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A Hybrid Biofuel Cell with High Power and Operational
Stability Using Electron Transfer-Intensified Mediators and
Multi-Interaction Assembly

Younjun Jang, Tae-Won Seo, Junha Pak, Moon Kyu Park, Jeongyeon Ahn, Gee Chan Jin,
Seung Woo Lee, Yoon Jang Chung,* Young-Bong Choi,* Cheong Hoon Kwon,*
and Jinhan Cho*

Biofuel cells (BFCs) offer an eco-friendly route to convert biochemical energy
into electricity. However, their performance is hindered by insufficient enzyme
immobilization as well as limited electron transfer within the enzymatic
electrode. While the incorporation of redox mediators (RMs) into enzyme
layers has been shown to improve BFC performance through enhanced
electron transfer, progress has plateaued in the last decade. Herein, a major
breakthrough is presented realized by a novel strategy that exploits electron
transfer-intensified RM layers. Metal nanoparticles covalently bridged
between neighboring RMs facilitate electron transfer ubiquitously. Electron
transfer characteristics are enhanced not only within the RM layers
themselves, but also at the glucose oxidase (GOx)/host electrode and
GOx/GOx interfaces. This leads to a remarkable performance boost in the
enzymatic anode. A hybrid BFC constructed with innovative anode and
Pt-based cathode exhibits a striking combination of high power output (2.3
and 8.5 mW cm−2 at 10 and 300 mmol L−1 glucose, respectively) and
exceptional operational stability (≈80% and 47% power retention after
10 days and 1 month, respectively), outperforming all previously reported
BFCs by a significant margin.

Y. Jang, J. Cho
KU-KIST Graduate School of Converging Science & Technology
Korea University
145 Anam-ro, Seongbuk-gu, Seoul 02841, Republic of Korea
E-mail: jinhan71@korea.ac.kr
T.-W. Seo
Department of Chemistry
College of Science & Technology
Dankook University
119 Dandae-ro, Dongnam-gu, Cheonan-si, Chungcheongnam-do 31116,
Republic of Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aenm.202401255

© 2024 The Author(s). Advanced Energy Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/aenm.202401255

1. Introduction

Biofuel cells (BFCs) are capable of gen-
erating micropower using soft and com-
pact structures, making them ideal can-
didates to power portable electronics and
implantable medical devices that oper-
ate under mild conditions (neutral pH
and ambient temperature).[1–7] Although
their power output falls short of other
energy storage devices such as lithium-
ion batteries, supercapacitors, and tra-
ditional fuel cells, BFCs have a dis-
tinct advantage over their peers because
they leverage the utilization of renew-
able and safe biofuels.[8–11] As such, dra-
matically enhancing the power output
of BFCs while preserving their intrin-
sic merits remains a key challenge. This
challenge mainly stems from the active
center (flavin adenine dinucleotide, FAD)
of the enzyme being buried ≈ 7–15 Å be-
low the protein surface, which severely
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restricts electron transfer between the enzyme and the electrode
as well as between neighboring enzymes.[12] This limitation has
been a major hurdle in overcoming the low power output of
BFCs.

Several research efforts have focused on enhancing electron
transfer between the active sites of enzymes and the host elec-
trode to overcome such limitations in BFC performance. A pop-
ular approach involves the development of enzymatic electrodes
that utilize direct electron transfer (DET), where the active cen-
ters of enzymes are positioned within electron tunneling distance
of the host electrode. Although considerable progress has been
made by incorporating various conductive materials (carbon nan-
otubes, conducting polymers, metal nanowires, metal nanopar-
ticles (NPs), etc.) into the enzymatic layer, the power outputs of
most DET-based BFCs still remain insufficient for powering even
small electronic devices.[13–16]

As an alternative strategy, numerous studies have explored
electrode preparation schemes that make use of mediated elec-
tron transfer (MET).[5,6,17–22] In this technique, redox-active me-
diator species (RMs) are implemented to shuttle electrons be-
tween the FAD centers of glucose oxidase (GOx) and the host
electrode.[19–22] In particular, reports indicate that crosslinking
osmium (Os)-based RMs with long spacer arms and electron-
donating group (EDG) ligands (─OCH3 or ─NH2) to enzymes
via simple mechanical mixing significantly enhances electron
communication with the FAD center.[23] In essence, these long
RM spacer arms increase the probability for external electrons
to reach the FAD center deeply buried within the enzyme. Addi-
tionally, it was shown that BFC operation voltages could be tuned
by coordinating Os-based RMs with EDG ligands or electron-
withdrawing group (EWG) ligands (─COOH or ─Cl) for negative
or positive voltage shifts, respectively.[24] Furthermore, the hy-
drophilic nature of the water-soluble polymer backbone in poly-
Os RMs facilitates their immobilization on the enzyme and elec-
trode surfaces.[25] Despite these strengths, the presence of un-
bound enzymes, the poor electrical conductivity of enzyme-RM
nanocomposites, and the use of insulating crosslinkers collec-
tively result in limited electron transfer within enzymatic elec-
trode, which puts constraints on the final power performance
of BFCs.[26–31] Although researchers have focused on developing
other types of RMs that provide easier electron hopping paths to
the enzymes, progress in MET-BFCs has stagnated over the past
decade after the hallmark reports of a maximum power output of
≈1.5 mW cm−2 and operational stability of 1.1 mW cm−2 after 2
days.[6,29]

In this work, we introduce a novel MET-based enzymatic
electrode that has exceptional electron transfer efficiency. Addi-
tionally, we demonstrate that our MET-hybrid BFC exhibits ex-
tremely high power output (≈8.5 mW cm−2) and remarkable
operational stability (2.6 mW cm−2 after 30 days). This break-
through is achieved through the combined effects of implement-
ing electron transfer-intensified RMs and achieving seamless in-
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terfaces between the enzyme and RM layers (Figure 1). We high-
light the critical role of densely integrating metal NPs into the
RM layers, which significantly boosts enzyme-RM interelectron
transfer. Such congruent and robust nanoblending of all com-
ponents within the MET electrode was accomplished through a
multi-interaction-based interfacial assembly technique that uti-
lizes complementary covalent and electrostatic interactions. The
benefit of this approach is that it eliminates the need for elec-
trochemically inactive/insulating ingredients such as polymeric
cross-linking agents, distinguishing our electrode design from
other conventional MET-based enzymatic anodes. As a result, the
development of a hybrid BFC with exceptionally high and stable
power performance is enabled. A complete hybrid BFC imple-
menting the electrodes presented in this work exhibits a record-
high power density of 8.5 mW cm−2 and displays excellent opera-
tional stability, maintaining ≈80% of its initial power density after
10 days of continuous operation. These values far exceed those of
most conventional crosslinked MET-BFCs, which typically have
much lower initial power density (0.6 mW cm−2) and operational
stability (drops to ≈65% of initial power density after 10 days).
While BFCs are used as an example here, our approach can be
generalized and extended to design and construct various elec-
trochemical electrodes that require high electron transfer rates
and favorable interfacial interactions in electrochemically active
environments.

2. Results and Discussion

2.1. Fabrication of RM/Enzyme Multilayer Films

To construct the anode for the MET-hybrid BFC, we first
prepared Os-based RMs (shortly Os-RMs) with cationic Os
compounds (i.e., poly(N-vinylimidazole)-[Os(4,4′-dimethoxy-
2,2′-bipyridine)2Cl]+/2+) synthesized by a quaternization reaction
at the 4th nitrogen atom site of the imidazole groups of poly(N-
vinylimidazole). In this case, the Os-RM can act as a positively
charged polyelectrolyte, which has a 𝜉-potential value of about
+4 mV in a pH 7.4 aqueous solution, as confirmed through
microelectrophoresis (Experimental section, Figure 2a; Figure
S1, Supporting Information).

