
PERSPECTIVE
www.afm-journal.de

Recent Advances in Enzyme-based Biofuel Cells Using
Glucose Fuel: Achieving High Power Output and Enhanced
Operational Stability

Junha Pak, Woojae Chang, Cheong Hoon Kwon,* and Jinhan Cho*

An enzyme-based biofuel cell (EBFC) is widely regarded as one of the
most efficient power sources for bio-friendly and implantable medical devices,
capable of converting electrochemical reactions into electrical currents
under physiological conditions. However, despite its potential, the practical
and commercial use of EBFCs is limited by their low power output and
operational instability. Therefore, significant research efforts have focused on
increasing power output and stability by improving electron transfer between
enzymes and host electrodes and developing efficient enzyme immobilization
techniques. However, most EBFCs produced by current methods still deliver
unsatisfactory performance. A promising approach to address these challenges
is the use of conductive linkers that promote favorable interfacial interactions
between adjacent enzymes and between enzymes and host electrodes.
These linkers can facilitate electron transfer and ensure robust enzyme
immobilization. In addition, designing the host electrode with a 3D structure
and a large surface area can further improve the areal energy performance.
This perspective reviews the working principles, types, and electron transfer
mechanisms of EBFC electrodes and explores how conductive linkers and
3D host electrodes can enhance the performance of EBFC electrodes. Finally,
recent advances in integrating EBFCs into biomedical devices are described.

1. Introduction

The rapid expansion of portable and medical electronic devices,
including micro-scale and implantable systems, has led to an in-
creasing demand for renewable and sustainable energy sources.
To address this need, enzyme-based biofuel cells (EBFCs), which
can generate electricity from biofuels such as glucose and oxygen
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using enzymes found in the physiological
fluids of living organisms, have emerged
as a promising alternative.[1–15] In partic-
ular, the environmentally friendly nature
of EBFCs makes them an attractive power
source for implantable medical devices.

Typically, EBFCs using glucose fuel are
based on a two-electrode system consist-
ing of an anode and a cathode. At the
anode, enzymes such as glucose oxidase
(GOx) and glucose dehydrogenase (GDH)
play crucial roles in oxidizing biofuels.[16,17]

Unlike GOx, GDH offers the advantage of
not producing hydrogen peroxide (H2O2)
during glucose oxidation, a byproduct that
can cause electrode degradation. Addition-
ally, GDH exhibits optimal activity near
pH 7, which closely aligns with physio-
logical conditions, making it particularly
suitable for EBFC applications.[18] On the
other hand, GOx is widely recognized
as a promising enzyme due to its high
specificity for glucose and rapid kinetics,
both of which enhance the power den-
sity of the EBFCs.[19] Ultimately, these en-
zymes catalyze the oxidation of glucose to

gluconolactone, generating electrons that can be harnessed for
energy production in EBFCs. At the cathode, enzyme cata-
lysts such as laccase (Lac), bilirubin oxidase (BOD), and ty-
rosinase are utilized to drive the oxygen reduction reaction
(ORR). In addition, inorganic catalysts such as gold (Au), plat-
inum (Pt), palladium (Pd), cobalt (Co), and ruthenium (Ru) have
also been employed.[20–22] These catalysts induce the ORR by
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facilitating the reduction of oxygen to water through electron
acceptance.

Despite the availability of various electrocatalysts for EBFC
electrodes, EBFCs still face significant challenges in terms of low
power output and poor operational stability, particularly when
compared to other power sources such as conventional fuel cells,
supercapacitors, and batteries. These limitations severely hinder
the practical applications of EBFCs.[7,23–28] To address these crit-
ical issues, substantial research have been dedicated to enhanc-
ing the power performance and operational stability of EBFCs be-
yond the levels reported to date.[29–33] These efforts have primarily
focused on optimizing electron transfer between enzymes and
host electrodes, as well as between adjacent enzymes, and im-
proving the effective immobilization of the enzyme on the host
electrode.[34–36] However, for EBFCs, the poor electrical conduc-
tivity of electrocatalytic enzymes, coupled with the lack of suit-
able anode alternatives, remains a major obstacle to enhancing
the overall performance of EBFCs for use in implantable medi-
cal devices.

One approach to enhance electron transfer between the host
electrode and enzyme is to incorporate redox mediators with
long space arms containing electron hopping sites into the en-
zyme material.[15,37–40] For example, GOx, an enzyme widely used
in EBFC anodes, has an active site (flavin adenine dinucleotide,
FAD) buried ≈7–15 Å below the insulating protein surface.[41]

This burial significantly restricts the electron transfer between
the enzyme and the host electrode, as well as between adja-
cent enzymes, thereby reducing the enzyme activity relative to
its loading amount on the host electrode surface. This low en-
zyme activity directly contributes to the low areal power density
of EBFCs.[42–44] Therefore, the incorporation of redox mediators
with active site-containing long space arms, such as osmium
(Os)-based polymeric mediators, can significantly increase the
possibility of external electrons reaching the deeply buried FAD
center within the GOx in the electrolyte solution.[36,37] These re-
dox mediators can also increase enzyme activity by facilitating
electron transfer, allowing higher enzyme loading.[45–47] Conse-
quently, electron transfer via these redox mediators, known as
mediated electron transfer (MET), is the preferred electron trans-
fer mechanism in EBFCs designed for high-power generation.
Several research groups reported MET-EBFCs with remarkably
high areal power densities in the range of 1 to 2 mW cm−2 about
5–10 years ago.[48,49] However, since then, there has been little
notable progress in terms of power output.

Most of the MET-based electrodes reported to date have been
mainly fabricated by mechanically mixed slurries of enzymes,
mediators, and cross–linking agents on the host electrode.[49–52]

This slurry coating method often results in the inclusion of ex-
cess enzymes unbound to the mediators, the non-uniform mix-
ing of enzymes and mediators, and the presence of insulating
cross–linkers, all of which impede electron transfer within the
enzyme electrode, even with MET. As a result, achieving higher
power performance and operational stability for EBFCs has be-
come challenging. Although researchers have aimed to develop
more unique redox mediators to facilitate electron hopping path-
ways to the enzymes, these efforts face additional obstacles, in-
cluding complicated synthesis, toxicity, leaching, and instability
of these redox mediators, and a reduction of the open-circuit volt-

age (OCV) to below 0.8 V, all of which further complicate the pur-
suit of high-performance EBFCs.[48,49,53,54]

Another research effort has focused on the development of
high-performance EBFCs based on direct electron transfer (DET-
EBFCs) without the use of redox mediators. However, achieving
high-performance DET-EBFCs without the aid of redox media-
tors and conductive components is fundamentally challenging
due to the poor electron transfer between enzymes and host elec-
trodes, as well as between adjacent enzymes. Due to these crit-
ical issues, DET-EBFCs typically exhibit significantly low power
efficiencies, ranging from a few to hundreds of μW cm−2, which
has severely limited their use in various biomedical industries,
including as pacemakers and cardioverter defibrillators.[55,56] To
overcome these issues, various conductive materials (i.e., carbon
nanotubes (CNTs), metal nanoparticles (NPs), and conducting
polymers) were incorporated into enzyme layers to facilitate the
electron relay effect.[57–63] This electron relay has enhanced the
power performance of DET-EBFCs. For example, Kang and col-
leagues reported that by depositing the GOx/conductive indium
tin oxide (ITO) NP multilayers on a host electrode through con-
secutive interfacial interactions between GOx and ITO NPs as
the anode and using a Pt-sputtered host electrode as the cathode,
the power output of the resulting DET-EBFC was increased to
1.4 mW cm−2 at 10 mmol L−1 glucose concentration.[64] Further-
more, they demonstrated that by introducing additional struc-
tural modifications to the host electrode, the power performance
of the DET-EBFC could be further increased up to 2.0 mW cm−2

at the same glucose concentration.
Another important factor affecting the power performance and

operational stability of EBFCs is enzyme immobilization.[65,66]

As mentioned earlier, in the case of GOx, to facilitate effective
electron transfer, the active sites (FAD) buried below the insulat-
ing protein shell require a minimum distance from the surface
of the host electrode and adjacent enzymes to facilitate effective
electron transfer.[67–69] This minimum distance can be achieved
by favorable interfacial interactions (i.e., electrostatic interaction,
hydrogen bonding, and/or covalent bonding interactions) be-
tween two different components, entrapment, or precipitation
with cross–linking. Furthermore, the formation of the favorable
interactions effectively prevents the detachment of active compo-
nents from EBFC electrodes (specifically, the detachment of the
enzymes and/or conductive components from DET-EBFC elec-
trode or the detachment of the enzymes, conductive components,
and/or redox mediators from MET-EBFC electrode), which can
significantly contribute to the improvement of the operational
stability of EBFCs. Therefore, if all the active components can
be robustly bridged with each other without inactive components
such as binders, and simultaneously their overall thickness can
be controlled for optimal electron transfer, such a structural and
interfacial electrode design can provide a simple and effective way
to develop the high-performance EBFC electrodes. In particular,
owing to the presence of amino acid groups in enzymes that allow
hydrogen bonding and electrostatic interactions, a layer-by-layer
(LbL) assembly technique, which is based on complementary in-
terfacial interactions between adjacent components, can be effec-
tively utilized to fabricate robust enzyme films with controlled
thin thickness on various host electrodes. This approach allows
the integration of enzymes with other active components, such
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as conductive components and/or redox mediators, resulting in
enhanced power performance and operational stability.

Furthermore, it is important to highlight that the LbL assembly
based on solution dipping is highly effective for the deposition of
various functional components (i.e., enzymes, conductive com-
ponents, and/or redox mediators) on highly porous 3D host elec-
trodes with diverse form factors. This approach can significantly
increase the loading amounts of functional components per unit
area, enabling efficient electron transfer throughout the entire re-
gions of 3D host electrodes, from the exterior to the interior. This
improvement directly contributes to the enhanced power output
of EBFCs. Therefore, we believe that the effective integration of
interfacial interaction-mediated LbL assembly with 3D host elec-
trodes can play a pivotal role in boosting the power output and
operational stability of not only glucose-based EBFCs but also
other types of EBFCs. To our knowledge, no previous reviews
or perspective papers on EBFCs have addressed this combined
approach.

