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A Mediator-Free Multi-Ply Biofuel Cell Using an Interfacial
Assembly between Hydrophilic Enzymes and Hydrophobic
Conductive Oxide Nanoparticles with Pointed Apexes

Minchul Kang, Donghyeon Nam, Jeongyeon Ahn, Yoon Jang Chung, Seung Woo Lee,
Young-Bong Choi, Cheong Hoon Kwon,* and Jinhan Cho*

Biofuel cells (BFCs) based on enzymatic electrodes hold great promise as
power sources for biomedical devices. However, their practical use is hindered
by low electron transfer efficiency and poor operational stability of enzymatic
electrodes. Here, a novel mediator-free multi-ply BFC that overcomes these
limitations and exhibits both substantially high-power output and long-term
operational stability is presented. The approach involves the utilization of
interfacial interaction-induced assembly between hydrophilic glucose oxidase
(GOx) and hydrophobic conductive indium tin oxide nanoparticles (ITO NPs)
with distinctive shapes, along with a multi-ply electrode system. For the
preparation of the anode, GOx and oleylamine-stabilized ITO NPs with
bipod/tripod type are covalently assembled onto the host fiber electrode
composed of multi-walled carbon nanotubes and gold (Au) NPs. Remarkably,
despite the contrasting hydrophilic and hydrophobic properties, this
interfacial assembly approach allows for the formation of nanoblended
GOx/ITO NP film, enabling efficient electron transfer within the anode.
Additionally, the cathode is prepared by sputtering Pt onto the host electrode.
Furthermore, the multi-ply fiber electrode system exhibits unprecedented
high-power output (≈10.4 mW cm−2) and excellent operational stability
(2.1 mW cm−2, ≈49% after 60 days of continuous operation). The approach
can provide a basis for the development of high-performance BFCs.
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1. Introduction

Rapid advances in biomedical devices
have created a strong demand for clean
and sustainable power sources, which
has led to the development of enzymatic
biofuel cells (BFCs) that can convert bio-
chemical energy into electricity efficiently
under mild and normal physiological
conditions (i.e., neutral pH and room
temperature).[1–5] Recently, the increasing
versatility of implantable and miniatur-
ized bioelectronics, such as pacemakers
and cardioverter defibrillators, has further
accelerated the demand for BFCs with
higher power performance and longer
operational stability.[6–14] However, despite
this need, their low power efficiency (a
few to hundreds of μW cm−2) and short
lifespan (<8 days) have still remained crit-
ical issues, which have strongly restricted
their widespread use in the biomedical
industry.[15–17] Particularly, the poor elec-
tron transfer efficiency and unfavorable in-
terfacial interaction between enzymes and
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the host electrode are the most important factors contributing to
these drawbacks.

To address these challenges, various approaches have been
developed to date, primarily focusing on improving electron
transfer. One approach involves incorporating redox mediators
with electrochemical activity into the enzymes.[18–21] Generally,
redox mediators can be electroreduced through the neighbor-
ing enzymes, and then diffuse to the surface of electrode, and
subsequently transfer electrons from the active center (flavin
adenine dinucleotide, FAD) of glucose oxidase (GOx) to the
electrode.[20–23] In this case, the long polymeric chains of redox
mediator not only increase the apparent diffusivity of electrons
but also facilitate electron transfer from the redox centers of GOx
to the electrode. Owing to their effective electron transfer be-
tween electrodes and enzymes, the use of redox mediators in
BFCs has led to substantial improvements in power output per-
formance. Recently, several studies have reported mediator-based
BFCs with considerably good power densities ranging from 1
to 2 mW cm−2.[16,24,25] However, using redox mediators can also
bring about other issues, such as biological toxicity, complicated
synthesis processes for the mediators, and a decrease (<0.8 V) in
the open-circuit voltage (OCV).[16,24,25] Generally, the mediators
in mediator-based BFCs should maintain a stable redox state, be-
come immobilized on the electrode with the enzyme, and un-
dergo rapid and reversible redox reactions on the electrode’s sur-
face. To achieve these requirements, osmium-based mediators
within polymer frameworks are commonly used.[26] However, a
significant challenge arises from the degradation of the polymer
anchoring to the electrode, which leads to a loss in power den-
sity and ultimately causes a decline in BFC performance.[27] Fur-
thermore, the use of osmium complexes as mediators presents a
potential cytotoxicity.[28] Additionally, mediated electron transfer
results in a lower open-circuit voltage compared to direct electron
transfer due to the fixed potential inherent to this mechanism.

As an alternative, electrostatically charged conductive carbon-
based nanomaterials, such as conductive multi-walled carbon
nanotubes (MWCNTs), reduced graphene oxide (rGO), and
nitrogen-doped carbon nitrides, which can be dispersed in aque-
ous media, have been used as electrode components to enhance
the active surface area and facilitate electron transfer.[29–31] Ad-
ditionally, the incorporation of electrostatically charged metal
nanoparticles (NPs) into enzymes has been explored to fur-
ther enhance electron transfer capabilities.[32–36] However, de-
spite these significant efforts, achieving high power density above
1 mW cm−2 in conductive nanomaterial-based BFCs without the
use of redox mediators has proven challenging.[30,35,37] This dif-
ficulty primarily stems from the low packing density and non-
uniform assembly of electrostatically charged conductive compo-
nents (by electrostatic repulsion in water), leading to inefficient
electron transfer. Consequently, there is a pressing need to ad-
dress these limitations and develop strategies to improve the per-
formance of conductive nanomaterial-based BFCs.