Using this building block, we evaluated the adsorption be-
havior of consecutive electrostatic layer-by-layer (LbL) assemblies
formed by positively charged RMs and negatively charged GOx
layers (Figure 2b). Our investigation employed UV–Vis spec-
troscopy, quartz crystal microbalance (QCM), Fourier transform
infrared spectroscopy in attenuated total reflection mode (ATR-
FTIR), and cross-sectional field-emission scanning electron mi-
croscopy (FE-SEM) measurements. As revealed in the UV–Vis
spectra of electrostatic LbL-assembled (Os-RM/GOx)n multilay-
ers on quartz glass (Figure 2c), the intensity of the overlapped
absorption peak (at 268 nm) arising from the oxidized flavin
cofactor of GOx (at 277 nm) and the imidazole groups of Os-
RM (at 263 nm) showed a linear increase according to the bi-
layer number (n) (the inset of Figure 2c; Figure S2, Support-
ing Information). This implies that the amount of material ad-
sorbed per bilayer was highly regular during the LbL assembly
process. The QCM data from Figure 2d illustrates the frequency
(−ΔF) and mass (Δm) changes as a function of layer number
in the adsorbed Os-RM and GOx. Here, the mass changes were
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Figure 1. Schematic illustration of the preparation of high-performance hybrid BFC electrodes using the electron transfer-intensified assembly approach.

determined by measuring frequency shifts in the Os-RM and
GOx layers that were adsorbed onto the QCM electrode sur-
face using the Sauerbrey equation (refer to the Supporting
Information).[32–35] The deposition of alternating Os-RM and
GOx layers resulted in a –ΔF of 34.1 ± 3.0 Hz (Δm of
≈603 ng cm−2) and 206.6 ± 24.7 Hz (Δm of ≈3651 ng cm−2) per
layer, respectively.

It is important to note that the vertical assembly of the
(Os-RM/GOx)n multilayers was achieved through electrostatic
interaction without crosslinking reaction. This preserves their
inherent functional groups and facilitates robust enzyme immo-
bilization. As evidenced by the ATR-FTIR spectra, the combined
adsorption peaks from Os-RM and GOx consistently intensified
as the bilayer number increased. This enhancement occurred
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Figure 2. Characterization of (Os-RM/GOx)n multilayers. a) Change in Zeta potential values of Os-RMs as a function of aqueous solution pH. b)
Schematic representation of electrostatic interaction-assembled (Os-RM/GOx)n multilayers. c) UV–vis absorbance spectra of (Os-RM/GOx)n multilayers
with increasing bilayer number (n) from 1 to 10. The inset displays the absorbance measured at a wavelength of 268 nm, indicating linear growth of
multilayers as a function of bilayer number. d) Frequency (−ΔF) and mass change (Δm) of (Os-RM/GOx)n multilayers with increasing bilayer number
(n) from QCM analysis. e) FTIR spectra of the (Os-RM/GOx)n multilayers with increasing bilayer number (n) from 0.5 to 2. f) Water contact angles (𝜃)
measured from the (Os-RM/GOx)n multilayer-coated Au/Si-wafer. The top and bottom photographic images show the water droplets measured in cases
where the outermost layer is Os-RM (i.e., (Os-RM/GOx)n = 2.5) and GOx (i.e., (Os-RM/GOx)n = 3), respectively. g) Film thicknesses of (Os-RM/GOx)n
multilayers as a function of bilayer number (n) (left). Cross-sectional FE-SEM and energy-dispersive X-ray spectroscopy (EDS) elemental mapping images
of the (Os-RM/GOx)n multilayer (n = 30) (right).
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without the emergence of additional absorption peaks or the
disappearance of intrinsic ones (Figure 2e; Figure S3, Supporting
Information).

As opposed to simple mixed structures, a distinct characteris-
tic of our LbL-assembled Os-RM/GOx multilayers is that they are
integrated at the nanoscale level. To demonstrate this, we inves-
tigated the change in the water contact angles of (Os-RM/GOx)n
films when the top surface layer was alternated between Os-RM
and GOx. This process corresponded to odd and even layer num-
bers, respectively (Figure 2f). Water contact angle measurements
are well known for their sensitivity to the chemical and physical
properties of the top surface, with an effective range spanning
just a few angstroms (Å).[36] For example, these measurements
are significantly impacted by the chemical structure and the par-
tial chain interdigitation present at the surface of sequentially
adsorbed polyelectrolyte multilayers by complementary electro-
static interaction.[36–39] Based on this background, we extrapo-
lated the physical and chemical characteristics of LbL-assembled
(anionic GOx/cationic Os-RM)n multilayers, with a thickness of
≈1.67 nm per bilayer. Although the water contact angles of pure
Os-RM and pure GOx single layers were measured to be about 42°

and 13°, respectively, in our LbL assembled structures, the water
contact angles of 34.3° and 17.9° were observed when the growth
of the outermost layer was Os-RM and GOx terminated, respec-
tively (Figure S4, Supporting Information). We attribute this dis-
crepancy in the water contact angles to the interpenetration of Os-
RM and GOx segments from previously adsorbed layers. There-
fore, it is reasonable to conclude that the Os-RM/GOx multilayers
exhibit significant nanoblending. More importantly, these results
suggest the possibility that the electron transfer within the ultra-
thin Os-RM/GOx multilayers can be significantly enhanced com-
pared to that within thick (> a few μm thick) and mechanically
mixed films such as conventional slurry cast films. In the latter
case, it should be noted that phase separation or segregation oc-
curs between the RMs and enzymes due to thermodynamically
unfavorable interfacial interactions that originate from large en-
thalpy penalties. The resultant macroscopically phase-separated
structure makes electron transfer inefficient.[40]

Furthermore, we analyzed the film thickness of the LbL-
assembled (Os-RM/GOx)n multilayers as the bilayer number (n)
increased from 0 to 30. As illustrated in Figure 2g, the total film
thickness reached ≈50 nm when n = 30, implying an approxi-
mate thickness of 1.67 nm per bilayer. Notably, energy-dispersive
X-ray spectroscopy (EDS) images of the multilayers provided
compelling evidence that Os atoms (attributed to RM) and sulfur
atoms (associated with GOx) are highly dispersed within the mul-
tilayers. These observations corroborate our view that the densely
nanoblended structures are formed in our LbL-assembled (Os-
RM/GOx)n films.

2.2. Electrocatalytic Evaluation of Os-RM/Enzyme Multilayers

Based on these results, we aimed to create a high-performance
MET-hybrid BFC anode using the (Os-RM/GOx)n multilayer as-
semblies. To achieve this goal, a highly conductive cotton fiber
host electrode was developed. Structures comprised of (COOH-
functionalized carbon nanotubes (C-CNTs) in ethanol/NH2-
functionalized tris(2-aminoethyl)amine (TREN) in ethanol)m

multilayers (referred to as m-C-CNT multilayers, Figure S5,
Supporting Information) and (tetra(octylammonium)bromide-
stabilized Au NP (TOA-Au NP) in toluene/TREN in ethanol)n
multilayers (referred to as n-Au NP) were deposited onto a
200 μm-thick cotton fiber (see Experimental section). The small
molecular weight linker TREN (Mw ≈ 146) used in this study
significantly reduces the contact resistance between neighboring
conductive CNTs as well as between Au NPs.[41,42] These phenom-
ena are due to its ability to LbL assemble with C-CNTs via hydro-
gen bonding while simultaneously being able to LbL-assemble
with the bare surface of Au NPs through a ligand exchange reac-
tion (see Experimental Section). This transformation effectively
converted the insulting cotton fiber into a highly conductive ma-
terial. Our optimized conductive cotton fiber-based host elec-
trode, denoted as the CCF host electrode, was composed of 10-
C-CNT multilayers and 20-Au NP multilayers. This structure ex-
hibits an impressive electrical conductivity of ≈8.5 × 103 S cm−1

and a low resistivity of ≈1.2 × 10−4 Ω cm (Figure 3a). These elec-
trical properties were found to depend on the bilayer number (m
and n). It is important to note here that the CCF electrode re-
tained the highly porous structure of pristine cotton fibers with-
out any metal NP agglomeration, suggesting its capacity to ac-
commodate substantial loading of Os-RM and GOx per unit area
(Figure 3b).