In this perspective, we discuss recent approaches and ad-
vances to achieve high-power performance and stable operation
in glucose-based EBFCs by optimizing electron transfer within
the electrodes. In addition, we demonstrate that an interfacial as-
sembly approach based on complementary interactions between
adjacent electrode components can significantly contribute to
electron transfer and enzyme immobilization simultaneously.
First, we introduce the energy conversion mechanism occur-
ring at the EBFC anode and cathode, the various approaches for
enzyme immobilization, and the role of each electrode compo-
nent in the EBFC electrode. Based on the role of these electrode
components, we will show various approaches to develop high-
performance EBFC electrodes, particularly DET-EBFC electrodes
using the electron relay effect. Additionally, we will elucidate how
a robust interfacial interaction-induced LbL assembly approach
of electrode components, a 3D host electrode with a large surface
area, and a structural design of overall electrodes can enhance
the electron transfer, power output, and operational stability of
DET-EBFCs. Furthermore, we review recent research trends in
EBFCs for biomedical applications. Finally, we briefly outline
the improvements in interfacial assembly techniques to advance
the development of next-generation EBFC devices with enhanced
performance.

2. Energy Conversion of Glucose-based EBFCs

2.1. Working Principle of Glucose-based EBFCs

Glucose-based EBFCs, which consist of an anode coated with
enzymes (mainly GOx), and a cathode coated with ORR cata-
lysts, including biocompatible metal catalysts (Au NPs or Pt NPs),
BOD, or Lac, perform electrochemical reactions in a phosphate
buffered saline (PBS) solution containing oxygen and glucose
fuel as follows:

Anode : 2 glucose → 2 gluconolactone + 4H+ + 4e− (1)

Cathode : O2 + 4H+ + 4e− → 2H2O (2)

Complete cell : 2 glucose + O2 → 2 gluconolactone + 2H2O (3)

First, the glucose fuel undergoes an enzyme-catalyzed oxida-
tion at the anode, converting it to gluconolactone and producing
electrons that transverse through an external circuit to reach the
cathode. At the cathode, oxygen is converted to water by ORR cat-
alysts, such as BOD, Au NPs, or Pt NPs, resulting in a net elec-
tric current flow.[5] Equations 1 and 2 show the corresponding
electron generation and ORR using enzymatic catalysts and ORR
catalysts at the anode and cathode, respectively.[70] The overall re-
action of the complete BFCs follows Equation 3. Consequently,
if the electron transfer from enzymes to the host electrode at the
anode is impeded by high resistances (due to the increased sep-
aration distance between the active sites of the enzymes and the
host electrode as well as the electrical conductivity of the host
electrode) and/or the ORR efficiency at the cathode is diminished
by inefficient catalysts and/or the low electrical conductivity of
the host electrode, the overall power output of the complete cell
device will be significantly reduced.[6,71]

To enhance the efficiency of the ORR at the cathode, a variety of
inorganic catalysts (i.e., Au, Pt, Pd, Co, and Ru), are commonly
utilized. For example, Ru and Pt facilitate the ORR by adsorb-
ing oxygen onto their surfaces, where oxygen molecules accept
electrons and form hydroxide ions (OH−). These OH− then re-
act with additional hydrogen ions (H+) to produce water. On the
other hand, Pd catalyzes the production of H2O2 by adsorbing
oxygen and accepting electrons. The H2O2 then subsequently un-
dergoes further reduction in the ORR pathway, ultimately leading
to water production in the presence of additional electrons and
H+. In addition to inorganic catalysts, enzyme catalysts, such as
Lac, BOD, and tyrosinase, are also used for their ability to cat-
alyze oxygen reduction.[20–22] These enzymes possess active sites
that bind to substrates, inducing substrate oxidation and the re-
lease of electrons. The released electrons are transferred through
the enzyme’s electron transport chain, where they interact with
oxygen molecules, reducing them to OH− or water, thereby con-
tributing to water production along with the oxidized substrate.
The careful selection and effective use of both inorganic or en-
zymatic catalysts at the cathode are critical to optimizing ORR
efficiency and, consequently, the overall performance of EBFCs.

However, a major challenge in developing high-performance
glucose-based EBFCs lies in improving the efficiency of elec-
tron transfer between the enzymes and the host electrode at
the anode, which remains a key area for further research and
innovation.[72] The operating mechanisms at the anode, with dif-
ferent approaches to improve the efficiency of electron transfer
at the anode, are described in more detail in Sections 2.2 and 2.3.

2.2. Electron Transfer in Glucose-based EBFCs

2.2.1. Glucose-based MET-EBFCs

In the MET-EBFCs, a variety of redox components, along with
certain redox proteins, serve as mediators capable of shuttling
electrons between the host electrode and the enzyme.[57,73] Es-
sentially, the redox mediators, including pyridine or pyridine
derivatives, ferrocene, Meldola’s blue, and Os redox polymers
(e.g., Os(2,2′-bipyridine)2(polyvinylimidazole)10Cl)+/2+, shortly
referred to as Os(bpy)2PVI), accept electrons generated from the
fuel. These electrons are then transferred to the cathode, where
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they combine with oxygen to generate electricity.[2,74–76] Gener-
ally, these mediators are mixed with enzymes and cross–linking
agents and then deposited onto the host electrode through the
slurry coating.

In particular, among the various redox mediators, the Os
ion-based redox polymers have been considered as one of
the most promising mediator candidates for high-performance
MET-EBFCs. This is due to the efficient electron transfer facili-
tated by Os ion centers with elongated spacer arms, which signif-
icantly enhance the electron transfer rates between the electrode
surface and redox active species.[77–79] This high electron transfer
directly translates into improved electrochemical performance,
thereby enhancing EBFC efficiency. Furthermore, another no-
table advantage of Os redox polymers is that their properties can
be tailored to specific medical applications. This customization
is achieved by adjusting factors such as polymer composition,
molecular weight, and redox potential, thereby optimizing sev-
eral key energy performance indices of EBFC electrodes, includ-
ing electron transfer kinetics, charge storage capacity, electro-
chemical stability, and operating efficiency.[70]

Based on these unique electrochemical properties, various
types of Os redox polymers have been synthesized and applied
to MET-EBFCs. For instance, Gao et al. reported CNT-based
MET-EBFCs composed of PVP-[Os(N,N′-alkylanated-2,2′bi-
imidazole)3]2+/3-mediated GOx anode and poly(acryl amide)
(PAA)-PVI-[Os(4,4′-dichloro-2,2′-bipyridine)2Cl]+/2+-mediated
BOD cathode (Figure 1a).[80] The incorporation of CNTs signif-
icantly improved the performance due to their high porosity
and electrical conductivity. Field-emission scanning electron
microscopy (FE-SEM) images showed distinct structural dif-
ferences between non-porous carbon fiber and porous CNT
microwires (Figure 1b,c). This structural advantage was reflected
in the superior electrochemical performance of the CNT-based
electrode, as demonstrated by cyclic voltammetry (CV) com-
parisons (Figure 1d,e). The CNT-based MET-EBFC achieved a
maximum power output of 740 μW cm−2 and an OCV of 0.83 V,
outperforming the carbon-based MET-EBFC, which produced
180 μW cm−2 and an OCV of 0.73 V under the same condition,
at the glucose concentration of 15 mmol L−1 in PBS (Figure 1f).

Additionally, CNT fiber-based bioelectrocatalysts are more sta-
ble than their carbon fiber-based counterparts (Figure 1g). While
carbon fiber poised at +0.3 V (versus Ag/AgCl) and at 37 °C loses
80% of its current density in 8 h, CNT fiber loses only 18% of
its initial current density under the same conditions. This re-
sult indicates that CNT fibers enhance the bioelectrocatalyst by
forming a strong three-dimensional composite. Moreover, Xiao
et al. reported the MET-EBFCs based on the Os redox polymer
(i.e., Os(bpy)2PVI)-mediated GOx anode and the Os(bpy)2PVI-
mediated BOD cathode, which can be used as a self-powered
drug-release system in vivo.[81] In this case, when the MET-EBFC
was discharged in the presence of glucose and oxygen, the drug
components incorporated in the conductive polymer layer onto
the cathode were rapidly released.

Yuasa’s group introduced a novel approach to MET-EBFCs by
developing a FAD-dependent GDH-based biofuel cell that uti-
lizes poly(glycidyl methacrylate) (poly(GMA))- grafted-MgO tem-
plated porous carbon (MgOC) as the substrate, with aminofer-
rocene (AmFc) serving as the redox mediator.[82] The poly(GMA)
provided glycidyl groups for covalent bonding with the amino

groups of AmFc and FAD-GDH. This bonding reduced the dis-
tance between the mediator and enzyme, thereby enhancing
the overall performance of the glucose-based EBFC. The device
demonstrated high power density and operational stability, pro-
ducing over 2 mW cm−2 of power during 6 h of continuous
operation. Recently, Li’s group further advanced enzyme cas-
cade research in MET-EBFCs by developing a hybrid enzymatic-
organic cascade system consisting of an organic oxidation cata-
lyst, 2,2,6,6-tetramethyl-1-piperidine N-oxyl (TEMPO), and an en-
zyme for bioelectronic applications.[83] In their design, TEMPO
serves as both an oxidation catalyst and an electron mediator, al-
lowing efficient electron transfer between the active center of the
enzyme and the electrode surface. This MET-EBFC utilizing this
system, with a Pt cathode, delivers a power density of 38.1 μW
cm−2 under neutral pH, demonstrating the potential of this ap-
proach for bioelectronics and energy applications.

