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ABSTRACT

Biocompatible enzyme-based biofuel cells (EBFCs) with enzymatic electrodes show great potential as power sources for wearable
and implantable biomedical devices. However, their practical application has been limited by poor electron transfer efficiency and
insufficient operational stability. In this study, we present a mediator-free, hydrogel-based EBFC that addresses these challenges
through the integration of capillary force-assisted assembly and hydrophobic metal nanoparticle (NP) deposition. The resulting
highly conductive hydrogel electrode enables enhanced power output and long-term stability. To achieve this goal, the hydrogel,
composed of poly(ethylene imine) functionalized with amine (-NH,) groups, was immersed in a solution of tetra(octylammonium)
(TOA)-stabilized Au NPs. This process induced ligand exchange reaction and room-temperature NP fusion at the interface between
the NH,-functionalized hydrogel and the hydrophobic Au NPs, along with capillary-force-driven self-assembly, thereby converting
the initially insulating hydrogel into a highly conductive hydrogel with micro-corrugated structure. Subsequently, glucose oxidase
and TOA-Au NPs were deposited onto the conductive, micro-corrugated hydrogel to construct the anode, while a platinum (Pt)-
modified hydrogel served as the cathode. This EBFC achieved a high-power output of ~3.7 mW cm™? and maintained ~80% of
initial power after 30 days of continuous operation, representing a significant advancement toward hydrogel-based EBFC.

1 | Introduction cells (EBFCs) have garnered considerable attention due to
their environmentally friendly and renewable nature. In par-
The rapid growth of various portable and medical electronic ticular, EBFCs can efficiently generate electricity from biofu-

devices, including microscale systems and implantable systems,  els, such as glucose and oxygen, under physiological condi-
has intensified the demand for energy sources, underscoring tions, making them an attractive power source for implantable
the need for renewable and sustainable energy solutions [1- medical devices [3, 4, 7-10]. Despite these advantages, how-

6]. Among the emerging candidates, enzyme-based biofuel ever, the practical deployment of EBFCs remains limited by
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their inherently low power output and insufficient operational
stability [3, 11, 12].

To address these challenges, various strategies have been
explored, primarily aimed at enhancing electron transfer at the
host electrode/enzyme and enzyme/enzyme interfaces to boost
power output, as well as optimizing enzyme immobilization
to improve the operational stability. Additionally, significant
progress has been made in developing soft, biocompatible host
electrodes with high electrical conductivity as alternatives to
conventional carbon-based electrodes, which often suffer from
lower conductivity compared to bulk metal-based materials [13-
15]. Achieving high electrical conductivity in the host electrode
is crucial for efficient electron transfer between electrode and
enzymes.

Although mediated electron transfer (MET)-based EBFCs are
capable of achieving relatively high power densities (e.g.,
2.18 mW cm™2), their reliance on diffusible mediators introduces
drawbacks—including mediator leakage and reduced open-
circuit voltage (OCV)—that limit their suitability for in vivo use
[16]. By contrast, mediator-free EBFCs inherently offer superior
biocompatibility and improved long-term stability, motivating
increasing efforts to advance their development for wearable and
implantable bioelectronic platforms [17, 18].

A widely adopted strategy to enhance electron transfer involves
the incorporation of conductive fillers, such as carbon nanotubes
(CNTs) and metal nanoparticles (NPs), into enzyme layers [19-
22]. For example, glucose oxidase (GOx)—commonly used in
EBFC anodes—has its redox active site (flavin adenine din-
ucleotide, FAD) buried 7-15 A beneath an insulating protein
surface, which limits electron transfer to the host electrode as
well as between adjacent GOx molecules [21]. For addressing
this limitation, the incorporated conductive fillers act as elec-
tron relays, facilitating electron transfer and thereby enhancing
overall power output. Nevertheless, even with such fillers, the
achieved power densities often remained insufficient [23, 24].
More recently, a few studies have reported mediator-free EBFCs
achieving unprecedented power outputs of several mW cm™2,
sparking growing interest in the development of mediator-free
systems [8].

In addition to enhancing the power output of electron relay-
based EBFCs, improving enzyme immobilization remains a
critical challenge [9, 25, 26]. Although various immobilization
strategies—such as weak adsorption (via van der Waals forces
and hydrogen bonding), covalent bonding, cross-linking, and
physical entrapment—have been explored, they are still prone to
enzyme leaching, particularly due to their dependence on slurry
casting, which often overlooks interfacial interaction at the elec-
trode/enzyme and enzyme/enzyme interfaces [27-29]. Therefore,
a key challenge is to devise a strategy that can simultaneously
promote efficient electron transfer for high power output and
ensure stable enzyme immobilization. Securely anchoring the
enzymes not only prevents leaching but also enhances electron
transfer efficiency by maintaining close contact between the
enzymes and adjacent conductive components.