Keeping this in mind, we deposited (Os-RM/GOx)n multilay-
ers onto a negatively charged CCF host electrode for the forma-
tion of an anode (see Experimental Section), and subsequently
investigated its electrochemical properties as a function of bi-
layer number (ranging from n = 0 to 7) and glucose concen-
tration (from 0 to 300 mmol L−1). A scan rate of 5 mV s−1

was maintained in a 20 mmol L−1 pH 7.4 phosphate-buffered
saline (PBS) solution under ambient conditions (Figure 3c,d).
Under a 300 mmol L−1 glucose concentration, the normalized an-
odic current density of the (Os-RM/GOx)n/CCF electrode, mea-
sured at +0.6 V, reached a maximum value of 17.0 mA cm−2 (for
n = 5), and then slightly decreased to 12.1 mA cm−2 for n = 7
(Note: when calculating the normalized anodic current density,
we subtracted the background current density (at +0.6 V) of the
(Os-RM/GOx)n/CCF electrode at 0 mmol L−1 glucose from the
current density measured at +0.6 V for the same electrode at
300 mmol L−1 glucose) (Figure 3c; Figures S6, and S7, Supporting
Information). Although the Os-RM can shuttle electrons between
the FAD centers of GOx and the host electrode via a ping-pong
mechanism in an aqueous electrolyte solution, both the Os-RM
and the GOx materials themselves have inherently poor electrical
properties. Therefore, as the total thickness (or bilayer number)
of the Os-RM/GOx multilayer structure is increased, it is pos-
sible that the total electron transfer efficiency of the anode can
be significantly reduced. This implies that there should be an
obvious trade-off between generated current density and multi-
layer film thickness in Os-RM/GOx-based anodes.[43] In our case,
we find that the optimal thickness occurs in the (Os-RM/GOx)5
multilayer structure, which has a thickness of ≈8.33 nm (see
Figure 2g). Initially, when the bilayer number (n) is increased
from 1 (thickness ≈1.67 nm) to 5 (thickness ≈8.33 nm), the in-
creased amount of GOx in the structure generates more elec-
trons, and then the Os-RM can effectively shuttle electrons from
the GOx to the host electrode. However, as the bilayer num-
ber is further increased to 6 and 7, mass transfer and electron
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Figure 3. Electrochemical performance of (Os-RM/GOx)n/CCF. a) Electrical conductivities of m-CF and n-CCF as a function of bilayer number (m and n).
b) Planar and cross-sectional FE-SEM images (left top and right top images), along with EDS elemental mapping images of the 10-CF and CCF (bottom
images). c) Dependence of the normalized current density on the bilayer number (n) of the (Os-RM/GOx)n/CCF. d) Anodic current density curve of
(Os-RM/GOx)n/CCF with various bilayer number (n) at a scan rate of 5 mV s−1 in a PBS solution containing 300 mmol L−1 glucose at 36.5 °C. e) Anodic
current density curves of (Os-RM/GOx)5/CCF with increasing glucose concentration from 0 to 300 mmol L−1 (ordered from bottom to top). The glucose
concentrations used are 0, 10, 50, 100, and 300 mmol L−1, respectively. f) Nyquist plots of (Os-RM/GOx)5/CCF with increasing glucose concentration
from 0 to 300 mmol L−1. g) Normalized current density of (Os-RM/GOx)5/CCF with increasing glucose concentration from 0 to 300 mmol L−1 at +0.6 V
and 36.5 °C. The inset shows the normalized current densities obtained from low glucose concentrations ranging from 0 to 10 mmol L−1. h) Comparison
of anodic current densities for three differently assembled CCFs: GOx-free CCF (black color), conventional Os-RM-GOx-crosslinked CCF (blue color),
(Os-RM/GOx)5/CCF (red color) at a scan rate of 5 mV s−1 in a PBS solution containing 300 mmol L−1 glucose.
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generation is saturated at the surface and the total electron trans-
fer efficiency starts to decrease within the multilayer-coated elec-
trode, resulting in the decline of normalized anodic current den-
sity.

Additionally, we validated that the electrochemical anodic per-
formance of the (Os-RM/GOx)5/CCF electrode exhibited a strong
correlation with glucose concentration. This correlation suggests
that an increase in glucose concentration, ranging from 0 to
300 mmol L−1 (Figure 3e; Figure S8, Supporting Information),
led to a higher rate of electrooxidation through the enzymes
adsorbed on the electrode despite a slight increase of equiva-
lent series resistance (ESR) from 40.5 to 56.1 Ω (Figure 3f). It
should also be noted here that a more conductive CCF host elec-
trode can generate a higher anodic current density in the (Os-
RM/GOx)5/CCF electrode, which can subsequently result in a
higher power density hybrid BFC. For example, when 30-Au NP
multilayers were deposited on the (C-CNT/TREN)10/cotton fiber
(i.e., (TOA-Au NP/TREN)30/(C-CNT/TREN)10/cotton fiber) in-
stead of 20-Au NP multilayers, the resulting (Os-RM/GOx)5/CCF
electrode exhibited a higher electrical conductivity (conductivity
≈2.0 × 104 S cm−1 and a resistivity of ≈4.9 × 10−5 Ω cm for (TOA-
Au NP/TREN)30/(C-CNT/TREN)10/cotton fiber) and anodic cur-
rent density (Figure S9, Supporting Information). Considering
that anodic current density is directly related to the power out-
put of BFCs, these results suggest the possibility that the final
power output of BFCs can be easily controlled by varying the
bilayer number of Au NP multilayers in the host electrode. On
a side note, we also demonstrated that the (Os-RM/GOx)5/CCF
anode exhibited a linear dependence of normalized current den-
sity at extremely low glucose concentrations ranging from 0 to
10 mmol L−1 (the inset of Figure 3g). These results evidently
suggest the possibility that (Os-RM/GOx)n/CCF electrodes could
also be widely used as versatile in vivo glucose biosensors to mon-
itor blood sugar levels for diagnosis and treatment of diabetes.[44]

Another significant observation we would like to point out
is that the Au NPs incorporated within the CCF electrode cat-
alyze the electrooxidation of glucose in aqueous electrolytes.[45]

As already mentioned above, even in the case of a GOx-free CCF
electrode, a background anodic current density corresponding
to ≈53% of the anodic performance of the (Os-RM/GOx)5/CCF
electrode was exhibited in a 300 mmol L−1 glucose solution
(Figure 3h; Figure S10, Supporting Information). This indicates
that the highly porous CCF electrode can not only serve as a
cocatalyst for glucose oxidation but also as a host electrode for
the loading of GOx catalysts. Furthermore, the nanoblended (Os-
RM/GOx)5/CCF electrode with layered structure but seamless
interfaces exhibited a superior anodic current performance com-
pared to the Os-RM-GOx-crosslinked CCF electrode prepared us-
ing conventional slurry casting methods (see Figure 3h). These
results demonstrate that the nanoblending LbL assembly be-
tween GOx and Os-RM increases the probability of close contact
between the FAD center of GOx and the long active polymeric
chains of Os-RMs, which is highly advantageous for electron
transfer. Particularly, considering that the electrical conductivity
of the LbL-assembled Os-RM/GOx multilayers themselves also
has a substantial effect on the electron transfer between neigh-
boring GOx species as well as between host electrode and mul-
tilayers, we cannot exclude the possibility that an increase in the
electrical conductivity of Os-RM/GOx multilayers can further fa-

cilitate charge transfer and maximize the electrocatalytic reaction
of the (Os-RM/GOx)n/CCF electrode.