Substantial research efforts have also been directed toward im-
proving the long-term operational stability of BFCs through en-
zyme immobilization and orientation.[36,38,39] Particularly, consid-
ering that the active center (FAD) of enzyme is buried ≈7–15 Å
below the protein surface, enzyme immobilization also has an
important effect on the electron transfer between enzyme and
electrode as well as the operational stability.[40] However, in the

case of immobilizing GOx on host electrode through traditional
methods (mainly slurry casting) without any specific interfacial
interaction, the thicknesses of physically adsorbed GOx films can
be increased up to a few micrometers (μm), which is vulnerable
to adhesion failure at the interfaces of GOx film/host electrode
and interconnected GOx.[41] Furthermore, in the case of using
a 3D porous host electrode, it should be noted that these tradi-
tional methods have limited the formation of the conformal and
robust GOx films, which have a significant effect on the opera-
tional stability of the resulting BFCs. Recently, robust immobi-
lization of enzymes onto electrodes has been achieved through
the use of polymeric linkers that can electrostatically or covalently
bridge the interfaces between neighboring enzymes and/or be-
tween host electrode and enzyme.[20,42–47] However, most BFCs
using insulating polymeric linkers exhibited a considerably low
power output with operational stability ranging from a few hours
to 7 days (under continuous operation).[16,48,49] As a result, there is
a strong need for more novel approaches enabling robust interfa-
cial interactions, unique conductive components, and optimized
electrode design to develop BFCs with higher power output and
longer operational stability.

Herein, we present a high-performance BFC that utilizes
multi-ply fiber electrodes, employing an interfacial assembly be-
tween bipod- and/or tripod-type conductive oxide NPs in non-
polar media and GOx in aqueous media. The key aspect of our
approach lies in the covalent bonding-based interfacial assem-
bly, which significantly enhances the electron transfer and opera-
tional stability of the GOx-based electrode by increasing the pack-
ing density and robust immobilization of hydrophobic conduc-
tive oxide NPs onto the GOx layer. This favorable interfacial inter-
action relies on a ligand exchange reaction facilitated by multiple
affinities between the bare surface of oxide NPs and the amino
acid groups within GOx, resulting in the replacement of loosely
bound hydrophobic ligands by GOx during deposition. Addition-
ally, it is important to note that hydrophobic conductive NPs with-
out long-range electrostatic repulsion between the neighboring
NPs can be densely assembled onto a hydrophilic GOx layer. This
remarkable behavior enables the successful overcoming of the
substantial difference in solvent polarity between nonpolar and
aqueous media. Such adsorption behavior stands in stark con-
trast to that observed in traditional electrostatic interfacial assem-
blies, which often result in low NP packing density.[50,51] We also
highlight that highly conductive host electrodes can be prepared
using small molecule linker-bridged Au NP-MWCNT nanocom-
posite assembly, which can effectively contribute to enhancing
the electron transfer between the host electrode and GOx layer.

Furthermore, we have designed the conductive oxide NPs with
a distinctive shape to optimize the electron transfer process. This
shape enhances the probability of reaching the deep FAD center
of GOx, thereby creating an efficient pathway for electron trans-
fer between the electrode surface and the FAD center, as well as
between neighboring FAD centers of GOx. The proximity of the
FAD center and conductive oxide NPs, along with a sufficiently
small energy barrier between them, has the potential to further
enhance electron transfer, ultimately leading to improved BFC
performance. Moreover, our study demonstrates the additional
advantages of the multi-ply fiber structure in enhancing the
areal power output. By increasing the active surface area without
proportionally enlarging the electrode, this design significantly
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enhances the BFC’s performance. To the best of our knowledge,
the utilization of hydrophobic conductive NPs characterized by
pointed axes and multiple structures, along with a large active
surface area, remains unexplored by other research groups.

For this study, carboxylic acid (COOH)-functionalized MWC-
NTs (i.e., COOH-MWCNTs) were first layer-by-layer (LbL) as-
sembled with tris(2-aminoethyl)amine (TREN) onto cotton fibers
composed of numerous hydroxyl (OH) group-functionalized cel-
lulose fibrils using hydrogen-bonding interaction. The introduc-
tion of TREN linker, with extremely small molecular weight
(Mw ≈146), effectively reduced the contact resistance between
neighboring COOH-MWCNTs, enabling the formation of robust
COOH-MWCNT films. Subsequently, tetraoctylammonium bro-
mide (TOABr)-stabilized Au NPs (TOABr-Au NPs) were LbL-
assembled with TREN onto MWCNT multilayer-coated fibers for
the preparation of conductive host electrode, resulting in an in-
creased electrical conductivity of up to 9000 S cm−1 (including
15 ± 1 μm thickness of cotton fibril) and a decreased resistivity of
up to 1.1 × 10−4 Ω cm.

For the preparation of conductive oxide NPs with bipod/tripod
shape and apexes, we synthesized oleylamine-stabilized indium
tin oxide (OAm-ITO) NPs of ≈3–10 nm in nonpolar media. These
NPs were then LbL-assembled with GOx in aqueous media us-
ing multiple affinities between the surface of the ITO NP and the
amino acid groups of GOx. These (OAm-ITO NP/GOx)p multi-
layers were deposited onto the conductive fibers, forming an en-
zymatic anode that facilitated facile electron transfer within the
GOx-based multilayers, all in a redox mediator-free system. Ad-
ditionally, a Pt-sputtered conductive fiber was employed as the
cathode of the BFC.

The resulting BFC composed of enzymatic anode fiber and Pt-
sputtered fiber exhibited high areal power density, which could
be further enhanced by plying the electrodes. With increasing the
ply number of fiber electrodes from 1 to 3, the areal power den-
sity of BFCs (at 300 mmol L−1 glucose) was increased from ≈4.7
(showing the OCV of ≈+1.0 V) to 10.4 mW cm−2, outperforming
the power density of BFCs reported to date. This level of power
is not only sufficient to operate self-powered wireless sensors
but also capable of powering a wide range of power-demanding
biomedical devices such as drug pumps, cardiac pacemakers, and
bone growth stimulators.[52] Our multi-ply BFCs could maintain
≈49% (corresponding to 2.1 mW cm−2) of the initial power den-
sity at 10 mmol L−1 glucose even after 60 days, demonstrating
their high operational stability. We believe that our approach can
provide a basis for developing and designing high-performance
BFCs with effective electron transfer and high operational stabil-
ity.