In 2014, Kwon et al. developed high-power MET-EBFC
composed of GOx/poly(N-vinylimidazole)-[Os(4,4′-dimethoxy-
2,2′-bipyridine)2Cl])+/2+-coated CNT yarn anode and BOD/PAA-
poly(N-vinylimidazole)-[Os(4,4′-dichloro-2,2′-bipyridine)2]+/2+-
coated CNT yarn cathode (Figure 2a–c).[48] These electrodes
were fabricated by mixing enzyme solutions, Os-based redox
polymers, a cross–linking agent, and a conducting polymer
(poly(3,4-ethylenedioxythiophene), PEDOT). The resulting
slurries were then used to coat CNT yarn electrodes. This fab-
rication approach significantly enhanced the electrochemical
performance of electrodes. The electrochemical performance
of the MET-EBFC was evaluated using anodic and cathodic
current density measurements. A complete EBFC, featuring
biscrolled anode and cathode yarns, generated an OCV of 0.70 V
when operated in a 60 mmol L−1 oxygenated buffer. This result
aligns with the potential difference observed for the onset of
catalytic glucose oxidation at the anode (−0.30 V in Figure 2d)
and catalytic oxygen reduction at the cathode (+0.50 V versus
Ag/AgCl as shown in Figure 2e). These MET-EBFC electrodes
exhibited impressive power performance, achieving 2.18 mW
cm−2 with an OCV of 0.7 V (Figure 2f).

The robustness and versatility of these electrodes were further
demonstrated by comparing the power density of the MET-EBFC
in PBS) containing 7 mm glucose with that in human serum
(Figure 2g). Despite the presence of potential interfering species
in human serum, the CNT-based MET-EBFC maintained high
power density, underscoring its potential for real-world applica-
tions, such as implantable EBFCs in physiological environments.
The stability of the CNT yarn electrodes was also highlighted,
where the power density of MET-EBFC remained consistent over
several hours of operation (Figure 2h). Additionally, optical im-
ages at both low and high magnifications, of a 5 mm by 7 mm
woven textile EBFC, featuring 50 mm diameter biscrolled yarn
anodes and cathodes oriented in the warp direction, were pre-
sented in Figure 2i. These developments represent a significant
advancement in MET-EBFC technology by utilizing CNT yarns as
a robust platform for Os-based redox polymer/enzyme systems.

However, redox polymers containing heavy metal atoms, such
as Os ions, may have adverse effects on living organisms when
the polymeric chain dissociates. Therefore, several research
groups have attempted to address this issue by using biocompat-
ible organic catalysts such as ferritin (Frt), dopamine (DA), and
vitamins.[60,84–86] For instance, Haque et al. fabricated a bioanode

Adv. Funct. Mater. 2024, 2415933 2415933 (4 of 25) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202415933 by K
angw

on N
ational U

niversity, W
iley O

nline L
ibrary on [29/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadfm.202415933&mode=


www.advancedsciencenews.com www.afm-journal.de

Figure 1. MET-EBFCs with Os-based redox mediators. a) Schematic of the BFC. At the anode, electrons are transferred from glucose to Gox, from GOx
to redox polymer (I), and from (I) to the CNT fiber Reproduced with permission.[80] Copyright 2010, Springer Nature. b, c) SEM images illustrating the
surface morphology of the carbon fiber cathode (b) and CNT fiber cathode (c) with a schematic indicating the electron flow and reactions occurring on the
electrode surfaces (each inset). (the green shade represents redox polymer and the blue color the enzyme). Reproduced with permission.[80] Copyright
2010, Springer Nature. d) Dependence of current density (I) on voltage (V) for a CNT fiber (thick line) and a carbon fiber (thin line). Quiescent PBS
buffer, under argon atmosphere at 37 °C, 20 mV s−1, loading 170 μg. Reproduced with permission.[80] Copyright 2010, Springer Nature. e) Dependence
of current density (I) on voltage (V) for a modified CNT fiber electrode (thick line) and a modified carbon fiber electrode (thin line). Quiescent phosphate-
buffered saline buffer, under air at 37 °C, 5 mV s−1, loading 170 μg. Reproduced with permission.[80] Copyright 2010, Springer Nature. f) Dependence
of power density (P) on operating voltage (V) in a quiescent PBS buffer, under air, 15 mmol L−1 glucose at 37 °C, loading 226 μg. BFC made with carbon
fiber (open circles) and CNT fiber (solid circles). Reproduced with permission.[80] Copyright 2010, Springer Nature. g) Dependence of relative stability
(%) on time (h). PBS buffer at 37 °C, + 0.3 V versus Ag/AgCl, under 1 atm oxygen and vigorous stirring, loading 170 μg. BFC made of carbon fiber (open
circles) and CNT fiber (solid circles). Reproduced with permission.[80] Copyright 2010, Springer Nature.

by immobilizing Frt and GOx with polythiophene-titanium diox-
ide (PTH-TiO2) (Figure 3a).[87] The PTH-TiO2-aided connection
between Frt and the host electrode improved the electron trans-
fer efficiency due to the increase in electrochemically active sur-
face area by TiO2 NPs and conductive polymer PTH (Figure 3b).
The resulting PTH-TiO2/Frt/GOx electrode demonstrated a no-
table current density of 7.8 ± 0.4 mA cm−2 when tested in a
PBS solution containing 30 mmol L−1 glucose (Figure 3c,d). The

CV scans were performed at various scan rates to assess the
bioelectrocatalytic performance of the PTH-TiO2/Frt/GOx bioan-
ode, providing insights into FAD loading and electron transfer
kinetics (Figure 3e). As the scan rate increased, the anodic and
cathodic peaks shifted slightly with increasing scan rates, likely
due to changes in the electrode layer; however, the formal poten-
tial of GOx remained stable. Clear redox peaks were observed,
with a peak separation of 90 mV, indicating quasi-reversible
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Figure 2. MET-EBFCs with Os-based redox mediators. a) Schematic illustration of the fabrication method for biscrolled yarn electrodes. Reproduced
with permission.[48] Copyright 2014, Springer Nature. b,c) Schematic illustration of the structure and function of BFC electrode yarns, indicating the
associated electron transfer processes and chemical transformations. The enzyme and redox mediator used in the anode were GOx and mediator I
(b), and in the cathode were BOD and mediator II (c). Reproduced with permission.[48] Copyright 2014, Springer Nature. d) Polarization curves for
the BFC yarn anode at 60 mmol L−1 glucose concentration. Inset: CV curve showing the peak of redox polymer I for anode under argon. Reproduced
with permission.[48] Copyright 2014, Springer Nature. e) Polarization curve for the BFC yarn cathode at 60 mmol L−1 glucose concentration. Inset: CV
showing the peak of redox polymer II for cathode under argon. Reproduced with permission.[48] Copyright 2014, Springer Nature. f) Areal power density
as a function of potential for the complete BFC system at 60 mmol L−1 glucose concentration. Reproduced with permission.[48] Copyright 2014, Springer
Nature. d-f) The experiment was carried out under 20 mmol L−1 PBS solution (temperature: 37 °C, scan rate: 5 mV s−1), when saturated with air (black
symbols and curves) and O2 (red symbols and curves). g) Areal power density as a function of cell voltage for a biscrolled yarn BFC. Reproduced with
permission.[48] Copyright 2014, Springer Nature. h) Dependence of areal power output on time for a biscrolled yarn BFC (poised at 0.40 V). Inset:
illustrates the redox processes and indicates the resistance (R) of the applied external load and the location of voltage (V) and current (A) measuring
devices. Reproduced with permission.[48] Copyright 2014, Springer Nature.

Adv. Funct. Mater. 2024, 2415933 2415933 (6 of 25) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. MET-EBFCs with biomolecule-based redox mediators. a) Schematic drawing of synthetic route for PTH and PTH-TiO2 composite. Reproduced
with permission.[87] Copyright 2022, Elsevier. b) Pictorial presentation of the PTH-TiO2/Frt/GOx bioanode. Reproduced with permission.[87] Copyright
2022, Elsevier. c) CV for a. PTH-TiO2 in PBS of pH 7.0, b. PTH-TiO2/Frt/GOx in PBS of pH 7.0, c. In 30 mmol L−1 glucose dissolved in PBS of pH. 7.0.
Reproduced with permission.[87] Copyright 2022, Elsevier. d) Polarization curves at different glucose concentrations ranging from 5 to 50 mmol L−1.
Reproduced with permission.[87] Copyright 2022, Elsevier. e) CV investigations for PTH-TiO2/Frt/GOx at various scan rates (10–100 mV s−1) in 30 mm
glucose substrate dissolved in PBS (pH 7.0). Reproduced with permission.[87] Copyright 2022, Elsevier. f) Graph of current versus v1/2. Reproduced with
permission.[87] Copyright 2022, Elsevier. g) Graph of Ep versus log 𝜈. Reproduced with permission.[87] Copyright 2022, Elsevier. h) Plot of current versus
glucose concentration (5–50 mm) with inset of Lineweaver Burk plot for Km

app determination. Reproduced with permission.[87] Copyright 2022, Elsevier.

Adv. Funct. Mater. 2024, 2415933 2415933 (7 of 25) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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electron transfer. The redox currents increased linearly with in-
creasing scan rate, suggesting a surface-controlled process, while
a linear relationship between the current density and the square
root of scan rate (v1/2) indicated a combination of diffusion and
surface-controlled oxidation (Figure 3f). The heterogeneous elec-
tron transfer rate constant (ks) for GOx at the PTH-TiO2/Frt/GOx
bioanode was estimated, with a slope of 44.10 mV, confirming ef-
ficient electron transfer kinetics in the system (Figure 3g). The re-
lationship between current and glucose concentration exhibited
an initial linear increase up to 30 mmol L−1 glucose, consistent
with first-order kinetics (Figure 3h). Beyond this concentration,
the current saturated, indicating zero-order kinetics. The system
reached equilibrium at a current density of 7.4 ± 0.4 mA cm−2,
demonstrating efficient bioelectrocatalytic performance at opti-
mal glucose concentrations.