2.3. Electron Transfer-Intensified Os-RM/Enzyme Multilayer CCF
Anodes

To evaluate such a possibility, we first investigated the interfacial
interactions between Os-RMs and conductive metal NPs. Among
various metal NPs, we selected TOA-Au NPs because of the pos-
sible existence of a high affinity (i.e., ligand exchange reaction be-
tween TOA ligands and Os-RM) between the imidazole groups of
Os-RMs in a pH 7.4 PBS aqueous solution and TOA-Au NPs in
toluene (Figure 4a). This affinity was examined by Fourier trans-
form infrared (FTIR) spectroscopy. As shown in Figure 4b, as the
bilayer number (n) of (Os-RM/TOA-Au NP)n multilayers was in-
creased from 0.5 to 2, the apparent FTIR absorption peaks (C–H
vibration of the imidazole rings of Os-RM at 3110 cm−1) were
strongly intensified (Figure S11, Supporting Information). This
indicates the direct adsorption of Os-RMs onto the bare surface of
Au NPs after the removal of pristine TOA ligands during sequen-
tial LbL assemblies (i.e., the C–H stretching peak at 2928 and
2856 cm−1, originating from the long alkyl chain of bulky TOA
ligands, disappeared when the Os-RM (n = 1.5) was deposited
onto the TOA-Au NP-coated layer (n = 1.0)). Furthermore, the
vertical growth of (Os-RM/TOA-Au NP)n multilayers was qualita-
tively and quantitatively confirmed by UV–Vis spectroscopy and
QCM analyses, respectively. Specifically, Figure S12 (Supporting
Information) shows the absorption spectra of bilayer number
(n)-dependent (Os-RM/TOA-Au NP)n multilayers. As the bilayer
number increases from 0 to 10, a regular increase is observed
in the absorption peak intensity of Os-RM (at 263 nm) and the
surface plasmon peak of TOA-Au NPs (at 550–600 nm). Addi-
tionally, as shown in Figure 4c, the loading amounts of Os-RM
and TOA-Au NPs per bilayer were calculated to be ≈0.36 ± 0.07
and 1.61 ± 0.17 μg cm−2, respectively.

Such reliable interfacial assembly behavior of the Os-RMs
and TOA-Au NPs allows the systematic preparation of electron
transfer-intensified (Os-RM/GOx/Os-RM/TOA-Au NP)p multi-
layers. The electrostatic interaction between Os-RM and GOx as
well as the ligand exchange reaction-based covalent-bonding in-
teraction between Os-RM and TOA-Au NPs play key roles in this
process. Qualitatively similar to other LbL assemblies mentioned
earlier, the total film thickness showed a regular increase accord-
ing to the periodic number (p) of multilayers. Cross-sectional
FE-SEM measurements showed that the total film thickness is
101 nm when p = 30, indicating a thickness of ≈3.3 nm per peri-
odic layer (Figure 4d). Considering that the diameter of TOA-Au
NPs is estimated to be about 7 nm, these data suggest that the
surface coverage of TOA-Au NPs per periodic layer is insufficient
in the lateral dimension. As such, a nanoblended internal struc-
ture should form within the multilayer films, which we confirm
in EDS mapping images (see Figure 4d). It should also be noted
here that despite the usage of toluene and other aqueous solu-
tions in the synthesis process, no residual organic solvent was
detected in the (Os-RM/GOx/Os-RM/TOA-Au NP)3/CCF anode
after a sufficient drying process (Figure S13, Supporting Infor-
mation).
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Figure 4. Characterization of (Os-RM/GOx/Os-RM/TOA-Au NP)p multilayers and their anodic performance on CCF electrode. a) Schematic illustra-
tion of (Os-RM/GOx/Os-RM/TOA-Au NP)p multilayers. b) FTIR spectra of the (Os-RM/TOA-Au NP)n multilayers as a function of bilayer number (n).
c) Frequency (−ΔF) and mass change (Δm) in the QCM data of (Os-RM/TOA-Au NP)n multilayers with increasing bilayer number (n) from 0 to 10.
d) Thickness of the (Os-RM/GOx/Os-RM/TOA-Au NP)p multilayer as a function of periodic number (p) (left) and cross-sectional FE-SEM images (inset).
The EDS elemental mapping images of (Os-RM/GOx/Os-RM/TOA-Au NP)30 multilayers grown on a Si wafer are shown on the right. e) Dependence
of the normalized current density on the periodic number (p) of the (Os-RM/GOx/Os-RM/TOA-Au NP)p/CCF. f) Anodic current density curves of (Os-
RM/GOx/Os-RM/TOA-Au NP)3/CCF with increasing glucose concentration from 0 to 300 mmol L−1 at 36.5 °C (ordered from bottom to top). The
glucose concentrations used are 0, 10, 50, 100, and 300 mmol L−1, respectively. g) Nyquist plots of (Os-RM/GOx/Os-RM/TOA-Au NP)3/CCF with in-
creasing concentration of glucose from 0 to 300 mmol L−1. h) Normalized current density of (Os-RM/GOx/Os-RM/TOA-Au NP)3/CCF with increasing
glucose concentration from 0 to 300 mmol L−1 at +0.6 V and 36.5 °C. The inset shows the normalized current densities obtained from low glucose
concentrations ranging from 0 to 10 mmol L−1.
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Figure 5. Electron transfer mechanism of anodes based on Os-RM/GOx/Os-RM/TOA-Au NP multilayers. a) Schematic illustration depicting electron
transfer in the Os-RM/GOx/Os-RM/TOA-Au NP/CCF system. b) Scan rate-dependent cyclic voltammograms (CVs) of (Os-RM/GOx/Os-RM/TOA-Au
NP)3/CCF in the PBS buffer solution. In this case, scan rates ranging from 0.005 V s−1 (the inner curve) to 0.5 V s−1 (the outer curve) were used
for electrochemical measurements. The scan rates used were 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.1, 0.12, 0.15, 0.18, 0.2, 0.25, 0.3,
0.35, 0.4, 0.45, 0.5 V s−1, respectively. c) Change in the peak current densities of the (Os-RM/GOx/Os-RM/TOA-Au NP)3/CCF with increasing scan
rate (𝜈) from 0.005 to 0.5 V s−1. d) Electrochemical response of the (Os-RM/GOx/Os-RM/TOA-Au NP)3/CCF. Change in the potential (E−E0) of (Os-
RM/GOx/Os-RM/TOA-Au NP)3/CCF as a function of log (𝜈). In this case, the (Os-RM/GOx/Os-RM/TOA-Au NP)3/CCF exhibited a remarkably high ks
value of ≈4.1 s−1.