2. Results and Discussion

2.1. Host Electrodes Using Au NP-MWCNT Multilayers

To prepare highly conductive fiber-based host electrodes,
COOH-MWCNTs dispersed in ethanol were preferentially LbL-
assembled with TREN molecules onto cotton fibers with a di-
ameter of ≈220 μm using complementary hydrogen bonding in-
teraction between COOH groups of MWCNTs and NH2 groups
of TREN molecules in ethanol (Figure 1a). It should be noted
that TREN molecule, as a linker for connecting the neighboring

COOH-MWCNTs, was employed to enhance the electrical con-
ductivity of MWCNT films. Owing to the use of extremely small
TREN molecular linkers that directly bridged the interfaces be-
tween neighboring COOH-MWCNTs, the electrical contact resis-
tance of the COOH-MWCNT-assembled multilayers can be sig-
nificantly decreased compared to that of COOH-MWCNT mul-
tilayers bridged by other NH2-functionalized polymeric linkers
such as poly(ethylene imine) (PEI) or poly(allylamine hydrochlo-
ride) (PAH) (the more details are given later).

The adsorption behavior of LbL-assembled (COOH-
MWCNT/TREN)n films was qualitatively and quantitatively
investigated by UV–vis spectroscopy and quartz crystal microbal-
ance (QCM), respectively. As shown in Figure 1b and Figure S1,
Supporting Information, the UV–vis absorbance of multilayers
was almost linearly increased with increasing the bilayer number
(n), indicating the vertical growth of the regular multilayer film.
Figure 1c shows the frequency changes, −ΔF, and the mass
changes (Δm) in the adsorbed COOH-MWCNTs and TREN re-
sulting from an increase of bilayer number (n) (see Experimental
Section, Supporting Information). The mass changes were
calculated from the frequency changes of the COOH-MWCNTs
and TREN layers adsorbed on the crystal surface. In this case,
the loading amounts per COOH-MWCNT/TREN bilayer were
calculated to be ≈1.4 ± 0.1 μg cm−2. Using this LbL-assembled
behavior, the (COOH-MWCNT/TREN)n multilayers were de-
posited onto the 15 ± 1 μm-thick cotton fibrils (within ≈220
μm-thick cotton fiber). In this case, the electrical properties
of the formed fibers were gradually enhanced by increasing
the bilayer number (n). Specifically, the electrical conductiv-
ity and resistivity of (COOH-MWCNT/TREN)10 multilayer-
coated fibers (shortly 10-MWCNT/fiber) were measured to be
≈0.1 S cm−1 and 8.9 Ω cm, respectively (Figure 1d). In addition,
the 10-MWCNT/fibers maintained their highly uniform fibril
structure without significant agglomeration (Figure 1e).

Another important advantage of this approach is that the
COOH-MWCNT/TREN multilayer forest formed onto cotton
fiber can induce the stable and robust adsorption of additional
conductive metal NPs due to the high affinity (i.e., covalent-
bonding) between Au NPs and primary amine (NH2) groups of
the outermost TREN layer. Spherical-type TOABr-Au NP with
a diameter of ≈8 nm in toluene could be LbL-assembled with
TREN in ethanol via consecutive ligand exchange reaction be-
tween bulky TOABr ligands and TREN molecules, which was
confirmed by UV—vis spectroscopy, Fourier transform infrared
(FTIR) spectroscopy, and field-emission scanning electron mi-
croscopy (FE-SEM) (Figure 1f,g and Figures S2–S5, Supporting
Information). In this case, it should be noted that the Au NP
layers buried within the (TOABr-Au NP/TREN)n multilayers had
few bulky TOABr ligands, and only one TREN molecule layer di-
rectly and robustly bridged all interfaces between the vertically
adjacent Au NP layers and between the abovementioned COOH-
MWCNT layers as well as between cotton fibrils and COOH-
MWCNTs. As a result, the electrical conductivity of the (TOABr-
Au NP/TREN)20/(COOH-MWCNT/TREN)10-coated fiber (i.e., 20-
Au-MWCNT/fiber) increased up to ≈9000 S cm−1 without ad-
ditional chemical and/or thermal treatments, surpassing those
of the (TOABr-Au NP/TREN)20-coated fiber without MWCNT
multilayers (i.e., 20-Au/fiber) and 10-MWCNT/fiber without
Au NPs. (Figure 2a and Figure S6, Supporting Information).
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Figure 1. Characterization of (COOH-MWCNT/TREN)n and (TOABr-Au NP/TREN)m multilayers. a) The molecular and multilayer structures of COOH-
MWCNT and TREN. b) UV–vis absorbance spectra of (COOH-MWCNT/TREN)n with increasing bilayer number (n) from 1 to 10 and the hyperchromicity
at 255 nm (inset). c) Frequency (−ΔF) and mass change (Δm) of (COOH-MWCNT/TREN)n multilayers by using QCM with increasing bilayer number
(n) from 0 to 10. d) Resistivity and electrical conductivity of (COOH-MWCNT/TREN)n multilayers as a function of bilayer number (n). e) FE-SEM image
of (COOH-MWCNT/TREN)10/fiber. f) UV–vis absorbance spectra of the (TOABr-Au NP/TREN)m multilayers with increasing bilayer number (m) from
1 to 10. g) FTIR spectra and schematic illustration of the (TOABr-Au NP/TREN)m multilayers.

Additionally, the 20-Au-MWCNT/fiber exhibited evident gold
color (by the naked eye) (Figure 2b); nevertheless, the 20-Au-
MWCNT/fiber maintained the porous fibril structure of pristine
cotton fibers without significant Au NP aggregation FE-SEM and
energy-dispersive X-ray spectroscopy (EDS) images (Figure 2c).