However, despite the advances in electrochemical technology
and the commendable power performance of MET-EBFCs, seri-
ous concerns remained about their potential toxicity and opera-
tional instability, mainly due to mediator leaching, and the com-
plex synthesis of mediators. More recently, Inammuddin and co-
workers developed a polypyrrole (PPy)-based EBFC anode using
vitamin K3 (VK3) as a redox mediator, which has a lower oxida-
tion potential than Frt.[88] To control the size and morphology
of the PPy, a cationic surfactant (cetyltrimethylammonium bro-
mide, CTAB) was employed as a structural-directing agent. The
proposed anode system (i.e., PPy/CTAB/VK3/GOx) exhibited an
areal current density of 6.35 mA cm−2 in a 20 mmol L−1 glucose
solution. However, the specific performance of the power output
and operational stability of the complete cell system was not re-
ported, as no cathode was included in the study. To address issues
related to mediator synthesis and leaching, significant research
has focused on enhancing electron transfer, power performance,
and operational stability in mediator-free EBFCs (DET-EBFCs).
The following section provides an overview of these research
efforts.

2.2.2. Glucose-based DET-EBFCs

In DET-EBFCs, the enzymes transfer electrons directly to the
host electrode, without any intermediate. Particularly, the DET
in glucose-based EBFCs using GOx has been a subject of on-
going investigation due to its structural limitations.[89,90] Specif-
ically, the redox center of GOx is deeply embedded within the
enzyme, which restricts DET to the surface of the electrode. De-
spite these limitations, GOx is still widely used in various applica-
tions such as blood glucose monitoring due to its high specificity
and stability. Several studies have investigated the use of carbon-
based materials, such as CNTs and graphene, to improve the
electrochemical response of GOx, indicating that these materials
could facilitate DET.[91–93] Given the unique advantages of GOx,
there is growing interest in exploring DET in EBFCs. As a re-
sult, research in this area remains highly active, focusing on GOx,
other enzymes like GDH, and enzyme cascade methods. For ex-
ample, the Bollella group successfully demonstrated the use of
pyrroloquinoline quinone (PQQ)-dependent GDH (PQQ-GDH)
in a DET-EBFC designed for implantable devices.[94] In their
study, PQQ-GDH was immobilized on buckypaper electrodes to
catalyze glucose oxidation, while BOD was used at the cathode for

oxygen reduction. The resulting DET-EBFC generated sufficient
power ranging from 2 to 10 μW, depending on the glucose con-
centration and the medium used (aqueous or hemolymph), to op-
erate a microelectronic sensor in a biological environment, such
as within a slug. This research highlights the potential of PQQ-
GDH-based DET-EBFCs for small-scale, energy-autonomous de-
vices, particularly in biomedical implants.

Another notable approach involves the development of bi-
enzyme-based BFCs to overcome the limitations associated with
GOx. For instance, Chung and colleagues constructed a bi-
enzyme system incorporating both GOx and horseradish peroxi-
dase (HRP) with terephthaladehyde as a cross–linking agent.[95]

In the glucose oxidation process, the reduction of FAD in GOx
to FADH2 leads to the production of H2O2, which acts as an
inhibitor of GOx and can impede the overall reaction. To ad-
dress this issue, HRP was included to break down the H2O2,
thereby ensuring the continued functionality of the enzyme. This
bi-enzyme approach resulted in a power density of 2.1 mW cm−2,
with the power output maintaining ≈85% of its original value af-
ter 20 days of periodic measurements. This demonstrates how
the incorporation of multiple enzymes in a cascade reaction
can enhance the performance of DET-EBFCs by mitigating chal-
lenges such as enzyme inhibition.

Although these DET-EBFCs offer several advantages over
MET-EBFCs, such as the simplified electrode structure, the use
of non-toxic components, and enhanced stability, they still face
significant limitations. A major challenge is their low electron
transfer efficiency, which results from direct electron tunneling
between the host electrode and the active site of the enzyme. This
issue is particularly pronounced for electrically poor enzymes
and can restrict both the thickness of the enzyme layer and the
amount of enzyme loading, thereby limiting the areal power out-
put of DET-EBFCs. Additionally, DET can lead to slow reaction
rates at the electrode, reducing the overall efficiency of the EBFC
system. Furthermore, the dependence on specific electrode ma-
terials restricts material selection, complicating commercializa-
tion efforts, and the unstable voltage output can hinder continu-
ous power supply. Despite these challenges, recent reports have
highlighted significant progress in overcoming these barriers,
with several approaches contributing to the advancement of DET-
EBFCs.

A few research groups utilized metal NPs to enhance the
electron transfer between the host electrode and enzymes by
leveraging the electron relay effect. For instance, Huang et al.
used a novel approach in which electrostatically charged Au NPs
were uniformly deposited on laser-induced graphene (LIG), and
then GOx and Lac were additionally deposited for the anode
and cathode, respectively (Figure 4a).[96] The configuration of
the bioanode and biocathode arrays is illustrated with an opti-
cal image of the transient, implantable, ultrathin DET-EBFC de-
vice (Figure 4b,c). The resulting EBFC electrodes of the complete
cell exhibited promising characteristics, including a relatively low
impedance (16 Ω) (Figure 4d). The anode demonstrated a clear
increase in current with increasing glucose concentrations, high-
lighting its sensitivity (Figure 4e). As a result, the maximum
power output of the assembled EBFCs based on the electrodes of
LIG and LIG/Au NPs composite reached 483.1 μW cm−2, with an
OCV of 0.77 V (Figure 4f). Additionally, the chronoamperometric
response demonstrated a rapid and stable potential change upon

Adv. Funct. Mater. 2024, 2415933 2415933 (8 of 25) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. DET-EBFCs. a) Schematic illustration of an EBFC array based on the LIG/Au NPs composite. Reproduced with permission.[96] Copyright 2022,
American Chemical Society. b) Design sketch of the EBFCs. Reproduced with permission.[96] Copyright 2022, American Chemical Society. c) Optical
image of the EBFCs. Reproduced with permission.[96] Copyright 2022, American Chemical Society. d) EIS of the LIG electrode and the LIG/Au NPs
electrodes with 2, 4, and 6 μL of HAuCl4. Reproduced with permission.[96] Copyright 2022, American Chemical Society. e) LSV curves of the bioanode in
the PBS solution containing 0−5 mm glucose. Reproduced with permission.[96] Copyright 2022, American Chemical Society. f) Comparison of maximum
power density for EBFCs based on LIG and LIG/Au NPs composite. Reproduced with permission.[96] Copyright 2022, American Chemical Society.
g) Activation performance of the EBFC. Reproduced with permission.[96] Copyright 2022, American Chemical Society.

glucose introduction, confirming the stability of the system and
the fast electron transfer capabilities (Figure 4g). This system also
exhibited an impressive operational lifetime, exceeding 28 days
in vitro. Overall, this innovative DET-EBFC design shows great
promise for flexible and efficient EBFC applications.

However, the integration of electrostatically charged metal NPs
with enzymes in aqueous electrolytes has often relied on con-
ventional methods such as reconstitution, physical adsorption,
and mechanical mixing. While these approaches using metal
NPs hold the potential to facilitate favorable enzyme wiring for

Adv. Funct. Mater. 2024, 2415933 2415933 (9 of 25) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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DET, they encounter challenges in significantly enhancing elec-
tron transfer due to various contact resistances. These resistances
primarily stem from electrically or electrochemically inactive or-
ganic compounds, such as organic ligands and cross–linkable
polymers, as well as the low packing density of electrostatically
charged metal NPs due to electrostatic repulsion in water.[97,98]

Furthermore, the resulting enzyme electrodes often suffer from
ineffective enzyme immobilization due to insufficient interfacial
interactions between the electrode components, leading to com-
promised operational stability.

Another effective strategy involves using the 3D porous host
electrode with a high surface area, such as CNT yarns, metal
foams, and conductive textiles. This approach enhances the en-
zyme loading capacity and improves the electron transfer effi-
ciency through their conductive porous structure, resulting in a
significant increase in power performance per unit area. Among
these porous host electrodes, CNT yarns or CNT-coated tex-
tiles offer specific advantages, including pore diameter control,
lightweight properties, and relatively high electrical conductiv-
ity. For instance, the Cosnier group reported the efficient wiring
of GOx and Lac in a multi-walled CNT (MWCNT) matrix to
create an EBFC.[99] GOx and Lac were incorporated into com-
pressed MWCNT disks to form the anode and cathode, respec-
tively (Figure 5a). FE-SEM analysis of the bioelectrodes revealed
well-dispersed enzyme agglomerates throughout the CNT ma-
trix, as illustrated in the cross–section image of the bioanode
(Figure 5b). The MWCNT bioelectrodes exhibited a high surface
area of 180 m2 g−1 and a porosity of 43%, both of which are favor-
able for bioelectrocatalysis. To optimize the cathode performance,
various amounts of Lac were incorporated into the CNT disks.
With increasing Lac load, the electrode resulted in generating
higher current density at 0 V and stabilized the current density at
−5.8 mA cm−2 (Figure 5c). The stability of the cathode was eval-
uated over 30 days, with the OCP and current density remaining
stable after an initial decrease, maintaining values of 0.55 V and
3.8 mA cm−2, respectively (Figure 5d).

Next, the effect of the catalase-to-GOx ratio on the anode was
investigated (Figure 5e). Increasing this ratio improved current
density, reaching a maximum of 4.8 mA cm−2, while the open
circuit potential (OCP) stabilized at −0.43 V, indicating effective
decomposition of H2O2 and efficient electron transfer between
GOx and the CNT matrix. The anode demonstrated good stabil-
ity, with only a 25% reduction in current after 30 days and a minor
positive shift in OCP (Figure 5f). To demonstrate the practical ap-
plication of the EBFC, two cells were connected in series, produc-
ing an OCV of 1.8 V and a maximum power output of 3.25 mW
at 1.2 V, sufficient to power electronic devices (Figure 5g). Addi-
tionally, during a constant current discharge of 200 μA cm−2 for
8000 s, the voltage dropped to 0.6 V, but the cell maintained the
current discharge (Figure 5h).