Based on these results, we investigated the electrochem-
ical performance of the (Os-RM/GOx/Os-RM/TOA-Au NP)p
multilayer-coated CCF anode as a function of periodic layer
number (p) (Figure 4e; Figure S14, Supporting Information).
Under a fixed glucose concentration of 300 mmol L−1, the
normalized current density significantly increased from 7.3 to
23.8 mA cm−2 as the periodic layer number increased up to
p = 3 and then subsequently decreased to 12.5 mA cm−2 for
p = 5. Therefore, for the preparation of a high-performance (Os-
RM/GOx/Os-RM/TOA-Au NP)p/CCF anode, the optimized peri-
odic layer number was determined to be p = 3. The maximum
anodic current densities at +0.6 V in the glucose concentrations
of 10 and 300 mmol L−1 were measured to be ≈21.1 and 37.5 mA
cm−2, respectively (Figure 4f; Figures S14–S16, Supporting In-
formation). This electrochemical activity of the (Os-RM/GOx/Os-
RM/TOA-Au NP)p multilayer-coated CCF anode was also con-
firmed to be mechanically stable (Figure S17, Supporting In-
formation). On the other hand, when the glucose concentration
was increased from 0 to 300 mmol L−1, the ESR values of the
(Os-RM/GOx/Os-RM/TOA-Au NP)3/CCF anode only slightly in-
creased from ≈42.1 to 60.9 Ω (Figure 4g; Figure S15, Supporting
Information). This trend is almost identical to what was observed
for the (Os-RM/GOx)5 multilayer anode (see Figure 3f). Given
that the total film thickness of the (Os-RM/GOx/Os-RM/TOA-

Au NP)3 multilayers (≈10 nm) was thicker than that of the (Os-
RM/GOx)5 multilayers (≈8.3 nm), the similar ESR values im-
ply that the incorporation of metal NPs has an important effect
on the electron transfer characteristics of Os-RM-based anodes.
Particularly, it’s worth noting that compared to its metal NP-
free counterpart, the normalized anodic current densities of the
(Os-RM/GOx/Os-RM/TOA-Au NP)3/CCF measured at +0.6 V
increased to ≈24 mA cm−2 (at 300 mmol L−1 glucose) while
maintaining Michaelis–Menten-type behavior (i.e., saturation af-
ter a linear dependence in normalized current density as a func-
tion of glucose concentration) (Figure 4h). These results clearly
show that the electrooxidation reaction of the (Os-RM/GOx/Os-
RM/TOA-Au NP)3/CCF has a much higher efficiency than that
of the (Os-RM/GOx)5/CCF.

Furthermore, we investigated the electron transfer ki-
netics of the TOA-Au NP-incorporated anode [i.e., (Os-
RM/GOx/Os-RM/TOA-Au NP)3/CCF)] using the Laviron
model (Figure 5a–d).[46] The anodic and cathodic peak currents
of the TOA-Au NP-incorporated anode increased linearly with
the scan rate (see Figure 5b,c). This implies that the electron
transfer reaction of the anode is quasireversible and surface
controlled, providing a constant charge value independent of
scan rate. In addition, the apparent heterogeneous electron
transfer rate constant (ks) of the (Os-RM/GOx/Os-RM/TOA-Au
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Figure 6. Performance of prototype hybrid BFC utilizing CCF electrodes. a) Schematic illustration of prototype hybrid BFCs operating in a glucose-
containing buffer solution. b) Power output of prototype hybrid BFCs composed of a (Os-RM/GOx)5/CCF anode and a Pt/(TOA-Au NP/TREN)100/(C-
CNT/TREN)10/cotton fiber cathode. The power output was measured in a PBS solution containing 10 mmol L−1 (black color) and 300 mmol L−1

(red color) glucose under ambient conditions at 36.5 °C. The cell potential was controlled by adjusting the current through external variable resistors
(ranging from 1 kΩ to 10 MΩ). c) Power output of prototype hybrid BFCs composed of (Os-RM/GOx/Os-RM/TOA-Au NP)3/CCF anodes and Pt/(TOA-
Au NP/TREN)100/(C-CNT/TREN)10/cotton fiber cathodes in PBS solutions containing 10 and 300 mmol L−1 glucose at 36.5 °C. d) Power retention
of prototype hybrid BFCs comprised of conventional crosslinked electrodes (black color), (Os-RM/GOx)5/CCFs (blue color, our approach), and (Os-
RM/GOx/Os-RM/TOA-Au NP)3/CCFs (red color, our approach) in PBS solutions containing 300 mmol L−1 glucose at 36.5 °C. e) Power retention of
prototype hybrid BFCs comprised of conventional crosslinked BFC electrode (black color), (Os-RM/GOx)5/CCFs (blue color, our approach), and (Os-
RM/GOx/Os-RM/TOA-Au NP)3/CCFs (red color, our approach) in PBS solutions containing 10 mmol L−1 glucose at 36.5 °C. In all cases, a Pt/(TOA-Au
NP/TREN)100/(C-CNT/TREN)10/cotton fiber cathode was used.
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NP)3/CCF was calculated to be ≈4.1 s−1 (see Figure 5d and
Experimental Section). This notably high ks value of the electron
transfer-intensified anode suggests that our anode has a rapid
heterogeneous electron transfer process, mainly due to the
efficient redox reaction between the GOx and the host electrode
thanks to the intercalation of TOA-Au NPs between adjacent
Os-RMs.

To further confirm the contribution of TOA-Au NPs to the im-
provement of electron transfer kinetics in the GOx, we examined
the electron transfer rate constants of the (Os-RM/GOx)5/CCF
anode in the absence of TOA-Au NPs. In this case, the ks value
was estimated to be ≈3.0 s−1 (Figure S18, Supporting Informa-
tion), which still outperformed that of (Os-RM-GOx)-crosslinked
CCF obtained from the conventional slurry-casting method (ks
≈1.7 s−1, see Figure S19, Supporting Information). Even in elec-
trodes without the TOA-Au NPs, this relatively high ks value of
the LbL-assembled (Os-RM/GOx)5/CCF anode implies that the
seamless interfaces formed by the LbL assembly establish an ef-
ficient electron transfer route between Os-RM and GOx.

2.4. Performance of Complete Hybrid BFCs Utilizing Electron
Transfer-Intensified Anodes

Following the promising results of our electron transfer-
intensified anode, we proceeded to fabricate a prototype hybrid
BFC and assessed its performance. In our cells, we chose to
use a (TOA-Au NP/TREN)20/(C-CNT/TREN)10/cotton fiber as the
cathode because of the high and stable oxygen reduction reac-
tion (ORR) activity exhibited by Au NPs.[47] Although various en-
zymes, such as laccase or bilirubin oxidase, can serve as cathodic
enzymes due to their ORR activity,[48–50] it is important to note
that their catalytic activity and operational stability are highly de-
pendent on physiological conditions, such as pH, temperature,
and chlorine concentration, which are specific to living organ-
isms, including humans. Moreover, their ORR activity and sta-
bility lag behind those of Au NPs and Pt.[48,51,52]