Based on these results, the electrochemical properties of m-
Au-MWCNT/fiber were examined as a function of bilayer num-
ber (m) at a scan rate of 5 mV s−1. A three-electrode cell config-
uration was used in a 20 mmol L−1 phosphate-buffered saline
(PBS) solution containing 300 mmol L−1 glucose under ambient
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Figure 2. Surface morphology and electrochemical performance of host electrode. a) Electrical conductivity of m-Au-MWCNT/fiber, m-Au/fiber, and
n-MWCNT/fiber as a function of (m) and (n). b) Photographic images of bare fiber (top), 10-MWCNT/fiber (middle), and 20-Au-MWCNT/fiber
(bottom). c) Planar, cross-sectional FE-SEM, and energy-dispersive X-ray spectroscopy (EDS) mapping images of the 20-Au-MWCNT/fiber. d) CV
curves of m-Au-MWCNT/fiber (m = 5, 10, and 20) at a scan rate of 5 mV s−1 in a phosphate-buffered saline (PBS) solution containing 300 mmol
L−1 glucose at 36.5 °C. e) Nyquist plots of m-Au-MWCNT/fiber (m = 5, 10, and 20) in PBS solution containing 300 mmol L−1 glucose at
36.5 °C and magnification in the high frequency range (inset).

conditions (Figure 2d). With increasing the bilayer number (m)
of m-Au-MWCNT/fiber from 5 to 20, the cyclic voltammetry (CV)
curves exhibited a gradual increase in cathodic and anodic cur-
rent densities, which also displayed higher current density than
20-Au/fiber and 10-MWCNT/fiber (Figure S7, Supporting Infor-
mation). These phenomena were mainly due to the increased
electrical conductivity and active surface area of Au NP-coated
fibers. Particularly, the results obtained from electrochemical
impedance spectroscopy (EIS) evidently demonstrated that the

enhanced electrical conductivity of m-Au-MWCNT/fiber signif-
icantly decreased equivalent series resistance (ESR) and charge
transfer resistance (Rct) (Figure 2e). That is, with increasing the
bilayer number (m) from 5 to 20, their ESR and Rct decreased
from 49 and 11 to 33 and 8 Ω (at 1 kHz), respectively. How-
ever, the m-Au-MWCNT/fiber exhibited similar linear slopes (i.e.,
Warburg slope) in the low-frequency region, indicating that the
ion transport kinetics were almost constantly preserved. The re-
sulting 20-Au-MWCNT/fiber, as a host electrode, possessed a
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highly uniform surface morphology, large surface area, high elec-
trical conductivity, and adjustable electrochemical properties.

2.2. Fiber-Based Anodes Using ITO NP-Incorporated GOx
Multilayers

To alleviate the poor electron transfer between neighboring
GOx and between the electrode and GOx that causes the low
power output of enzyme-based BFCs, conductive oxide NPs were
nanoblended with GOx using an unconventional LbL assembly
onto the conductive fibers (CF) based on 20-Au-MWCNT/fibers.
To achieve this goal, we first synthesized toluene-dispersible
OAm-ITO NPs with bipod or tripod shapes instead of spherical-
type metal NPs for the LbL assembly with GOx in aqueous so-
lution (Figure 3a and Figure S8, Supporting Information). The
size of OAm-ITO NPs ranged from 4–10 nm for the minor axis
of ITO NPs to 8–16 nm for the major axis. Additionally, the NH2
and COOH moieties of amino acid groups had a high affinity
for the bare surface of ITO NPs. Therefore, bulky OAm ligands
bound to the surface of ITO NPs could be replaced by GOx during
LbL assembly, which could directly bridge the interfaces between
vertically adjacent conductive ITO NPs (Figure 3b and Figure S9,
Supporting Information). Although this replacement cannot be
easily analyzed by FTIR due to the various chemical moieties of
GOx, we could indirectly confirm the ligand exchange reaction
between GOx and OAm-ITO NPs through the use of COOH-
functionalized linkers (poly(acrylic acid) (PAA) or tricarballylic
acid (TC)) and NH2-functionalized linkers (PEI or TREN). Specif-
ically, two different multilayers, (OAm-ITO NP/PAA or TC)p and
(OAm-ITO NP/PEI or TREN)p multilayers, exhibited a regular in-
crease in UV–vis absorbance with increasing bilayer number (p),
implying the formation of high multiple affinity between COOH
and ITO NPs as well as between NH2 and ITO NPs (Figures S10
and S11, Supporting Information).

It is important to note that the nonpolar toluene solvent used
for the adsorption of OAm-ITO NPs onto the GOx-coated sub-
strate could not infiltrate the hydrophilic GOx layer due to the
hydration layer formed on the GOx layer. To confirm this possibil-
ity, the surface wettability throughout the alternating deposition
of hydrophilic GOx and hydrophobic OAm-ITO NPs was first in-
vestigated by measuring the water contact angle of (OAm-ITO
NP/GOx)p multilayer film. When the GOx was initially coated
onto an Au-sputtered Si-wafer, the water contact angle was mea-
sured to be ≈40°. However, subsequent deposition of OAm-ITO
NPs decreased the water contact angle to ≈100°. These water
contact angles periodically fluctuated as a result of the ligand
exchange reaction when the outermost layer was changed from
GOx to OAm-ITO NP and vice versa (Figure S12, Supporting In-
formation). Based on these results, it is reasonable to conjecture
that the GOx layers buried within (OAm-ITO NP/GOx)p multi-
layers could be biologically active even in nonpolar media such
as toluene. The FTIR absorption bands of (OAm-ITO NP/GOx)p
multilayers almost coincided with those of the pristine GOx layer,
providing concrete evidence to demonstrate such a possibility.
In particular, given that the FTIR absorption bands of biologi-
cally active GOx exhibited the typical amide I (1650 cm−1) and
amide II (at 1539 cm−1) absorption bands, these results clearly
implied that the immobilized GOx layers within the (OAm-ITO

NP/GOx)p multilayers still maintained an active conformation
(Figure 3b and Figure S13, Supporting Information). That is, con-
sidering that the toluene solvent was used for the deposition of
OAm-ITO NPs onto the immobilized GOx layer, these results in-
dicated that toluene solvent had no effect on the bioactivity and
conformational change of immobilized GOx layer. On the other
hand, in the case of ethanol- and heat-treated GOx-based anodes
(i.e., denatured p-anodes), we could not confirm any correspond-
ing electrocatalytic signals originating from active GOx layers
(i.e., ethanol-treated and heat-treated p-anodes) (Figure S14, Sup-
porting Information).