However, despite these endeavors to improve the areal power
density and stability, most DET-EBFCs fall short of meeting prac-
tical and commercial performance. It should also be noted that
the EBFC electrode components (i.e., enzymes, binder, and/or
conductive components) coated by the slurry casting process
are highly prone to enzyme leaching.[30,42] Given this challenge,
there is an urgent need to develop a more effective deposition
process, along with a unique structural and interfacial design
for high-performance EBFC electrodes. If successfully imple-

mented, such an innovative approach can have the potential to
surpass the power performance and operational stability of tradi-
tional MET-EBFCs reported to date. A detailed exploration of this
promising advancement is provided in Section 3.

2.2.3. Electron Transfer Measurements of Glucose-based EBFCs

As previously discussed, the electron transfer efficiency of EBFCs
plays a pivotal role in determining the power performance of
both MET- and DET-EBFCs. Therefore, conducting the precise
investigation and measurement of various factors and param-
eters closely associated with the electron transfer efficiency of
EBFCs can provide valuable insights for predicting and enhanc-
ing the power density and stability of these cells.

Representative parameter values, such as the equivalent series
resistance (Rs), the electron charge transfer resistance (Rct), and
the ks are evaluated using both the electrochemical impedance
spectroscopy (EIS) and the Laviron equation.[100–102] These values
strongly rely on the ease of electron transfer between the enzyme
and the host electrode.

Initially, the Rs value is determined by summing up the re-
sistance originating from each electrode component, including
the electrolyte, the active components (enzyme, conductive com-
ponent, and/or mediator), the host electrode, and the interfaces,
mainly those between the active components and the host elec-
trode. In addition, the Rct, which occurs mainly at the interface
between the active material and the electrolyte, is significantly
influenced by the geometric properties and surface chemistry
of the entire electrode. Thus, the decrease in Rs and Rct values
in the enzymatic electrode implies an improvement in the elec-
tron transfer efficiency of the entire electrode, encompassing the
electron transfer between the enzymes and the host electrode.
For example, Huang et al. demonstrated the successful employ-
ment of PPy network growth to encapsulate the GOx for self-
encapsulation of glucose.[103] In this case, the observed reduc-
tions in Rs and Rct values are indicative of the accelerated electron
transfer rates facilitated by the conductive PPy network. These re-
sults underscore the effectiveness of conductive polymer shells in
promoting electron transfer within the enzymatic electrode.

In addition, the Laviron equation serves as a model for calcu-
lating the electron transfer coefficient (𝛼) and the ks value of ox-
idizing and reducing species on the electrode surface. These pa-
rameters are crucial in determining the electrochemical behavior
of the electrode. Typically, the redox reaction of a component trig-
gered by a potential sweep may exhibit irreversibility, depending
on the direction of the applied potential. This theoretical concept
is expressed by the following equations (Equations 4−9):

ΔEpc = − RT
𝛼nF

ln
(

𝛼|m|
)

= − RT
𝛼nF

ln
(

v 𝛼nF
RTks

)
=

− RT
𝛼nF

ln (v) − RT
𝛼nF

ln
(

𝛼nF
RTks

)
= ac x + bc (4)

ac = −2.303RT
𝛼nF

, bc = −2.303RT
𝛼nF

log
(

𝛼nF
RTks

)
, x = log (v) (5)
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Figure 5. DET-EBFCs. a) Schematic presentation of the setup of a BFC. Reproduced with permission.[99] Copyright 2011, Springer Nature. b) SEM
micrograph of a cross–section of the bioanode. The scale bar corresponds to 200nm. Reproduced with permission.[99] Copyright 2011, Springer Nature.
c) Evolution of OCP (black) and current density (red) at 0 V, with different amounts of laccase (mass percentage in the electrode) in air-saturated
solution. Reproduced with permission.[99] Copyright 2011, Springer Nature. d) Evolution of OCP (black) and current density (red) at 0 V, of biocathode
(20% laccase) versus time. Reproduced with permission.[99] Copyright 2011, Springer Nature. e) Evolution of OCP (black) and current density (red) at 0 V,
versus catalase/GOx ratio in bioanode, in 0.05 mol L−1 glucose solution. Reproduced with permission.[99] Copyright 2011, Springer Nature. f) Evolution
of OCP (black) and current density (red) of bioanode (catalase/GOx ratio 1:1) at 0 V versus time, in 0.05 mol L−1 glucose solution. Reproduced with
permission.[99] Copyright 2011, Springer Nature. g) Dependence of power density on operating voltage in 0.05 mol L−1 glucose solution before (black)
and after one month (red). Blue curve: dependence of power density on operating voltage in 5 × 10−3 mol L−1 glucose. Reproduced with permission.[99]

Copyright 2011, Springer Nature. h) Dependance of voltage on time for continuous discharge under 200 μA cm−2 in 0.05 mol L−1 glucose solution.
Reproduced with permission.[99] Copyright 2011, Springer Nature.
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log ks = 𝛼 log (1 − 𝛼) + (1 − 𝛼) log𝛼 − log( RT
nFv

) −
𝛼 (1 − 𝛼) nFΔE

2.303RT
(9)

The Laviron model for redox substances employs various vari-
ables, including universal gas constant (R ∼8.314 J mol−1 K−1),
absolute temperature (T), charge transfer coefficient (𝛼), hetero-
geneous electron transfer rate constant (ks), Faraday constant (F
∼96 485 C), anodic peak potential (Epa), cathodic peak potential
(Epc), apparent formal redox potential (E°), number of electrons
transferred (n ∼1), anodic curve slope (aa), anodic curve intercept
(ba), cathodic curve slope (ac), cathodic curve intercept (bc), scan
rate (v), and logarithm of scan rate (x). These variables are uti-
lized in the generalization of the Laviron model. Furthermore,
the ks value can be determined by analyzing the intersection of
two linear fits corresponding to the anodic and cathodic curves.

This ks value has long been recognized as a crucial parameter
for elucidating the kinetics of the electron transfer process at the
electrode surface. In particular, this parameter signifies the rate
at which the electrochemical enzymatic reaction takes place at
the electrode surface under standard conditions, typically at room
temperature (25 °C) and at a standard reactant concentration.
It determines the rate at which the enzymatic reaction occurs
at the surface of an EBFC electrode. Therefore, an increased ks
value directly indicates the improved electron transfer efficiency
of EBFC electrodes. For instance, the ks value of the mediator-free
enzymatic anode composed of GOx and rGO was estimated to
be ≈2.14 s−1.[36] However, when the synthesized electrocatalysts
(i.e., Meldola’s Blue) were integrated with mesoporous carbons
(highly conductive components) or CNTs onto glassy carbon-
based host electrode, the resulting anodes exhibited significantly
higher ks values of ≈39.8 and 9.8 s−1, respectively, exceeding that
of the aforementioned GOx/rGO-based anode.[104] As a result,
the ks value not only provides insight into the electron transfer
kinetics of the electrode but also enhances the understanding of
the relationship between the electron transfer kinetics and the
current/power density of the electrodes, thereby improving the
efficiency of the DET-EBFC system.

2.3. Enzyme Immobilization for Glucose-based EBFCs

Enzyme immobilization is a critical technique for fabricating
high-performance EBFCs because immobilized enzymes are
more stable than their free counterparts. This stability results in
longer operational lifetimes, reduced degradation, and enhanced
enzymatic activity due to the creation of a more favorable mi-
croenvironment. Notably, the detachment of enzymes from the

host electrode is a key factor that significantly affects the opera-
tional stability of EBFCs.

First, we examine various approaches for enzyme immobiliza-
tion and assess their impact on electron transfer within EBFCs.
As shown in Table 1, one approach involves adsorption, where
enzymes adhere to electrode surfaces through weak interactions
such as van der Waals forces and hydrogen bonding.[105–107]

While adsorption is a straightforward and effective method
for immobilizing enzymes at the enzyme-host electrode inter-
face, it may not ensure robust adsorption between adjacent
enzyme layers as the thickness of immobilized enzymes in-
creases. On the other hand, covalent bonding can establish rel-
atively strong bonds between enzymes and host electrodes, of-
fering improved stability and reusability.[2] For example, Moon
and colleagues reported the covalent bonding-induced immo-
bilization of amine-terminated GOx (NH2-GOx) onto a fer-
rocene derivative (FcDA)-modified graphite carbon felt to form
the anode.[108] Similarly, BOD was covalently immobilized on
acid-treated graphite carbon felt to form the cathode. How-
ever, this covalent bonding approach has a critical problem:
the formation of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC)/N-hydroxysuccinimide (NHS)-induced covalent bonds be-
tween NH2-GOx and FcDA can partially cause enzyme denat-
uration and/or loss of activity due to the harsh chemical con-
ditions required for covalent bond formation. Another enzyme
immobilization method, cross–linking approach, involves the co-
valent attachment of enzymes to electrode surfaces using bi- or
multifunctional agents such as poly (ethylene glycol) diglycid
(PEGDGE), glutaraldehyde, or carbodiimide.[109–111] While this
method achieves strong enzyme immobilization, the formation
of large aggregates can impede the electrical conductivity of the
electrode.

In contrast to the aforementioned adsorption and cross–
linking approaches, the encapsulation/entrapment approach in-
volves the physical entrapment within polymer matrices or mem-
branes, providing both protection and physiological stabilization.
Although these methods are commonly used to immobilize en-
zymes onto host electrodes for prolonged use under harsh con-
ditions, they are limited in their ability to significantly enhance
the energy efficiency of EBFCs due to diffusion constraints and
reduced enzyme activity within the matrix. As a result, these con-
ventional immobilization methods exhibit limitations in electron
transfer efficiency and mass transport within the electrodes, em-
phasizing the need for advanced immobilization techniques to
optimize EBFC electrode fabrication.[106]

Another approach to enzyme immobilization involves the
use of nanomaterial-based covalent bonding, which is known
to substantially enhance the operational stability of EBFC elec-
trodes. Of particular note is the combination of electrically and/or
electrochemically active nanomaterials with enzymes through
favorable complementary interactions, leading to a significant
improvement in the electron transfer efficiency between host
electrodes and enzymes, thereby enhancing the electrochem-
ical performance of the resulting electrodes.[41,112] For exam-
ple, carbon-based nanomaterials, predominantly CNTs and re-
duced graphene oxides (rGO), with high electrical conductiv-
ity and electrochemical stability, are effective in immobiliz-
ing enzymes.[56] This results in electrodes with high electron
transfer efficiency, which is beneficial for the fabrication of

Adv. Funct. Mater. 2024, 2415933 2415933 (12 of 25) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202415933 by K
angw

on N
ational U

niversity, W
iley O

nline L
ibrary on [29/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadfm.202415933&mode=


www.advancedsciencenews.com www.afm-journal.de

Table 1. Advantages/disadvantages and examples of enzyme immobilization methods.