To further enhance the ORR activity of the CCF-based cath-
ode, we increased the bilayer number of TOA-Au NP/TREN mul-
tilayers from 20 to 100. Additionally, we sputtered Pt on top
of the multilayers as it is known for its superior ORR activity
compared to Au.[52,53] As a result, we obtained a Pt/(TOA-Au
NP/TREN)100/(C-CNT/TREN)10/cotton fiber electrode (hereafter
Pt-CCF), which exhibited significantly enhanced cathodic activ-
ity compared to the pristine CCF electrode (see Experimental
section and Figure S20, Supporting Information). Furthermore,
it is worth noting that the oxygen reduction reaction (ORR) at
the cathode can be enhanced by increasing the bilayer number
of TOA-Au NP/TREN multilayers on Pt-CCF from 100 to 130
(Figure S21, Supporting Information), and on the other hand,
the maximum power output of the full-cell hybrid BFC is al-
most saturated due to the limited performance of anode. Im-
plementing this optimized cathode, we investigated the power
output of hybrid BFCs featuring MET anode configurations with
and without the incorporated TOA-Au NPs (see Experimental
Section, Figure 6a; Figure S22, Supporting Information). Here,
the power density was evaluated by measuring the current flow
across a fixed external resistance in the range of 1 kΩ to 10 MΩ
(Figure 6b,c; Figures S23 and S24, Supporting Information). In

the hybrid BFC using a simple (Os-RM/GOx)5 multilayered an-
ode, high power outputs of ≈1.9 and 6.4 mW cm−2 were ob-
served when operating with glucose concentrations of 10 and
300 mmol L−1, respectively. It is worth noting that the signifi-
cant areal power output of 1.9 mW cm−2 even at the low glucose
concentration of 10 mmol L−1 makes this setup particularly suit-
able for a wide range of biomedical applications.[28,54,55] Intrigu-
ingly, this performance could be further enhanced by utilizing
our electron transfer-intensified MET anode. Specifically, a fully
assembled hybrid BFC device composed of a (Os-RM/GOx/Os-
RM/TOA-Au NP)3 anode and a Pt/(TOA-Au NP/TREN)100/(C-
CNT/TREN)10/cotton fiber cathode displayed record-high power
outputs. At glucose concentrations of 10 and 300 mmol L−1, it
delivered remarkable power densities of 2.3 and 8.5 mW cm−2,
respectively, along with a considerably high open-circuit voltage
of 0.92 V. These values represent a monumental leap forward
compared to previously reported single fibrous MET-BFCs (Table
S1, Supporting Information). Moreover, the hybrid BFCs exhib-
ited outstanding operational stability. After 10 days of contin-
uous operation, they retained ≈80% (1.8 mW cm−2 at glucose
concentration of 10 mmol L−1) of their initial power density,
and this value decreased to only 47% (1.1 mW cm−2) even af-
ter 30 days. These stability values are significantly higher than
those observed for systems without TOA-Au NPs (Figure 6d,e),
as well as conventional MET-BFCs based on crosslinked Os-
RM/GOx slurries (Figure S25, Supporting Information). Addi-
tionally, to confirm the repeatability of our process and the ex-
perimental consistency of hybrid BFC performance, we pre-
pared three different hybrid BFCs, each comprised of a separate
(Os-RM/GOx/Os-RM/TOA-Au NP)3/CCF anode and a common
Pt/(TOA-Au NP/TREN)100/(C-CNT/TREN)10/cotton fiber cath-
ode. No significant disparities were observed in the power out-
put characteristics of the three samples (Figure S26, Supporting
Information).

Collectively, our results demonstrate a substantial advance-
ment in electron mediation and enzyme immobilization within
hybrid BFC electrodes. This was primarily realized thanks to pru-
dent design of interfacial interactions, with an emphasis on the
assembly of metal NP-linked Os-RMs and enzymes, which al-
lowed the fabrication of electron transfer-intensified anode struc-
tures.

3. Conclusion

In this study, we successfully demonstrated that a high-
performance hybrid BFC could be prepared using electron
transfer-intensified mediator layers and a multi-interaction-
based interfacial assembly approach. Our assembly method is
characterized by its ability to seamlessly nanoblend and integrate
all components within the host electrode, cathode, and anode
onto a fibril-structured substrate through complementary inter-
actions, resulting in the formation of all-in-one structured elec-
trodes with uninterrupted interfaces. A particularly noteworthy
aspect of our approach is the robust and seamless interfacial as-
sembly of Au NPs between adjacent Os-RM layers. This elegant
arrangement significantly enhances electron transfer from the
Os-RM to the GOx without requiring the synthesis of complex,
unconventional RM materials. When our high-performance an-
ode was combined with a Pt-sputtered cathode, the prototype
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MET-hybrid BFC exhibited a record-high areal power output of
≈8.5 mW cm−2 (at glucose concentration of 300 mmol L−1) with
remarkable operational stability (47% of initial power density af-
ter one month), which significantly outperformed previously re-
ported MET-BFCs. Particularly, considering that our approach
is closely related to the improvement of electron transfer kinet-
ics, interfacial interactions, structural design, and electrochemi-
cal performance, we believe that our approach can also provide
a basis for developing and designing a variety of other high-
performance electrochemical devices as well.

4. Experimental Section
Materials: Cotton fibers with a diameter of 200 μm were purchased

from Igonji, multi-walled carbon nanotubes (MWCNTs with a diame-
ter of 7 to 9 nm, a length of 10 to 50 μm, and a purity of more
than 80%) were purchased from Nanosolution Co. Ltd (South Korea).
A MWCNT fiber substrate with a diameter of ≈35 μm was purchased
from Taiyo Nissan and used for conventional crosslinked BFC electrode.
Glucose oxidase (GOx) from Aspergillus niger (236 U mg−1) was pur-
chased from Amano Enzyme Inc. (Japan). Tetraoctylammonium bromide
(TOA), gold(III) chloride trihydrate (HAuCl4∙3H2O), sodium borohydride
(NaBH4), tris-(2-aminoethyl)amine (TREN), polyethyleneimine, branched
(PEI, Mw ≈ 800 g mol−1), tricarballylic acid (TC), ammonium hex-
achloroosmate (IV) (reagent grade), 4,4′-dimethoxy-2,2′-bipyridine (dmo–
bpy, 97%), 1-vinylimidazole (99%), ethyl acetate (anhydrous, 99.8%), ethy-
lene glycol (anhydrous, 99.8%), and ethanol (absolute grade for synthe-
sis and anhydrous grade for precipitation) were purchased from Sigma–
Aldrich Co. (Milwaukee, WI, USA). Azobisisobutyronitrile (AIBN, EP, 99%)
and diethyl ether (GR, 99.5%) were purchased from Daejung Chem Co.
(South Korea) The analytical reagents were used without further pu-
rification. Potassium dihydrogen phosphate (KH2PO4), sodium hydro-
gen phosphate (Na2HPO4), sodium chloride (NaCl), potassium chloride
(KCl), and all other solutions were prepared using deionized (DI) Milli-Q
water (Millipore, Tokyo, Japan). Microparticles GmbH, SiO2-R-0.5 (Silica
Company, Germany) was used as the particulate material in this study.
These particles are white, natural crystalline silica powders with a size of
0.56 μm (SD: 0.02 μm).

Synthesis of C-CNT: Carboxylic acid-functionalized MWCNTs (C-
CNTs) were prepared by subjecting pristine MWCNTs to a strong acid
treatment using H2SO4/HNO3 at 75 °C for 2.5 h. The resulting C-CNTs
were purified by centrifugation and vacuum filtration to remove the resid-
ual acid. The prepared C-CNTs were redispersed in ethanol.