As expected, the UV–vis absorbance of (OAm-ITO NP/GOx)p
multilayers increased linearly with increasing bilayer number (p)
(Figure 3c and Figure S15, Supporting Information). The load-
ing amount per bilayer obtained from QCM measurement was
estimated to be ≈4.9 ± 0.2 μg cm−2 (Figure 3d). In this case,
the total film thickness of the (OAm-ITO NP/GOx)p multilay-
ers with a uniform and smooth surface morphology increased
from 11 to 54 nm with increasing bilayer number (p) from 1
to 9, resulting in one bilayer thickness of ≈5.6 nm (Figure 3e).
Since one bilayer thickness was smaller than the average size
(≈8 nm) of OAm-ITO NPs, this phenomenon implied that the
surface coverage of ITO NPs per layer was insufficient in the
lateral dimension. As a result, the internal structure of (OAm-
ITO NP/GOx)p multilayers possessed a mixed and nanoblended
structure instead of a stratified layer structure. This nanoblended
structure could be indirectly confirmed by EDS mapping images
(Figure 3f and Figure S16, Supporting Information). Addition-
ally, these results suggested the possibility that electron transfer
between neighboring GOx layers could be enhanced through the
perfect nano-convergence of GOx and conductive ITO NP lay-
ers despite the extremely different surface polarities existing be-
tween hydrophilic GOx in water and hydrophobic OAm-ITO NPs
in toluene. Furthermore, we highlight that this nanoblending as-
sembly using OAm-ITO NPs can also be achieved with other bio-
materials such as ferritin, catalase, and hemoglobin-containing
amino acid groups (Figure S17, Supporting Information).

Based on these results, we investigated the electrochemical
properties of enzymatic electrodes (i.e., anode) that contained
a multilayer thin film, (OAm-ITO NP/GOx)p, on the CF elec-
trode (Figure 4a). The (OAm-ITO NP/GOx)p multilayers were de-
posited onto the CF (i.e., 20-Au-MWCNT/fiber) to prepare BFC
anodes and investigate their glucose oxidation abilities in pH
7.4 PBS solution (Figure 4b). With an increasing bilayer number
(p) of (OAm-ITO NP/GOx)p multilayer-coated electrode (shortly
p-anode) from 1 to 7, the maximum anodic current density of
p-anode measured at +0.6 V gradually increased from 16.9 to
28.7 mA cm−2, then decreased to 24.4 mA cm−2 (in this case, the
normalized anodic current densities at +0.6 V increased from 2.1
to 11.8, and then decreased to 7.5 mA cm−2), mainly due to the
trade-off between the increased mass loading of GOx and the re-
duced electric field (by the increase of the total film thickness)
(Figure 4c and Figure S18, Supporting Information). Therefore,
in the case of p-anode, the optimized bilayer number (p) for a
high-performance anode was determined to be p= 5, and its max-
imum anodic current density was estimated to be ≈28.7 mA cm−2

at a glucose concentration of 300 mmol L−1.
Based on the high anodic current density obtained from the 5-

anode, we investigated its electrochemical performance as a func-
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Figure 3. Deposition mechanism analysis of the (OAm-ITO NP/GOx)p multilayers. a) HR-TEM images of OAm-ITO NPs with a lattice fringe spacing
(d) of 2.93 Å corresponding to the (311) phase. Inset is a photographic image of OAm-ITO NP solution (in toluene). b) FTIR spectra and schematic
illustration of the (OAm-ITO NP/GOx)p multilayers as a function of bilayer number (p). c) UV–vis spectra of the (OAm-ITO NP/GOx)p multilayers
with increasing bilayer number (p) from 1 to 10 and the hyperchromicity at 277 nm (inset). d) Frequency (−ΔF) and mass change (Δm) of (OAm-ITO
NP/GOx)p multilayers onto quartz substrate as a function of periodic number (p). e) Thickness of (OAm-ITO NP/GOx)p multilayer film as a function
of bilayer number (p) (left) and cross-sectional FE-SEM image of (OAm-ITO NP/GOx)p multilayer (p = 1 and 9) (right). f) Cross-sectional FE-SEM and
EDS mapping images of the (OAm-ITO NP/GOx)5 multilayer.

tion of glucose concentration. Increasing the glucose concentra-
tion from 0 to 300 mmol L−1 resulted in a notable increase in
the maximum anodic current density from 10.0 to 28.7 mA cm−2

(Figure 4d). Additionally, the normalized anodic current density,
obtained after eliminating the maximum anodic current den-
sity at a glucose concentration of 0 mmol L−1, increased from
3.2 to 18.7 mA cm−2. Furthermore, we conducted an investiga-
tion into the charge contribution of the 5-anode using Dunn’s