Immobilization
method

Advantages Disadvantages Example Refs.

Adsorption • Simplicity, cost-effectiveness
• Minimal chemical modification

required

• Weak enzyme binding may lead to
leaching.

• Limited control over enzyme orien-
tation

Fructose dehydrogenase on
cellulose/PPy

[107]

Covalent bonding • Strong, stable enzyme attach-
ment

• Improved control over enzyme
orientation

• Chemical modification may cause
denaturation/loss of enzyme activ-
ity.

• Labor-intensive and costly

GOx, ferrocene derivative on a
graphite carbon felt

[108]

Cross–linking • Enhanced stability through en-
zyme clustering

• Reduced leaching

• Cross–linking agents may affect en-
zyme activity.

• Limited control over cross–linking
density

GOx, Os-based mediator with
PEGDGE

[109]

Encapsulation
/Entrapment

• Protection against environmen-
tal factors

• Increased stability

• Diffusion limitations may affect
substrate access.

• Limited control over enzyme orien-
tation

PPy network for
encapsulation of GOx

[103]

Layer-by-Layer
assembly

• Preservation of enzyme stability
and activity

• High compatibility with a wide
range of materials

• Production process may be compli-
cated.

• High cost of materials

GA/[[GOx/PEI]2/CNTs] as bioanodes,
GA[Lac/PEI/Lac/CNTs] as

biocathodes

[117]

high-performance biosensors or EBFCs.[113,114] However, despite
these efforts, the operational stability of most EBFCs remained
unsatisfactory, with power output often dropping below 50% of
the initial value at a glucose concentration of 10 mmol L−1−close
to physiological conditions−after just 10 to 20 days.

Additionally, an enzyme immobilization for enhanced oper-
ational stability can be achieved by an electrostatic LbL assem-
bly, which is based on electrostatic interaction between electro-
statically charged enzyme and oppositely charged component in
aqueous media on the host electrode.[115–118] This LbL assembly
approach can be easily applied to various substrates irrespective
of their size and shape. For example, Hyun et al. reported that
(anionic GOx/cationic poly(ethylene imine) (PEI))n multilayers
were deposited onto MWCNT using electrostatic interaction, re-
sulting in the stable operation.[117] However, the use of insulating
polyelectrolytes can significantly restrict the electron transfer be-
tween adjacent enzymes as well as between the host electrode
and enzyme.

Recently, an innovative enzyme immobilization method has
emerged to boost the power density and operational stability of
EBFCs. Unlike conventional LbL assemblies using insulating
polyelectrolytes in aqueous media, this approach utilizes direct
ligand exchange reaction (LER) bulky insulating ligands initially
bound to the surface of conductive NPs and NH2 groups of en-
zymes like GOx or small organic molecules, which are evidently
different from conventional LbL assembly without LER. This re-
action facilitates the direct contact between highly conductive
NPs and enzymes, significantly improving the electron transfer
between adjacent GOx as well as between the host electrode and
GOx. Furthermore, LER-LbL assembly is effective in fabricating
highly conductive host electrodes.[119–121] It transforms insulating
porous substrates into highly conductive host electrodes through
an LER between bulky ligands on the surface of metal NPs and

NH2-functionalized small organic molecules, offering substan-
tial advantages for host electrode performance.[122–126] Conse-
quently, this unique approach can provide a significant basis for
developing robust and efficient enzymatic bioelectrodes for var-
ious biotechnological applications, including EBFCs. EBFCs. In
Section 3, we will present the high-performance EBFCs devel-
oped using this LER-LbL assembly, showcasing their high power
output and operational stability.

3. High-performance EBFCs

3.1. EBFCs Using Hydrophilic GOx/Hydrophobic Au NP
Multilayers and Cotton Fibers

Recently, for developing high-performance EBFCs, a LER-LbL as-
sembly has been applied to the fabrication of conductive cotton
fibers with an extremely large surface area as well as the conduc-
tive linkers bridging between adjacent GOx. First, this transfor-
mation from insulating cotton fibers to conductive cotton fibers
can be confirmed by Fourier transform infrared (FTIR) spec-
troscopy, which tracks the consecutive appearance and disappear-
ance of the ligand peak.[50,127] Moreover, the application of these
assembly techniques can be extended beyond the host electrode
to the electrochemically active layers that form the anode and
cathode.

As a pioneering work, Kwon et al. developed a high-
performance EBFC by utilizing densely packed Au NP-
coated cotton fiber as the host electrode.[128] To achieve this,
tetra(octylammonium bromide)-stabilized Au NPs (TOABr-Au
NPs) in toluene were densely deposited on insulating cotton
fibers via an unconventional LER-LbL assembly. Instead of
employing bulky/insulating polymer linkers, they utilized tris(2-
aminoethyl)amine (TREN) molecular linkers with amine (NH2)
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groups in ethanol (Figure 6a). These NH2 groups of the TREN
linkers exhibited a strong affinity for the bare surface of Au
NPs, facilitating an in situ ligand exchange reaction between
the bulky TOABr ligands bound to the surface of Au NPs and
the TREN linkers during LbL deposition. The assembly process
was repeated until reaching the desired bilayer number (n) of
(TOABr-Au NP/TREN)n multilayers, as confirmed by FTIR anal-
ysis (Figure 6b). This approach notably reduced the separation
distance between vertically adjacent Au NPs, thereby enhancing
the electrical conductivity of the (TOABr-Au NP/TREN)n-coated
cotton fiber. The resulting cotton electrode demonstrated excep-
tional electrical conductivity (≈2.1 × 104 S cm−1), extremely low
Rs and Rct values of 30 and 4 Ω, mechanical flexibility, and a
large surface area per unit area, which served as both an enzyme
reservoir and a conductive host electrode (Figure 6c,d).

A further modification of this host electrode involved electro-
static LbL assembly between negatively charged GOx enzymes
and positively charged TREN in a PBS solution to create the an-
ode of the DET-EBFC. Particularly, the use of TREN molecular
linkers could minimize the separation distance between adja-
cent GOx layers as well as between adjacent Au NPs. In addi-
tion, the cotton host electrode, when coated with Au NPs to fa-
cilitate high ORR, could also serve as the cathode. The resulting
complete cell device, consisting of cotton host electrode-based an-
ode (i.e., (GOx/TREN)30/(TOABr-Au NP/TREN)20-coated cotton
fiber) and cathode (i.e., (TOABr-Au NP/TREN)120-coated cotton
fiber), demonstrated a maximum areal power density of 3.7 mW
cm−2 (at 300 mmol L−1 glucose concentration) and excellent op-
erational stability, retaining ≈79% and 62% of its initial OCV
and power density, respectively, after 35 days in a 10 mmol L−1

glucose buffer (Figure 6e–g). In this case, optimal EBFC per-
formance was achieved at a glucose concentration condition of
300 mmol L−1, which is significantly higher than the physio-
logical glucose concentration ranging from ≈5 to 10 mmol L−1

found in the body.[129] Evaluation of performance at low glucose
concentrations is crucial for devices intended for internal use,
such as implants, where practical applicability is essential. Con-
versely, performance at higher concentrations is relevant for ex-
ternal biomedical devices. Therefore, evaluation of EBFC per-
formance under both high and low concentration conditions is
essential, as it provides valuable insight into the potential ap-
plications of these devices. As a result, a balanced assessment
is required to determine their suitability for various biomedical
applications.

3.2. EBFCs Using Hydrophilic Gox/Hydrophobic ITO NP
Multilayers and Multiplied Structure

More recently, Cho and co-workers reported a more advanced hy-
brid EBFC using a novel amphiphilic LbL assembly. This innova-
tion addresses the challenge posed by the stark difference in sol-
vent polarity between hydrophilic GOx in water and hydrophobic
TOABr-Au NPs in toluene, as a kind of the LER-LbL assembly
mentioned above (Figure 7a).[130] In particular, a key aspect of
this approach is the ability to directly deposit amino acid groups
of GOx onto the bare surface of TOABr-Au NPs. This process
triggers a ligand exchange reaction between the pristine TOABr
ligands, loosely bound to the surface of Au NPs, and the amino

acid groups (specifically amine groups) of GOx. Furthermore, the
amphiphilic assembly approach is characterized by the fact that
the conductive Au NP linkers, which directly bridge the interfaces
between adjacent GOx layers, can significantly enhance the elec-
tron transfer between adjacent GOx layers as well as between the
host electrode and the GOx layer (Figure 7b). In the case of using
the (TOABr-Au NP/TREN)n-coated cotton fiber as the host elec-
trode, the complete cell DET-EBFC composed of the (GOx/Au
NP)n/(TOABr-Au NP/TREN)n-coated cotton fiber (for the anode)
and the Pt-sputtered (Au NP/TREN)n-coated cotton fiber (for the
cathode) exhibited a remarkably high power density of 7.3 mW
cm−2 and high operational stability (Figure 7c). The stability of
this assembly was tested during continuous operation in PBS
solution containing 10 mmol L−1 glucose for 60 days, maintain-
ing ≈61% of the initial power density (Figure 7d). These results
demonstrate that the formation of stable covalent bonds between
the amine groups of GOx and the surface of the Au NPs, as well
as between the host electrode and GOx, significantly contributed
to the robust immobilization of GOx.