Furthermore, the choice of host electrode is also important in the
design of biocompatible and soft EBFCs. Among various candi-

dates, hydrogels are widely recognized as highly biocompatible
materials that are generally safe for use in living systems. To
transform these intrinsically insulating hydrogels into electrically
conductive hydrogels, various conductive fillers—such as CNTs
[30], metal components [31-35], and conductive polymers [36—
40]—are incorporated into the hydrogel matrix via solution
blending [41], following a similar strategy to that used for enhanc-
ing electron relay effects in enzyme-based systems. However,
most conductive hydrogels still exhibit relatively low conductiv-
ity, typically in the range of ~107> to 10' S cm™. This limitation
primarily arises from high contact resistance between adjacent
conductive fillers or from the inherently low conductivity of
certain fillers, such as carbon-based materials—even when used
at high loading levels. Therefore, achieving an electrically stable
hydrogel host electrode with exceptionally high electrical con-
ductivity (exceeding 10* S cm™) remains a significant challenge,
particularly when conductive components are directly deposited
onto the surface of wet and insulating hydrogels through com-
plementary interfacial interaction, rather than incorporated via
simple solution blending or slurry casting. Although interfacial
printing, hot pressing, and interfacial metal-assembly approaches
(e.g., galvanic replacement, electroless deposition, and in situ
metal-ion reduction) have been explored to create conductive
metallic structures, these methods often provide limited control
over NP organization and exhibit weak adhesion to soft, water-
rich hydrogel interfaces [42-45]. Similarly, previously reported
soft electrode (i.e., elastomer-based electrode) typically rely
on bulk mixing or surface-coating strategies that offer poor
nanostructural controllability and inadequate anchoring sites for
enzymes, rendering them unsuitable for high-performance EBFC
electrodes [46]. More critically, these approaches fail to provide
stable enzyme immobilization—an essential requirement for
sustained EBFC operation. To date, none of these methods have
been successfully applied to hydrogel-based EBFC electrodes,
underscoring a major barrier to developing high-performance
hydrogel bioelectrodes [47-50].

In this study, we introduce a micro-corrugated hydrogel electrode
for high-performance EBFC, which delivers both high power
output and long-term operational stability through capillary
force- and interfacial interaction-driven in situ assembly of metal
NPs onto the wet hydrogel surface and enzyme layer (Figure 1).
These combined strategies enable the formation of a hydrogel
host electrode with bulk metal-like electrical conductivity (~8.4
x 10* S cm™), micro-corrugated structure, robust mechanical
integrity, and strong enzyme immobilization through a sim-
ple, scalable dipping deposition method. Critically, the enzyme
immobilization used in our system is not based on weak physical
adsorption, but instead driven by strong interfacial interactions—
specifically, covalent bonding—between the hydrogel surface and
amino acid functional groups of the enzymes, thereby ensuring
stability and activity of the immobilized enzymes.

To fabricate the highly conductive hydrogel, we first synthe-
sized a copolymerized poly(acrylic acid)-poly(acrylamide) (PAA-
co-PAAm) hydrogel incorporating poly(ethylene imine) (PEI),
which was then immersed in a toluene solution containing
tetra(octylammonium) (TOA)-stabilized Au nanoparticles (TOA-
Au NPs). This process led to the formation of vertically and
laterally dense Au NP arrays on the hydrogel surface, driven
by continuous capillary transport and ligand exchange reactions
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FIGURE 1 | Schematic illustration of the metallic TOA-Au NPs hydrogel (n-MTAH) using capillary force and ligand exchange-induced metal
nanoparticle assembly.
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(LER) between the NH,-functionalized PEI within the aqueous-
phase hydrogel and the weakly bound TOA ligands on the Au
NPs dispersed in the nonpolar solvent. The resulting electrode
achieved a high electrical conductivity of approximately 8.4 x 10*
S cm™, surpassing all previously reported hydrogel electrodes,
including ion-embedded hydrogels [51-54], conductive polymer-
incorporated hydrogels [36-40], conductive filler-incorporated
hydrogels [30-35], and conductive material-coated hydrogels
[42-45, 55] (Table S1).