method to validate the Faradaic current derived from the CV
curves.[53] Notably, as the glucose concentration was raised from
10 to 300 mmol L−1, we observed a corresponding increase in the
Faradaic charge, from 1.02 to 2.17 C cm−2. These results estab-
lish a clear and direct correlation between the glucose concentra-
tion and the Faradaic charge of the 5-anode generated from the
electrooxidation process by GOx (Figures S19 and S20, Support-
ing Information). As the concentration of glucose increased, a
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Figure 4. Electrochemical performance of p-anode. a) Schematic illustration of p- anode. b) Cross-sectional FE-SEM and EDS mapping images of
the 5-anode. c) Anodic current density curves of the p-anode as a function of bilayer number (p) and the normalized anodic current density lev-
els at +0.6 V (inset). d) Anodic current density curves of 5-anode with increasing concentration of glucose from 0 to 300 mmol L−1 at 36.5 °C
(the glucose concentrations of 0, 10, 50, 100, and 300 mmol L−1 are ordered from bottom to top of the curve, respectively). The normalized an-
odic current density levels at +0.6 V are depicted in the inset. e) Normalized anodic current density levels of 5-anode at low glucose concentra-
tion (0 to 20 mmol L−1) at 36.5 °C. The anodic current densities of 5-anode with increasing glucose concentration from 0 to 20 mmol L−1 at
36.5 °C are depicted in inset. f) Change in the peak current of the of 5-anode with increasing the scan rate (v) from 0.005 to 0.5 V s−1 in PBS solu-
tion containing 300 mmol L−1 glucose at 36.5 °C. g) Change in the potential (E−E0) of 5-anode as a function of ln v at a 300 mmol L−1 glucose.
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slight rise in cathodic current was observed below −0.1 V dur-
ing the negative potential scan of the 5-anode. This increase
in current is primarily attributed to the adsorption of hydrogen
ions (H+) or other charged intermediates that are produced dur-
ing the oxidation process of glucose.[54,55] It is assumed that the
higher glucose concentration promoted the oxidation reaction
of glucose, leading to the generation of more hydrogen ions,
which, in turn, resulted in increased adsorption of hydrogen
ions onto the electrode, increasing the cathodic current. More-
over, the adsorption of hydrogen ions (H+) can cause the re-
duction reaction of FAD-moieties of GOx, it can contribute to
an increase in the cathodic current density by increasing the
glucose concentration.[56] Furthermore, the observed linear de-
pendence of the normalized current densities on the low glu-
cose concentration range of 5 to 20 mmol L−1, which corre-
sponds to the physiological condition, indicates that the 5-anode
has potential for use in various glucose biosensors including
diabetes sensors for continuous glucose monitoring systems
(Figure 4e).

The electron transfer kinetics of the 5-anode were also investi-
gated using the Laviron model.[57] The anodic and cathodic peak
currents of the 5-anode linearly increased with increasing the
scan rate (Figure 4f) and followed Equation 1:

Ip =
nFQv
4RT

(1)

where Ip, n, Q, and v are the peak current density, the num-
ber of electrons transferred (n = 2), the total charge ad-
sorbed on the electrode, and the scan rate, respectively. F,
R, and T are Faraday’s constant, gas constant coefficient, and
temperature.

This result indicates that the charge transfer reaction of the
5-anode is quasi-reversible and surface-controlled, providing a
constant charge value independent of scan rates. Additionally, we
experimentally determined the apparent heterogeneous electron
transfer rate constant (Ks) using Equations 2 and 3, with a cal-
culated value of 6.3 ± 0.1 s−1 for the 5-anode, much higher than
those (1.5–3.3 s−1) previously reported for BFC anodes (Figure 4g
and Figure S21, Supporting Information)[30,58–60]:

E = E0′ + RT
𝛼nF

ln
RTKs

𝛼nF
− RT

𝛼nF
ln v (2)

E = E0′ + RT
(1 − 𝛼) nF

ln
(1 − 𝛼) nF

RTKs
+ RT

(1 − 𝛼) nF
ln v (3)

where 𝛼 is the electron transfer coefficient.
This high Ks value suggests that the GOx-immobilized elec-

trode has a fast and efficient heterogeneous electron transfer pro-
cess, mainly due to the redox reaction between the buried redox
center of GOx (FAD center) and the surface of the host electrode
(Equation 4)[61]:

[GOx − FAD] + 2H+ + 2e− ↔
[
GOx − FADH2

]
(4)

To further confirm the contribution of ITO NPs to the im-
provement of electron transfer kinetics in the GOx layer, we
compared the rate constants of the GOx layer and the (ITO
NP/GOx)1 layer (Figure S22, Supporting Information), finding

the rate constant of the (ITO NP/GOx)1 layer to be approxi-
mately two times higher than that of the ITO NP-free GOx layer.
This difference is mainly attributed to the conductive ITO NPs’
structural uniqueness, which effectively reduces the electron tun-
neling distance between the FAD center of GOx and the host
electrode.

We also evaluated the ESR values and Warburg slopes of the
5-anode as a function of glucose concentration using EIS. As
shown in Figure S23, Supporting Information, ESR values in-
creased from 25.8 to 47.1 Ω at 1 kHz as glucose concentra-
tion increased from 0 to 300 mmol L−1, while Warburg slopes
were slightly decreased. These results implied that electron trans-
fer was facilitated within the OAm-ITO NP/GOx multilayer-
based anode. Furthermore, we investigated the relative change
(RC) capacitance (ΔC/C0), a commonly used parameter for de-
termining enzyme immobilization on the electrode surface ob-
tained from the constant phase element (CPE) value of EIS.
The RC capacitance value is calculated by dividing the change
in capacitance (ΔC) measured at different glucose concentra-
tions by the initial capacitance (C0), which represents the non-
faradaic reactions of the electrode surface, particularly the re-
actions of the ITO NPs and host electrode (specifically, Au
NPs and MWCNTs) (Figure S24, Supporting Information).[62]

The resulting linear increase of the RC capacitance was mainly
caused by GOx immobilized on the electrode surface. There-
fore, this finding confirms that glucose directly reacts with the
electrode surface, demonstrating the successful operation of
the electron transfer through GOx in the absence of a redox
mediator.