Very recently, the Cho group presented a powerful hybrid
EBFC using conductive ITO NPs with pointed axes, specifically
bipod and/or tripod type oleylamine (OAm)-stabilized ITO NPs
(OAm-ITO NPs) (Figure 8a).[64] These axes mimic the structure
of redox mediators with long-space arms that increase the contact
possibilities between the mediators and the active sites (FAD) of
GOx. An additional advantage of this approach lies in the robust
covalent bonding-based LbL assembly, which can significantly
improve the electron transfer and operational stability of the
GOx-based electrode. This improvement is achieved by increas-
ing the packing density and robust immobilization of hydropho-
bic OAm-ITO NPs without long-range electrostatic repulsion be-
tween the same OAm-ITO NPs on the hydrophilic GOx layer.
This favorable interfacial interaction relies on a ligand exchange
reaction facilitated by multiple affinities between the bare surface
of ITO NPs and the amino acid groups within GOx. Therefore,
during LbL deposition, these amino acid groups replace loosely
bound hydrophobic OAm ligands, similar to the adsorption be-
havior observed in the LER-LbL assembly between TOABr-Au
NPs and GOx. The anode fabricated by the above methods ex-
hibited an outstanding ks value of 6.3 ± 0.1 s−1 (Figure 8b,c),
demonstrating that the ITO NPs effectively enhanced the elec-
tron transfer from GOx to the host electrode. Incorporating these
combined approaches, the complete cell device composed of the
(GOx/ITO NP)n/(Au NP/TREN)n-coated cotton fiber (for the an-
ode) and the Pt-sputtered (Au NP/TREN)n-coated cotton fiber (for
the cathode) achieved a high maximum power density of 4.7 mW
cm−2 at 300 mmol L−1 glucose concentration and 2.0 mW cm−2 at
10 mmol L−1 glucose concentration (Figure 8d,e). Furthermore, a
multi-ply structured fiber system, which increases the active sur-
face area without proportionally enlarging the electrode, raised
the maximum power density of the complete cell EBFC from 4.7
to 10.4 mW cm−2 at the same glucose concentration (Figure 8f,g).
This multi-ply EBFC was also able to maintain ≈49% (corre-
sponding to 2.1 mW cm−2) of the initial power density at 10 mmol
L−1 glucose even after 60 days (Figure 8h).

As a result, 1) favorable interfacial interaction using small
molecule linker- and/or LER-LbL assemblies LbL assemblies,
2) effective electron transfer using densely packed conductive
linkers, and 3) effective structural design using highly porous
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Figure 6. Au NP-coated fiber-based hybrid EBFCs. a) Illustration of the preparation of the metallic cotton fiber (MCF)-based cathode and the GOx/MCF-
based anode using small-molecule ligand-induced layer-by-layer assembly. In the first step, bare cotton fiber was coated with poly(ethylenimine) (PEI,
Mw ∼800). Characterization of the metallic cotton fiber electrode. Reproduced with permission.[128] Copyright 2018, Springer Nature. b) FTIR spectra of
the (TOA-Au NP/TREN)n multilayers as a function of n. Reproduced with permission.[128] Copyright 2018, Springer Nature. c) Resistivity and electrical
conductivity of n-MCFs as a function of n. The error bars show the standard deviation from the mean value of the electrical conductivities for 3–5
independent experiments. Reproduced with permission.[128] Copyright 2018, Springer Nature. d) Nyquist plots of n-MCFs in the frequency range 0.2 Hz
to 100 kHz. Inset: Nyquist plots magnified in the high-frequency range. The equivalent series resistance (ESR) values of n = 5, 10, and 20 were 1346, 60,
and 30 Ω, respectively. Reproduced with permission.[128] Copyright 2018, Springer Nature. e) Power output of the complete BFC consisting of the 30-
GOx/20-MCF anode and 20-MCF cathode as a function of voltage. Reproduced with permission.[128] Copyright 2018, Springer Nature. f) Power output
of the MCF-BFCs (an n-MCF cathode and 30-bilayered GOx/TREN multilayer-coated 20-bilayered MCF anode) with external resistors (1 kΩ–10 MΩ) as
a function of n-MCF. Reproduced with permission.[128] Copyright 2018, Springer Nature. g) Relative power retention (P/P0) of the complete MCF-BFC
in 10 mmol L−1 glucose buffer for 35 days. The changes in the power output changes of MCF-BFCs with external resistors were continuously measured
as a function of time. The error bars show the standard deviation from the mean value of the power densities for three to five independent experiments.
Reproduced with.[128] Copyright 2018, Springer Nature.
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Figure 7. Amphiphilic Assembly of Au NP/GOx for hybrid EBFCs. a) Schematic (left) and optical image (right) of the (GOx/TOA-Au NP)n-assembled
metallic cotton textile (MCT) anode. Reproduced with permission.[130] Copyright 2022, AIP Publishing. b) Schematic illustration of the subsequent
deposition of (GOx/TOA-Au NP)n multilayers on MCT, which significantly enhances the electron transfer between adjacent GOx layers as well as between
GOx layer and MCT. Reproduced with permission.[130] Copyright 2022, AIP Publishing. c) Power (P)-voltage (V) profiles of single MCF-BFCs with the
(GOx/TOA-Au NP)3/MCF//Pt-20-MCF (black), (GOx/TOA-Au NP/DETA/TOA-Au NP)3/MCF//Pt-100-MCF (red). The power output was obtained in PBS
solution containing 300 mmol L−1 glucose (under ambient conditions at 36.5 °C) by measuring the current flowing through external variable resistors
(from 1 kΩ to 10 GΩ) to control the cell potential. Reproduced with permission.[130] Copyright 2022, AIP Publishing. d) Relative power retention (P/P0)
of the complete BFCs with three different anodes in 10 mmol L−1 glucose in PBS over 60 days. Reproduced with permission.[130] Copyright 2022, AIP
Publishing.

and conductive host electrodes can significantly enhance the
electron transfer within the electrode and the operational sta-
bility (Figure 9). Furthermore, the power output and stability of
glucose-based EBFCs reported to date are compared in terms of
enzyme immobilization techniques, enzyme loading, and active
surface area (Table 2). These methodologies can serve as a foun-
dational framework for developing high-performance biomedical
devices that require EBFCs as biocompatible power sources.

4. Integration of EBFCs into Biomedical Devices

Beyond efforts to improve the power performance and opera-
tional stability of EBFCs, significant research has focused on
integrating EBFCs with various biomedical devices. These in-

tegrations include applications in wearable and implantable
power supplies, bio-signal monitoring systems, and drug de-
livery systems.[134–136] Incorporating EBFCs into biomedical de-
vices is crucial, as it enables sustainable, self-contained power
sources that improve the functionality and autonomy of medical
devices. This is particularly important for devices that need to op-
erate continuously within the human body or in remote settings
where frequent battery replacements are impractical. Addition-
ally, this research extends to the development of related devices
for biomedical applications, further broadening the potential im-
pact of EBFCs in healthcare.

For example, Bi and co-workers developed a self-powered
biosensing system based on an EBFC utilizing hierarchical
porous metal–organic frameworks (MOFs) to enhance enzyme
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Figure 8. Amphiphilic assembly of ITO NP/GOx for hybrid EBFCs. a) Schematic illustration of p-anode Reproduced with permission.[64] Copyright 2023,
Wiley-VCH. b) Change in the peak current of the 5-anode with increasing scan rate (𝜈) from 0.005 to 0.5 V s−1 in PBS solution containing 300 mmol
L−1 glucose at 36.5 °C. Reproduced with permission.[64] Copyright 2023, Wiley-VCH. c) Change in the potential (E−E0) of 5-anode as a function of
ln 𝜈 at a 300 mmol L−1 glucose. Reproduced with permission.[64] Copyright 2023, Wiley-VCH. d) 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. Reproduced with permission.[64] Copyright 2023, Wiley-VCH.
e) Power output of the complete BFCs as a function of the bilayer number (p) in PBS solution containing 10 mmol L−1 glucose at 36.5 °C. Reproduced
with permission.[64] Copyright 2023, Wiley-VCH. f) Schematic illustration and photographic images of multi-ply anode and cathode. Reproduced with
permission.[64] Copyright 2023, Wiley-VCH. g) 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. Reproduced with permission.[64] Copyright 2023, Wiley-VCH. h) 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. Reproduced with permission.[64] Copyright 2023, Wiley-VCH.
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Figure 9. Schematic illustration of high-performance EBFCs using LER-LbL assembly.

stability and reactivity (Figure 10a).[134] By encapsulating en-
zymes within a high-surface-area MOF structure, catalytic activ-
ity was significantly boosted. The porous MOF, synthesized with
tannic acid (TA) for structural etching, co-encapsulated the Field-
emission and the nicotinamide adenine dinucleotide (NAD+) co-
factor in a zeolitic imidazolate framework (ZIF-L), forming the
composite GDH/NAD+@ZIF-L@TA (Figure 10b). This config-
uration optimized substrate-enzyme interactions, leading to effi-
cient catalytic reactions. This EBFC-based system generated elec-
tricity through enzyme-driven transfer, enabling the detection of
biomolecules such as microRNAs (miRNA) without the need for
external power. This self-sufficient approach is advantageous for
analyzing real biological samples. Additionally, the system incor-
porated cascade signal amplification, which increased detection
sensitivity and enabled the effective detection of miRNA at low
concentrations (Figure 10c). This system demonstrated a maxi-
mum power density of 239.23 μW cm−2 and maintained over 74%
of its power response after five days of operation (Figure 10d).
The proposed biosensor effectively detected miRNA-21 through
target-triggered dual amplification mediated by a DNA tetrahe-
dron, making it valuable for early diagnosis and treatment moni-
toring. This study demonstrated an innovative biosensor technol-
ogy using hierarchical porous MOFs, which maximized enzyme
stability and reactivity while enhancing the sensing sensitivity for
efficient biomolecule detection.