For the EBFC anode, GOx was layer-by-layer (LbL) assembled
with TOA-Au NPs onto the conductive hydrogel via the same
LER mechanism, where the NH, groups in the amino acid
residues of enzyme interact with the TOA ligands. For the
cathode, Pt—chosen for its excellent oxygen reduction reaction
(ORR) activity—was deposited onto the conductive hydrogel
to complete the device architecture. The resulting hybrid-type
EBFCs, composed of a covalently enzyme-linked hydrogel anode
and a Pt-modified hydrogel cathode, exhibited a maximum areal
power density of ~3.7mW cm~2 with an OCV 0f 0.95V at a glucose
concentration of 300 mmol L. Even under physiological glucose
conditions (10 mmol L), the EBFCs maintained an impressive
areal power density of ~2.4 mW cm™2, with an OCV of approxi-
mately 0.92 V. Furthermore, the devices retained approximately
80% of their initial power output (corresponding to 1.9 mW cm™2)
after 30 days of continuous operation, confirming their excellent
operational durability. We believe that our approach establishes
a promising design platform for hydrogel-based EBFCs, offering
not only efficient electron transfer and strong enzyme retention,
but also long-term reliability, which are essential for future
bioelectronic and biomedical applications.

2 | Results and Discussion

2.1 | Design and Preparation of Hydrogel
Electrodes

To prepare conductive hydrogel host electrode (Figure 2a), we
first synthesized a PAA-co-PAAm hydrogel template (Figure S1).
This template was subsequently immersed in NH,-functionalized
PEI (M,, ~800) solution at pH 11, with a concentration of 20 mg
mL™, to incorporate PEI into the hydrogels. At this alkaline pH,
a significant portion of the carboxylic acid (COOH) groups in
PAA component (pK, of PAA ~4.5, i.e., the pH at which 50% of
the groups are ionized) of the hydrogels were deprotonated to
form carboxylate ions (COO~), while the PEI component (pK,
~10.5) remained partially protonated. The resulting electrostatic
repulsion between the same negatively charged COO~ groups
caused the hydrogel to swell to more than six times its original
volume (Figure S2).

On the other hand, hydrogels prepared using high-molecular-
weight PEI (Mw ~ 25,000) (i.e., PEI ~ 25,000-hydrogel) exhibited
a markedly reduced swelling ratio (~113%) compared to those
prepared with low-molecular-weight PEI (Mw ~ 800) (i.e., PEI
~ 800-hydrogel). This diminished swelling behavior indicates
the formation of a denser polymer network, likely arising from
the limited diffusivity and restricted mobility of the longer
PEI chains within the hydrogel matrix (Figure S3). Consistent
with this interpretation, the PEI ~ 25,000-hydrogel displayed a

significantly higher Young’s modulus (~360 kPa) than the PEI
~ 800-hydrogel (~65 kPa), confirming the emergence of a much
stiffer and less compliant network structure (Figure S4).

Based on these results, the swollen PEI-hydrogel was subse-
quently immersed in a toluene solution containing TOA-Au
NPs with diameters of approximately 8 nm (Figure S5). This
treatment resulted in the formation of dense Au NP layers
on the surface of the PEI-hydrogel. Concurrently, the hydrogel
underwent substantial deswelling, with the final volume of the
Au NP-assembled PEI-hydrogel reduced to approximately 31% of
its initial swollen state (Figure S2). Additionally, as the deposition
time of the Au NPs increased, the initially adsorbed Au NPs
were gradually transformed into porous Au nanoplate films
composed of numerous Au NPs. This transformation led to a
notable increase in film thickness—from ~67 nm (after 12 h) to
~149 nm (after 72 h) (Figure 2b). It was reported that for Ag or
Au NPs with low cohesive energy, the strong metallic bonding
between adjacent metal NPs can occur when the inter-particle
separation is less than 5-7 A [56-59]. Furthermore, TOA-Au
NPs-based hydrogel electrode (shortly, TAH electrode) featured
a uniquely micro-corrugated surface morphology as confirmed
by field-emission scanning electron microscopy (FE-SEM) image
(Figure 2c). In contrast, when high-molecular-weight PEI (Mw ~
25,000) was used (i.e., PEI ~ 25,000-hydrogel), the Au nanoplates
became significantly thicker—from ~215 nm at 12 h to ~820 nm
at 72 h—reflecting more pronounced nanoparticle aggregation
and film coarsening. This excessive thickening impaired electrical
transport (Figure S6), leading to markedly lower electrical con-
ductivity (~2.2 x 10* S cm™) compared with the PEI ~ 800-based
hydrogel. Such reduced conductivity is attributed to hindered
ligand exchange and the suppressed formation of continuous,
well-connected Au pathways within the dense polymer network
(Figure S7).