As a result, the use of ITO NP-incorporated GOx multilayers
in our approach could induce close contact between GOx and
conductive ITO NPs, as well as nanoblended OAm-ITO NP/GOx
nanocomposites, which generated a strong electron relay effect
within the overall film and lowered the contact resistance be-
tween vertically adjacent GOx layers. These unique characteris-
tics of p-anodes were in stark contrast to those of conventional
GOx-based electrodes produced by the cross-linking method, as
well as the organic linker-based multilayer (i.e., (PEI/GOx)n or
(TREN/GOx)n) anode that was LbL-assembled without the in-
clusion of conductive ITO NPs (Figures S25–S27, Supporting
Information).[63,64] In particular, the electrochemical behavior of
the 5-anode, which was composed of (OAm-ITO NP/GOx)5/CF,
was characterized by its frequency dependence. This characteris-
tic could be further characterized by the knee frequency, which
is defined as the crossover point from the charge transfer re-
action to the diffusion-controlled region. In this case, the 5-
anode exhibited a higher knee frequency compared to conven-
tional GOx-based anodes and (PEI or TREN/GOx)5-based an-
odes. These results evidently indicated that the 5-anode could
have more facile charge transfer and better mass transport dur-
ing electrochemical operations due to the incorporated ITO NPs
and the highly porous structure of the overall electrode (refer to
Figure S26d, Supporting Information). As a result, the 5-anode
retained 94.2% of its initial current density after continuous op-
eration for 2 hr, proving the excellent operation stability (Figure
S28, Supporting Information). Additionally, the residual toluene
in the (OAm-ITO NP/GOx)5/CF anode was not detected (Figure
S29, Supporting Information), thereby ensuring its biological
non-toxicity.
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2.3. Pt-Sputtered Fiber Cathode

Based on anodes with effective electron transfer, we attempted
to prepare a high-performance cathode. Firstly, we improved
the oxygen reduction reaction (ORR) activity of the cathode by
additionally sputtering Pt with excellent ORR activity onto the
outermost TREN layer-coated host electrode (i.e., CF or 20-Au-
MWCNT/fiber) via a vacuum sputtering process. In this case, Pt
was sputtered onto both sides of CF. Cross-sectional FE-SEM and
EDS mapping images (Figure S30, Supporting Information) re-
vealed a uniform distribution of sputtered Pt (sputtering time
≈90 s) and Au NP over the entire area of CF. Increasing the Pt
sputtering time from 0 to 90 s resulted in the current densities
of the formed Pt-sputtered CFs (i.e., Pt/CFs) cathodes increasing
from−12.3 to−25.8 mA cm−2 (at a potential of−0.6 V) under am-
bient conditions (Figure S31, Supporting Information). In partic-
ular, it was confirmed that, with the introduction of Pt sputtering,
the reduction reaction began to directly improve from +0.54 V,
which is the open circuit potential of our cathode. The degree
of the reduction reaction increased overall in the entire voltage
range. This means that not only is the current generation im-
proved in the entire voltage range, but also, when combined with
an anode, it can directly contribute to an increase in power in a
wide OCV range.

We also investigated the charge transfer effect of the Pt/CF
cathode using EIS obtained from the fitting of Randle’s equiv-
alent circuit. To this end, the ESR values of Pt/CF electrodes
with different Pt sputtering times (i.e., 0, 30, 60, and 90 s) were
measured at a scan rate of 5 mV s−1 using a three-electrode
cell configuration in PBS solution. With increasing Pt sput-
tering time, the ESR values of Pt/CFs decreased from 25.8 to
19.8 Ω (Figure S32, Supporting Information). To obtain more de-
tailed information about the frequency-dependent electrochemi-
cal behavior of Pt/CFs, the knee frequencies, which are defined
as a crossover point from the charge transfer reaction to the
diffusion-controlled region, were also obtained from the admit-
tance plots (Figure S33, Supporting Information). In this case,
the knee frequency (≈90 Hz) of the Pt/CFs prepared from the Pt
sputtering time of 90 s (i.e., 90 s-Pt/CF) was higher than those of
the Pt/CFs with different Pt sputtering times (specifically knee
frequency ≈24 Hz for 0 s, ≈46 Hz for 30 s, and ≈76 Hz for 60
s), implying that 90 s-Pt/CF enabled more facile mass transport
during electrochemical operations.

Based on these results, the ORR activities of the 90 s-Pt/CFs
were measured under three different conditions (nitrogen (N2)-,
air-, and oxygen (O2)-saturated PBS solutions). In this case, the
cathodic current densities of 90 s-Pt/CFs (at a potential of −0.6 V)
under N2-, air-, and O2-saturated conditions were ≈−7.5, −22.6
and −30.8 mA cm−2, respectively (Figure S34, Supporting Infor-
mation). Additionally, the normalized areal current density levels
were obtained by subtracting the cathodic current density level
measured at a specific potential of −0.6 V in an O2-free condition
(i.e., N2-saturated condition) from the cathodic current density
level measured at the same potential in air or O2-rich condition.
Based on the −7.5 mA cm−2 in the oxygen-free N2 condition,
the normalized areal cathodic current densities at −0.6 V were
−15.1 mA cm−2 under the air condition, and −23.3 mA cm−2

under the O2-saturated condition, respectively. Considering that
the cathodic current density level of a nonporous bulk Au wire

with the same diameter in the air condition was estimated to be
≈−1.0 cm−2 (Figure S35, Supporting Information), the cathodic
behavior of 90 s-Pt/CF was considerably remarkable. This was
mainly due to its extremely large active surface area of fibril-
structured host electrode, as well as the conformal coating of
highly active Pt onto all fibrils.

2.4. Power Generation of Full Cell Devices Using Multi-Ply BFC
Electrodes

Based on these results, we prepared the fiber-based complete
BFC composed of anode (i.e., 5-anode) and cathode (i.e., 90 s-Pt-
sputtered CF) in the PBS solutions containing 10 and 300 mmol
L−1 glucose under ambient conditions. Furthermore, these BFC
electrodes were fabricated using single, two-ply, and three-ply
electrodes for both anode and cathode. During the fabrication
process of the multi-ply fiber electrode, the largest and small-
est diameter parts were repeated to create a multi-ply fiber elec-
trode. In this case, the total active surface area was calculated us-
ing the value of the largest diameter of the multi-ply fiber elec-
trode. However, due to the overlapping of several fiber electrodes
to form one BFC electrode, the active surface area provided was
larger than the overall increase in the diameter of the multi-ply
fiber electrode. This phenomenon suggests that a multi-ply fiber-
based BFC can generate a higher areal power density (Figure 5a
and Figure S36, Supporting Information).

