the control. The current responses of both
electrodes achieved steady states within 300 s and remained
unchanged throughout the testing time of each cycle, as
depicted in Fig. 9(a) and (b). The average currents generated
between 300 and 700 s were calculated and compared subse-
quently, as illustrated in Fig. 9(c). The current responses
exhibited similarities across repeated cycles for both electrodes.
Although there was a decrease in the current response over the
initial three cycles, there was no further decline in the current
generation subsequently. Nonetheless, discrepancies were
noted in both the degree of current generation and rate of
current reduction between the two electrodes: during the initial
use, CP-SWCNT-AuNP,,/GOx/Gel-TREH yielded a current
response of 16.2 pA while CP/GOx/Gel-TREH produced 7.2 pA.
With subsequent usage, the current responses of CP-SWCNT-
AuNP,,/GOx/Gel-TREH and CP/GOx/Gel-TREH decreased to
64% and 39% of their initial cycle values, respectively; during
the third usage, the current responses further dropped to 53%
and 36% for the corresponding electrode configurations.

The decline in current responses observed during the first
two cycles may be attributed to detachment of the loosely
bound enzymes, because the electrodes can be reused without
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Fig. 9 Amperometric current responses of (a) CP/GOx/Gel-TREH and (b) CP-SWCNT-AuUNP;o/GOx/Gel-TREH along with the (c) average
current values of the electrodes for five repeated cycles. Chronoamperometric analyses were performed in 10 mM PBS (pH = 6.0) supplemented
with trehalose (30 mM) at an applied potential of around 0.3V (vs. Ag/AgCl). The electrode was used and water-cleaned before reuse, followed by

immersion in fresh solution.
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significant loss of current generation from the third cycle
onward. Emphasizing this consistent trend, comparable
results have also been documented for lipase immobilized on
gelatin blends with alginate.*> As mentioned above, the results
clearly demonstrate that bienzyme electrodes integrated with
nanomaterials can be used repeatedly while maintaining high
enzyme activities through synergistic interplay between the
nanomaterials and enzymes. Similar findings have been
documented for the beneficial effects of AuNPs after repeated
cycles, leading to the conclusion that AuNPs enhance the
performance and reusability of an electrode when combined
with the GOx.*

4. Conclusion

This study shows that the selection of electrode materials with
high conductivities and efficient immobilization of enzymes on
the electrode are critical for fabricating high-performance
multienzyme electrodes. The enzyme activity and current
generation are maximal when GOx is immobilized on CP-
SWCNT-AuNP rather than CP or CP-SWCNT, indicating the
synergistic contributions of SWCNTs and AuNPs to enhancing
the electrical performance of the GOx electrode. Separate
immobilizations of GOx and TREH using gelatin impart dual
enzymatic functions to the electrode while minimizing the
electron transfer resistance. An EFC consisting of a CP-SWCNT-
AuNP,,/GOx/Gel-TREH anode and CP-SWCNTs-AuNP,,/BOD/
Gel cathode is shown to stably generate high power. The opti-
mized electrode can be used repeatedly while maintaining high
activity. Thus, the structure proposed in this study is expected to
contribute towards the fabrication of various multienzyme
electrodes for sensors or fuel cells.
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