This increase in Au nanoplate thickness and unique morpho-
logical evolution are primarily attributed to the NH, groups in
the incorporated PEI of TAH, which exhibit stronger binding
affinity toward Au NP surfaces than the ammonium groups of
the native TOA ligands. Specifically, the loosely bound TOA
ligands on Au NP surfaces were replaced by NH, groups of
PEI at the water/toluene interface through a continuous ligand
exchange reaction. Moreover, the continuous capillary-driven
transport of PEI from the hydrogel interior to the outer TOA-
Au NP layers sustained this ligand exchange process, thereby
facilitating the growth of thick and interconnected Au nanoplate
films. In contrast, in the case of spin-coated TOA-Au NP-coated
film without ligand exchange, the interparticle interface between
neighboring TOA-Au NPs is composed of two bulky TOA ligand
layers (M,, of TOA ~546), which prevent close contact. As a result,
this film did not undergo fusion at room temperature and was
expected to exhibit electrically insulating behavior, with a sheet
resistance exceeding ~107 Q sq~.

These observations were further supported by experiments
conducted using a two-phase liquid system composed of an
aqueous PEI solution (in water) and a toluene-based TOA-Au
NP dispersion (in toluene). As shown in Figure 2d, the dispersed
TOA-Au NPs gradually assembled into Au nanoplate layers at the
water/toluene interface. This transformation was driven by a LER
at the NP surfaces, in which the hydrophobic TOA ligands were
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FIGURE 2 | Characterization of TOA-Au NPs hydrogel (i.e., TAH). (a) Fabrication of TAH. (b) Gradual formation of porous Au NP films, with
thickness increasing from 67 nm (12 h) to 149 nm (72 h). (c) FE-SEM image of TAH electrode showing micro-corrugated surface morphology. (d) Capillary-

assisted in situ assembly and PEI-driven formation of sintered gold thin films on hydrogel.
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replaced by hydrophilic PEI molecules. As a result, the surface
character of the Au NPs shifted from hydrophobic to hydrophilic,
significantly enhancing capillary-driven PEI transport toward
the upper, initially hydrophobic TOA-Au NP layers. Moreover,
the real-time interfacial observations provided clearer insight
into the dynamic kinetics of this assembly process and offered
complementary evidence reinforcing the validity of our proposed
capillary-driven mechanism (Movie S1). This capillary action—
closely resembling the mechanism observed in the hydrogel
system—enabled continuous sintering of the Au NPs, leading
to the formation of porous Au nanoplate structures at the
interface. As a result, both the vertical and lateral dimensions
of the resulting Au NP film increased progressively as the ligand
exchange and sintering processes continued.

To further validate the interfacial chemistry governing this
assembly process, we performed time-resolved Attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectroscopy
during TOA-Au NP deposition. The TOA-derived C-H stretch-
ing bands (2,850-2,920 cm™!) gradually decreased in intensity,
confirming progressive TOA-to-PEI ligand substitution. By nor-
malizing the 10-min spectrum to 100%, the degree of exchange
(DOE) was found to increase from ~23% at 30 min to ~57%
at 120 min, demonstrating a time-dependent substitution pro-
cess approaching saturation (Figure S8). Complementary X-ray
photoelectron spectroscopy analysis further corroborated this
mechanism, revealing the stepwise emergence of Au-N coor-
dination, attenuation of the Br 3d signal, and preservation of
the metallic Au® state. Together, these spectral trends verify the
gradual replacement of TOA ligands by PEI during nanoplate
growth (Figure S9).

In contrast to previously reported NP assembly methods—which
typically yield either low-packing density monolayers or electro-
static interaction-based multilayers through a few hundreds of
multiple deposition steps [60-62]—our capillary force-induced
metal NP assembly strategy offers distinct advantages, in terms of
electrical and mechanical properties, by enabling the direct and
robust formation of conductive components on wet hydrogel sub-
strates. Using this approach, the resulting conductive hydrogels
displayed remarkably high electrical conductivity (~8.4 x 10* S
cm™!) and low sheet resistance (0.8 Q sq~!) after 72 h of immersion
(Figure 3a). The micro-corrugated architecture generated during
capillary-induced assembly also plays a key role in enhancing
electrochemical performance. As the Au nanoplate layer becomes
progressively thicker with increasing immersion time, the areal
current density rises substantially—from 0.8 mA cm™2 at 12 h to
3.0 mA cm™ at 72 h (Figure S10a,b). This structural evolution is
accompanied by improvements in electrical transport, reflected
in increased conductivity and a decrease in equivalent series
resistance (ESR) from 1.5 x 10> Q at 12 hto 1.1 X 10> Q at 72 h
(Figure S10c).