Synthesis of TOA-Au NPs: TOA-stabilized Au NPs (TOA-Au NPs) with
a diameter of 8 nm were synthesized by a two-phase method in toluene.[56]

Initially, HAuCl4·3H2O in deionized water (30 mmol L−1, 30 mL) and TOA
stabilizers in toluene (20 mmol L−1, 80 mL) were vigorously stirred to-
gether. Subsequently, NaBH4 solution in water (400 mmol L−1, 25 mL)
was added to the two-phase mixture. After stirring for ≈2.5 h, the aque-
ous phase was separated, and the remaining toluene solution was re-
peatedly washed with dilute aqueous H2SO4 (100 mmol L−1), NaOH
(100 mmol L−1), and deionized water. Finally, following several washing
steps and the removal of the aqueous solution, a suspension of TOA-Au
NPs dispersed in toluene was obtained.

Synthesis of PVI: Poly(1-vinylimidazole) (PVI) was synthesized in a
round-bottomed flask by dissolving 1-vinylimidazole (36.8 mmol) in ethyl
acetate (30.0 g) under reflux with stirring at 120 rpm at 30 °C. A solution
of azobisisobutyronitrile (AIBN, 0.368 mmol) dissolved in ethyl acetate
(5.0 g) was slowly added dropwise under nitrogen purging at 70 °C for
1 day. Following the reaction, the solution was reprecipitated in 5.0 L of di-
ethyl ether and subsequently filtered through a 0.45 μm nylon filter. Finally,
the product was dried under vacuum at 60 °C for 1 day prior to use.[23]

Synthesis of Os(dmo–bpy)2Cl2: Os(dmo–bpy)2Cl2 was synthesized fol-
lowing a previously reported procedure.[19] Ammonium hexachloroos-
mate (2.28 mmol) and dmo-bpy (5.02 mmol) were stirred and refluxed

in a round-bottomed flask containing 100 mL of ethylene glycol at
180 °C for 1 h. After the reaction, sodium hydrosulfite (91.2 mmol) dis-
solved in 350 mL of deionized water was added to the product mixture.
This mixture was refrigerated at 4 °C for 15 min. The reduced product
was then collected by vacuum filtration through a nylon filter. The final
product was obtained after drying completely in an oven at 40 °C for
2 days.

Synthesis of PVI–[Os(dmo–bpy)2Cl]+/2+ (Os-RM): PVI–[Os(dmo–
bpy)2Cl]+/2+ was synthesized following a previously reported
procedure.[57] PVI polymer powder (0.474 g, 7 eq) and Os(dmo–
bpy)2Cl2 (0.5 g, 1 eq) were stirred under reflux in a jacketed reaction flask
containing 500 mL of ethanol under a nitrogen atmosphere at 120 °C
for 12 h. After the reaction, the solution was slowly added dropwise to
5,000 mL of diethyl ether to precipitate the product. The precipitate was
then dissolved in 400 mL of deionized water. The resulting solution was
concentrated using ultrafiltration discs with a 10 kDa molecular weight
cut-off. Subsequently, the concentrated solution was precipitated by
dropwise addition to 2000 mL of diethyl ether. The precipitate was then
redissolved in 50 mL of ethanol. This process of dissolving the precipitate
in ethanol followed by reprecipitation in diethyl ether was repeated once
to ensure the complete purification. Finally, the precipitate was filtered
using a 0.45 μm nylon filter, and then dried under vacuum at 60 °C for
1 day.[20,23,57]

Preparation of (C-CNT/TREN)n/Cotton Fiber: Cotton fibers, com-
prised of cellulose featuring hydroxyl (OH) groups, were immersed in a
1 mg mL−1 ethanol solution of amine (NH2)-functionalized poly(ethylene
imine) (PEI) with a molecular weight of ≈800 for 2 h. This process led
to the formation of a PEI coating on the fibers through hydrogen bond-
ing interactions between the NH2 groups of PEI and the OH groups of
cellulose. In particular, it should be noted that these PEI polymers have
much larger amounts of NH2 groups than small TREN molecular linkers,
which is highly advantageous for the conversion of OH-functionalized cot-
ton fibers from NH2-functionalized cotton fibers.

Next, the PEI-coated fibers were dipped in a C-CNT solution for 10 min
and then washed with pure ethanol to remove weakly adsorbed C-CNT.
Subsequently, the C-CNT-coated fibers were immersed in a 2 mg mL−1

ethanol solution of TREN for 10 min and rinsed with pure ethanol. This
allowed the carboxyl group of C-CNT to bind with the NH2 group of TREN
via hydrogen bonding, resulting in fibers coated with one bilayer (i.e.,
(C-CNT/TREN)1/cotton fiber). The deposition of (C-CNT/TREN) was re-
peated 10 times to create a (C-CNT/TREN)10 coating onto the cotton fibers
(i.e., 10-CF), yielding an electrical conductivity of ≈0.05 S cm−1.

Preparation of CCF Electrode: A conductive cotton fiber electrode (i.e.,
the outermost TREN layer-coated CF) was prepared by immersing 10-CF
in a 5 mg mL−1 solution of TOA-Au NPs for 40 min, followed by washing
with toluene to remove weakly adsorbed nanoparticles. After this adsorp-
tion process, the bulky TOA ligands loosely bound to the Au NP surface
were almost completely replaced by the NH2 groups of TREN due to the
strong affinity between Au and NH2 groups. Subsequently, the TOA-Au
NP-coated fibers were immersed in a 2 mg mL−1 solution of TREN in
ethanol for 10 min. These deposition and washing steps were repeated
until the desired number of bilayers was achieved. The resulting electrode
was the outermost TREN layer-coated CCF, which was positively charged
in pH 7.4 PBS solution due to the conversion from neutral amine (NH2)
(in ethanol) to positively charged amine (NH3

+).
Preparation of (Os-RM/GOx)n/CCF Anode: For the preparation of

(Os-RM/GOx)n multilayers, the outermost TREN layer-coated CCF elec-
trode with positive charges was additionally functionalized with negatively
charged tricarballylic acid (TC) for 20 min in a 1 mg mL−1 aqueous solu-
tion. After thorough rinsing, the TC-modified electrode was immersed in
a 4 mg mL−1 solution of positively charged Os-RM in PBS (pH 7.4) for
10 min and washed again. This facilitated the formation of stable deposi-
tion through electrostatic interactions between the carboxyl groups of TC
and the amine groups of Os-RM. Subsequently, this process was repeated
with negatively charged GOx (5 mg mL−1 in PBS with 500 mmol L−1 NaCl,
pH 7.4) using the same deposition time (10 min) and another layer of
positively charged Os-RM, each followed by thorough washing to remove
weakly bound molecules. The deposition and washing cycle was repeated
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until the desired bilayer number was achieved for the formation of the (Os-
RM/GOx)n multilayers.

Preparation of (Os-RM/GOx/Os-RM/TOA-Au NP)p/CCF Anode: The
outermost TREN layer-coated CCF electrode with positive charges was ad-
ditionally functionalized with negatively charged tricarballylic acid (TC) for
20 min in a 1 mg mL−1 aqueous solution. Following thorough rinsing, the
TC-modified electrode was immersed in a 4 mg mL−1 solution of positively
charged Os-RM in PBS (pH 7.4) for 10 min and washed again. This step al-
lowed electrostatic interactions between the carboxyl groups of TC and the
amine groups of Os-RM to form a stable deposition. The process was re-
peated with negatively charged GOx (5 mg mL−1 in PBS with 500 mmol L−1

NaCl, pH 7.4) and another layer of positively charged Os-RM, each fol-
lowed by thorough washing to remove weakly bound molecules. Finally,
the electrode was immersed in a TOA-Au NP solution for 10 min and
washed with toluene. In this case, TOA-Au NPs were deposited onto the
outermost Os-RM layer-coated CCF electrode via a ligand exchange re-
action between TOA ligands bound to the surface of Au NPs and amine
groups of Os-RM. This multi-step deposition and washing sequence was
repeated until the desired number of layers was achieved.