In another recent research, Maity et al. developed a metabolic
fuel cell that utilizes blood sugar as fuel, exploring the potential
for a self-sufficient bio-electronic device.[135] This innovative
fuel cell system efficiently converted blood sugar into electrical
energy, representing a significant advance in continuous health
monitoring and treatment by self-powered bio-electronic devices
(Figure 11a). The EBFC was constructed with a nanocomposite

anode composed of cupric oxide (CuO) NPs, MWCNTs, and
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PE-
DOT:PSS) immobilized on graphite felt and a nanocomposite
cathode made of Nafion-coated carbon black containing Pt
NPs (Figure 11b). The power density and output voltage of
the metabolic fuel cell were measured at various blood sugar
concentrations, showing how the power density and OCV were
changed with increasing blood sugar levels (Figure 11c,d). The
cell achieved a maximum power density of 0.7 mW cm−2 and
an OCV of ≈0.9 V at a glucose concentration of 50 mmol L−1.
Furthermore, the study assessed the impact of the metabolic fuel
cell on the human body by measuring indicators such as cell
viability and inflammatory response, demonstrating its potential
for practical application in biomedical devices and underscoring
its relevance in the field.

The long-standing goals of EBFCs are to power implantable
medical devices and on-body biosensors, particularly when inte-
grated into various biomedical systems. Enhancements in power
performance, stability, flexibility, and miniaturization, create op-
portunities to combine EBFCs with emerging technologies. The
integration of EBFCs with flexible electronics and wireless com-
munication systems could lead to revolutionary applications
previously deemed inconceivable.[137–139] This synergy may en-
able the development of fully integrated, self-powered biomed-
ical devices capable of real-time monitoring and data transmis-
sion. Such innovations have the potential to transform patient
care by providing continuous health monitoring and person-
alized treatment, especially in remote settings where conven-
tional power sources are impractical. Although the integration
of EBFCs into biomedical devices is still in its early stages, the
progress made thus far is promising. For example, Zhu’s group
reported that a compact drug delivery model with self-diagnosis
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Figure 10. Hierarchical porous MOF-based EBFCs. a) Schematic illustration of a membrane-less BFC-based self-powered biosensor for the “signal-on”
detection of miRNA-21 based on biocatalytic MOF microreactor and DNA tetrahedron-mediated two-step cascade amplification strategy. Reproduced
with permission.[134] Copyright 2023, Wiley-VCH. b) Schematic illustration of the synthesis of hierarchical porous ZIF-L-based microreactor by controlled-
etching strategy. Reproduced with permission.[134] Copyright 2023, Wiley-VCH. c) CV of GDH/NAD+@ ZIF-L@TA microreactor-modified fluorine-doped
tin oxide (FTO) bioanode in response to glucose at different concentrations (from a to k: 0 to 10 mmol L−1 at 1 mmol L−1 intervals). The scanning rate
is 50 mV s−1. Reproduced with permission.[134] Copyright 2023, Wiley-VCH. d) Pmax responses of EBFC operated over a period of five days. Reproduced
with permission.[134] Copyright 2023, Wiley-VCH.
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Figure 11. Self-sufficient EBFC-based bio-electronic device. a) Schematic of the non-enzymatic metabolic fuel cell for closed-loop control of blood-
glucose homeostasis. Operation of the metabolic fuel cell. After implantation, the metabolic fuel cell is connected to the bloodstream. The electrons
travel to the power circuit which provides a wireless interface with the wearables for communication, recording, and tuning, manages the glucose
sensing, and processes the operation of the metabolic fuel cell at blood-glucose levels above 10 mmol L−1 glucose. The harnessed electrical energy
is used to stimulate engineered human cells to release therapeutic proteins such as insulin in response to light (optostimulation of Opto-𝛽 cells) or
electric fields (electrostimulation of Electro-𝛽 cells). Reproduced with permission.[135] Copyright 2023, Wiley-VCH. b) Schematic of the nanocomposite
anode material consisting of cupric oxide (CuO) nanoparticles, MWCNTs, and PEDOT:PSS immobilized on a graphite felt (left). Schematic of the
nanocomposite cathode material consisting of Nafion-coated carbon black (CB)-containing Pt NP (right). Characterization and performance analysis
of the metabolic fuel cell. Reproduced with permission.[135] Copyright 2023, Wiley-VCH. c) Power density, d) OCV for different glucose concentrations.
Reproduced with permission.[135] Copyright 2023, Wiley-VCH.

and self-evaluation could be developed by integration of a tar-
geted drug delivery system with a robust glucose/O2 EBFC-based
self-powered biosensor.[140] By employing a comprehensive de-
sign that encompasses diagnostic even-triggered drug delivery
on the anode, competitive reaction, blocking effect, and the es-
tablishment of an evaluation model on the cathode, they suc-
cessfully fabricated an in vitro integrated platform. They also
demonstrated that the stability and output performances of the
EBFC-based self-powered biosensors were sufficient to enable

long-term dynamic evaluation, as well as highly sensitive diagno-
sis and evaluation within an in vitro integrated platform. Chung
group also reported an animal brain stimulator that incorporates
a power management integrated circuit to harvest energy from
EBFCs. In this setup, EBFC can supply 28.4 mJ to the ABS over
10 min, enabling the resulting EBFC-ABS system to be implanted
in flying birds.[141]

Continued interdisciplinary collaboration among bioengineer-
ing, materials science, and medical research will be crucial to
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overcoming current challenges and unlocking the full potential
of EBFCs in biomedical applications. As research progresses,
the vision of self-powered autonomous medical devices that en-
hance patient care and health outcomes is becoming increasingly
achievable.

5. Conclusion and Outlook

In this perspective, we have discussed the working princi-
ples, types, and electron transfer mechanisms of glucose-based
EBFCs, as well as enzyme immobilization. We also introduced
recent strategies for enhancing their areal power output and op-
erational stability and explored the studies on integrating EBFCs
into biomedical devices. Although glucose-based EBFCs cur-
rently lag behind commercial lithium-ion batteries, supercapac-
itors, and fuel cells in terms of energy performance, they hold
promise as renewable, sustainable, and biocompatible power
sources for compact and implantable medical devices. The slow
progress has been attributed to several factors, including limita-
tions in electrode components (such as enzymes, biocompatible
host electrodes, and additives), challenges in electrode prepara-
tion and operation under physiological conditions, issues with
electron transfer between enzymes and host electrodes, and dif-
ficulties with enzyme immobilization.

To overcome these fundamental limitations and enhance en-
ergy performance, employing unique structural designs and con-
trolling interfacial interactions in the assembly of EBFC elec-
trodes offers a promising approach, applicable to both MET-
and DET-EBFCs. Key strategies discussed in this perspective
include:

1) Structural design of host electrodes: Highly conductive 3D-
structured host electrodes with large surface areas, such as
those made of metallic fibrils, offer significant advantages
over flat host electrodes. These designs increase a notable in-
crease in enzyme loading per unit area (directly affecting areal
power output) and facilitate efficient electron transfer among
enzymes and between enzymes and the host electrode.

2) Incorporation of conductive components: Uniformly and
densely incorporating electrically conductive components
such as CNTs, conducting polymers, ITO NPs, or Au NPs into
insulating enzyme layers can enhance electron transfer effi-
ciency and significantly boost power output.

3) Interfacial interaction and enzyme immobilization: The ef-
fectiveness of enzyme immobilization and the operational
stability of EBFC devices depend on the interfacial interac-
tions between enzymes and host electrodes, as well as be-
tween adjacent enzymes. The LbL assembly method, utiliz-
ing covalently bonded enzyme/metal NP multilayer films, in-
tegrates enzyme amino acid groups with hydrophobic metal
or ITO NPs on conductive host electrodes. Furthermore, this
approach creates ultrathin, nanoblended structures that en-
hance electron transfer efficiency, power output, and opera-
tional stability. Periodic inclusion of conductive NP layers be-
tween enzyme layers acts as robust linkers and conductive el-
ements, significantly improving enzyme immobilization and
operational stability. Particularly, since the most critical issue
in developing practical EBFCs is operational stability, this im-
mobilization approach using conductive metal or metal oxide

NPs can offer valuable insights for creating high-performance
EBFCs.

4) Enhanced performance with LER-LbL assembly: The LbL as-
sembly method not only improves the performance of metal-
lic fibril-based host electrodes but also enables the creation
of high-performance anode and cathode. Fibril-based EBFC
electrodes (both anode and cathode) formed through con-
trolled interfacial assembly have demonstrated exceptionally
high power output exceeding 4 mW cm−2 and excellent oper-
ational stability, outperforming other BFC approaches.

However, despite the significant advantages of interfacial
interaction-based LbL assemblies including LER-LbL assembly—
such as precise control over surface chemistry and the loading
of active components (e.g., enzymes, conductive components,
and redox mediators)—the thin film deposition process using
dip coating can be time-consuming. This is often a challenge in
producing EBFC electrodes with high power performance and
commercial viability. In addition, issues related to process dura-
tion and active component loading can generally be optimized
by adjusting solution concentrations. More promisingly, the in-
terfacial interaction engineering approach can be scaled up for
large-scale LbL assemblies, such as automated spray deposition
and roll-to-roll processes. These techniques can significantly re-
duce electrode fabrication time to just a few seconds per layer
and enable the effective mass loading of active components onto
highly porous substrates, facilitating the production of industrial-
grade energy electrodes. In particular, considering that a variety
of practical biomedical devices using enzyme-based electrodes
have much difficulty in achieving long-term stability to several
critical factors such as enzyme degradation and the detachment
of enzymes from the host electrodes, the combination of ligand
exchange-induced interface design of active components with ad-
vanced fabrication technology can be a breakthrough in overcom-
ing the challenges of applying LbL assembly to practical biomed-
ical devices using EBFC.

With this in mind, we believe that the integration of interfa-
cial interaction-driven LbL assembly with fibril-based host elec-
trodes holds great promise for overcoming the limitations (low
power output and operational stability) of glucose-based EBFCs.
Furthermore, we envision that this approach has the potential to
be widely and effectively applied to other energy conversion sys-
tems beyond EBFCs.
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