To exclude the parasitic currents at the anode and cathode, sta-
tionary power outputs were measured by the external circuit re-
sistance method. First, the power density of BFCs with the Pt-
sputtered cathode was ≈1.36 times higher than that of BFCs
with the Pt-free cathode (Figure S37, Supporting Information).
Specifically, when measuring the power outputs of three differ-
ent kinds of BFCs with (OAm-ITO NP/GOx)p=1, 3, and 5 multilayers
using the external circuit resistance method, their power outputs
in 300 mmol L−1 glucose under ambient conditions were 2.1, 3.1,
and 4.7 mW cm−2, respectively (Figure 5b and Figure S38, Sup-
porting Information). When using a low glucose concentration of
10 mmol L−1 (corresponding to physiological conditions), these
BFCs exhibited power densities of ≈1.4 (for p = 1), 1.7 (for p = 3),
and 2.0 mW cm−2 (for p = 5) with an OCV of ≈0.83 V, respectively
(Figure 5c and Figure S39, Supporting Information). Although
the use of low glucose concentration resulted in a relatively low
power output of the BFCs, it is important to highlight that our
CF-based BFC produced significantly higher power output com-
pared to previously reported BFCs with excellent performance,
achieving ≈ 2.0 mW cm−2 under 10 mmol L−1 glucose (See Table
S1, Supporting Information).

Another notable feature is that the areal power output of
BFC can be significantly enhanced through the simple multi-
ply structure of fiber anodes. Specifically, with increasing the
ply number up to 3, the power density of multi-ply BFCs (in
300 mmol L−1 glucose under ambient conditions) increased up
to 10.4 mW cm−2 with an OCV of ≈1 V, which outperformed
the power outputs of BFCs reported to date (Figure 5d,e, Figures
S40 and S41, and Table S1, Supporting Information). Further-
more, the three-ply BFC exhibited high operational stability,
maintaining ≈49% (2.2 mW cm−2) of its initial power density af-
ter continuous operations for 60 days in 10 mmol L−1 glucose
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Figure 5. Performance of complete BFCs of multi-ply electrodes. a) Schematic illustration and photographic images of multi-ply anode and cathode. b)
Power output of the complete BFCs as a function of bilayers number (p) in PBS solution containing 300 mmol L−1 glucose at 36.5 °C. c) Power output
of the complete BFCs as a function of bilayers number (p) in PBS solution containing 10 mmol L−1 glucose at 36.5 °C. d) CV curves of the multi-ply
structured 5-anode. e) Power output of the complete BFCs of multi-ply electrodes in PBS solution containing 300 mmol L−1 glucose at 36.5 °C. f) Relative
power retention (P/P0) of the complete BFCs of multi-ply electrodes in PBS solution containing 10 mmol L−1 glucose at 36.5 °C.

(maintaining ≈ 60% (≈6.2 mW cm−2) of its initial power density
after 20 days in 300 mmol L−1 glucose) (Figure 5f and Figure S42,
Supporting Information). In the case of single- and two-ply
BFCs, they maintained ≈45% (≈0.9 mW cm−2) and 46%
(≈1.6 mW cm−2) of their initial power density even after 60 days.
It should be noted that this high operational stability is caused by

multiple affinities between GOx and OAm-ITO NPs as well as be-
tween CF and GOx. Particularly, considering that an excessive in-
crease in the loading amount of GOx in the anode has an adverse
effect on the anodic performance, our approach using multi-ply
electrodes can provide a promising tool for developing BFCs with
high-power output and long-term stability. However, given that
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our BFC electrodes incorporate various components, including
ITO NPs, COOH-MWCNTs, Au NPs, and Pt, it is essential and
desirable to conduct comprehensive investigations into their bio-
logical toxicity before considering their use in implantable BFC-
based devices.

3. Conclusion

In this study, we have successfully demonstrated the significant
improvements achieved in electron transfer efficiency and oper-
ational stability of mediator-free BFCs through the nanoblended
OAm-ITO NP/GOx multilayers on the host CF electrode. By lever-
aging interfacial interactions and electron transfer at the GOx/CF
and GOx/GOx interfaces, we have observed enhanced perfor-
mance in our BFCs. The incorporation of OAm-ITO NPs with
distinctive shapes, despite their hydrophobic properties, has fur-
ther contributed to the success of our hybrid BFCs by forming
a perfect nanoblended GOx/OAm-ITO NP film and creating ef-
ficient electron pathways within the anode. The utilization of a
multi-ply high-performance fiber electrode has also played a cru-
cial role in our achievements. The highly porous structure and
large active surface area of the multi-ply electrodes have sub-
stantially increased the areal power density without compromis-
ing ion transfer kinetics. Additionally, the incorporation of or-
ganic linkers, such as TREN, with extremely low Mw has facili-
tated the increase in electrical conductivity of the host CF elec-
trode through hydrogen bonding between neighboring COOH-
MWCNTs.

Based on the various benefits of our approach, including
the fiber-type host electrode, the conductive OAm-ITO NP-
incorporated anodes, the Pt-sputtered cathodes, and the multi-
ply electrode system, we have achieved remarkable results. Our
three-ply CF-based BFC has exhibited an exceptional areal power
density of ≈10.4 mW cm−2, surpassing previously reported BFCs.
Furthermore, even at a glucose concentration close to physiolog-
ical conditions (10 mmol L−1), our three-ply BFCs have main-
tained ≈49% of the initial power density over a continuous op-
eration of 60 days. These findings highlight the effectiveness and
uniqueness of conductive oxide NP-incorporated enzyme depo-
sition and multi-ply approaches in enhancing the energy perfor-
mance of various bio-electrochemical energy devices and BFCs.

4. Experimental Section
Detailed experimental information is available in part of the Supporting
Information.
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Supporting Information is available from the Wiley Online Library or from
the author.
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