Preparation of Conventional Os-RM/GOx-Crosslinked Slurry: To prepare
the conventional Os-RM/GOx crosslinked slurry for anodes, enzymes, re-
dox mediators, and crosslinking agents were uniformly mixed and used
without precipitation. The anodic catalyst consists of the crosslinking
adducts of GOx (41 wt%), Os-RM (52 wt%), and PEGDGE (7 wt%). The
optimal crosslinking agent concentration was determined based on both
the current density output and the stability of the BFC electrodes according
to the previously reported procedure.[6] Both the conventional crosslinked
CNT electrodes and CCF electrodes were absorbed into the optimized
slurry at 4 °C for 24 h and finally cured at 4 °C for 24 h.

Preparation of Cathode: To prepare the cathode for BFCs, a vacuum
sputtering process was used to deposit Pt onto the outermost TREN
layer-coated CCF electrode. This process utilized an ion sputter coater
(MC1000, Hitachi) with argon (Ar) gas flow, and a discharge current of
20 mA. The duration of sputtering was adjusted, with a maximum sputter-
ing time of 90 s.

Characterization and Analysis of CCF Electrode: The surface and cross-
sectional morphologies of the CCF-based BFCs electrodes were character-
ized using FE-SEM (Hitachi S4800, Japan). The adsorption behavior and
mechanism of formation of the (Os-RM/GOx)n, (Os-RM/TOA-Au NP)n
multilayers were investigated using FT-IR spectroscopy in specular mode.
The growth and loading amount of the LbL-assembled multilayers were
examined using UV–Vis spectroscopy on quartz glass, and a QCM (QCM
200, SRS, USA), respectively. In the case of QCM measurement, the mass
change (ΔM) per layer was calculated from the QCM frequency change
(ΔF) using the Sauerbrey equation,[32,33]

ΔF (Hz) = −
2F2

0

A
√
𝜌q𝜇q

⋅ ΔM (1)

where F0, A, 𝜌q, and μq represent the resonant frequency (≈5 MHz),
the active area (cm2), the density (2.65 g cm−3), and the shear modulus
(2.95 × 1011 g cm−1 s−2) of the QCM electrode, respectively. This expres-
sion can be simplified to ΔF (Hz) = −56.6 × ΔMA (MA indicates mass per
unit area).

The electrostatic surface charges of the substrates were investigated by
zeta potential measurement (ELSZ-1000, Otsuka Electronics, Japan).

Electrochemical Measurements: A three-electrode system was used,
consisting of a CCF working electrode, an Ag/AgCl reference electrode,
and a Pt counter electrode. To prepare the working electrode, the top
end of the CCF was firmly connected to a copper wire using commer-
cially available silver paste (ELCOAT P-100, CANS, South Korea). After the
silver paste dried, it was further insulated with an epoxy adhesive. Cyclic
voltammograms were obtained for the CCF electrode with a diameter of
200 μm, a length of 1.0 cm, and an external active surface area of 6.28 mm2.
The potential range was −0.6 to +0.6 V, and the measurements were per-
formed using an electrochemical analyzer (Ivium-n-Stat, Ivium Technolo-
gies, Netherlands). All measurements were conducted in batch mode with

50 mL of PBS buffer (20 mmol L−1 phosphate and 140 mmol L−1 NaCl, pH
7.4) at 36.5 °C, without stirring, within an electrochemical cell. The inter-
electrode distance between the anode and cathode electrode was ≈1 cm,
and no membrane was used in this study.

To prevent electrical leakage during continuous operation power den-
sity measurements, one end of each hybrid BFC electrode was secured to
a glass substrate using epoxy resin. The maximum anodic and cathodic
current densities were determined by cyclic voltammetry (CV) at a con-
stant voltage of +0.6 V for the anode and −0.6 V for the cathode, respec-
tively. The normalized current density was calculated by subtracting the
current density values measured in glucose-free PBS at +0.6 V for the an-
ode and in oxygen-free PBS at −0.6 V for the cathode. Hybrid BFC power
densities were determined by measuring the current output with a fixed
external resistance (ranging from 1 kΩ to 10 MΩ) to control the cell po-
tential. EIS measurements for the hybrid BFC electrodes were conducted
over a frequency range of 0.2 Hz to 100 kHz with a perturbation ampli-
tude of 0.01 V. The impedance spectra (Nyquist plots) obtained from the
hybrid BFC electrochemical cell, represented by the real (Z’) and imaginary
(Z″) parts, were processed using Z View software (version 2.8d, Scribner
Associates Inc., USA).

Laviron Model: The Laviron equation is a model used to determine
the electron transfer coefficient (𝛼) and the electron transfer reaction rate
constant (ks) of oxidizing and reducing species on the electrode surface,
which are key parameters governing the electrode’s electrochemical be-
havior. In general, the redox reaction of a material induced by a potential
sweep may appear irreversible depending on the direction of the applied
potential. This theory is expressed by the following equations:

Δ Epc = − RT
𝛼nF

ln
(

𝛼|m|
)

= − RT
𝛼nF

ln
(

v 𝛼nF
RTks

)
= − RT

𝛼nF
ln (v)

− RT
𝛼nF

ln
(

𝛼nF
RTks

)
= ac x + bc (2)

ac = − 2.303RT
𝛼nF

, bc = − 2.303RT
𝛼nF

log
(

𝛼nF
RTks

)
, x = log (v) (3)

Δ Epa = RT
(1 − 𝛼) nF

ln
(

(1 − 𝛼)
m

)
= RT

(1 − 𝛼) nF
ln
(

v
(1 − 𝛼) nF

RTks

)

= RT
(1 − 𝛼) nF

ln (v) + RT
(1 − 𝛼) nF

ln
(

(1 − 𝛼) nF
RTks

)
= aa x + ba (4)

aa = 2.303RT
(1 − 𝛼) nF

, ba = 2.303RT
(1 − 𝛼) nF

log
(

(1 − 𝛼) nF
RTks

)
, x = log (v) (5)

ΔE = Epc − E◦ or Epa − E◦ (6)

log ks = 𝛼 log (1 − 𝛼) + (1 − 𝛼) log 𝛼 − log( RT
nFv

) −
𝛼 (1 − 𝛼) nFΔE

2.303RT
(7)

The variables in the equations [R (universal gas constant, R =
8.314 J mol−1 K−1), T (absolute temperature), 𝛼 (charge transfer coeffi-
cient), F (faraday constant, = 96485 C), Epa (peak anodic potential), Epc
(peak cathodic potential), E° (apparent formal redox potential), ks (het-
erogeneous electron transfer rate constant), n (number of electrons trans-
ferred, n = 1), aa (anodic curve slope), ba (anodic curve intercept), ac
(cathodic curve slope), bc (cathodic curve intercept), 𝜈 (scan rate), and
x (logarithm of scan rate)] were utilized in the generalization of the Lavi-
ron model for redox substances. The heterogeneous electron transfer rate
constant (ks) can be computed by analyzing the intersection of two linear
fits corresponding to the anodic and cathodic curves.[58]

These results exhibit good linearity with a small relative error of 2%
(as reported in the literature) when nΔE > 200 mV.[46] According to the
above equation, the maximum value of the dimensionless phase occurs at
the same position as the maximum current value. Furthermore, in cyclic
voltammetry, the maximum or minimum current value corresponds to the
Epa and Epc points, respectively. Consequently, changes in peak current
with cyclic voltage sweep rate confirmed the absence of diffusion, indicat-
ing a truly immobilized electrode.
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