For comparison, we also fabricated the hydrogel host electrode
through electrostatic interaction between the NH;* groups of
PEI and the COO~ groups of citrate ion-stabilized Au NPs (i.e.,
anionic Au NPs) dispersed in pH 4 water. However, this method
failed to generate densely packed Au NP arrays on the hydrogel
template due to the electrostatic repulsion between the same
charged Au NPs, resulting in significantly inferior electrical
performance. Specifically, the citrate Au NPs-based hydrogel

electrode exhibited extremely low conductivity (~2.0 x 1073 S
cm™) and high sheet resistance (~1.2 x 10° Q sq™') (Figure
S11). Additionally, this hydrogel electrode exhibited relatively
flat and smooth surface morphology due to extremely low
packing density (< 30%) [62, 63] of electrostatic interaction-
induced Au NP arrays, which was in stark contrast to the TAH
with the swelling-deswelling-induced micro-corrugated surface
morphology.

With their excellent electrical characteristics, the TAH electrodes
exhibited remarkable mechanical flexibility. They retained their
conductive properties during both bending (with a bending radius
(R) of ~1 mm) and stretching conditions. Notably, the TAH
electrode maintained its electrical performance over 10000 cycles
of 100% uniaxial stretching at a strain rate of 1 ™!, demonstrating
exceptional durability under repetitive mechanical deformation
(Figure 3b,c). Furthermore, the TAH electrodes endured a variety
of deformations—including bending, crumpling, twisting, and
stretching—without compromising structural integrity (Figure
S12). These results clearly demonstrate that the TAH assem-
bled from densely packed TOA-Au NPs achieves outstanding
electrical conductivity, outperforming not only the citrate Au
NPs-based hydrogel but also most previously reported conductive
hydrogels, as summarized in Figure 3d and Table S1. Notably,
TAH maintains its high conductivity even under applied strain,
demonstrating excellent mechanical-electrical stability for flex-
ible bioelectronic applications. In addition to the 10,000-cycle
durability assessment, the electrochemical stability of the TAH
was further evaluated under mechanically deformed conditions.
During cyclic release-stretch operation (0-50% strain), the TAH
exhibited highly consistent cyclic voltammetry (CV) responses,
showing less than a 22% decrease in anodic current density over
the first 20 cycles. This result confirms that the electrode main-
tains stable charge-transfer characteristics even under dynamic
mechanical strain (Figure S13).

The micro-corrugated structure of the TAH is expected to offer
superior electrochemical performance as a host electrode com-
pared to conventional electrodes with flat and smooth structures.
First, as confirmed by FE-SEM and optical microscopy, the TAH
exhibited a distinct corrugated structure, in stark contrast to the
flat surface of the citrate Au NPs-based hydrogel prepared via
electrostatic interactions (Figure 4a,b; Figure S14). This unique
structure arises from the capillary-assisted assembly of TOA-
Au NP on the PEI-hydrogel, followed by swelling-deswelling
dynamics. Notably, the corrugated structure of the TAH can
enhance the electrochemical performance of the electrode by
increasing the effective surface area at the electrode-electrolyte
interface.

For confirming this possibility, we compared the electrochemical
performance of the TAH with that of a citrate Au NPs-based
hydrogel. Although Au nanoparticles inherently produce a small
background oxidation current in phosphate-buffered saline (PBS)
due to their intrinsic surface redox activity, this contribution is
negligible relative to the catalytic response of the TAH. As shown
in Figure 4c and Figure S15, the TAH exhibited a markedly higher
areal current density of 3.0 mA cm™ at +0.6 V, whereas the
citrate-Au NP hydrogel generated only 5.2 X 10~ mA cm™2. This
stark contrast confirms that the electrochemical response of the
TAH arises predominantly from its engineered micro-corrugated

6 of 16

Small, 2026

85UB017 SUOLUWIOD dA11eR1D) 9|l dde au) Aq peuenol a1e sajolue YO 9SN J0 Sa|nJ 10} Aeiq1T 8UlUO /8|1 U (SUORIPUOD-PUE-SWLBIALO" A |IM ATl 1[Bu 1 UO//:SdNY) SUOTIPUOD pue SWs 1 841 39S *[9202/60/80] U0 Akeiqiauliuo A8]im ‘Aisienlun feuoiieN uombueyl Aq 8TEZTSZ0Z 1ILUS/Z00T OT/I0p/Lo" A | Im Ale.d jpul|uoy/sdny Wwo.j pepeojumod ‘T ‘9202 ‘62895TT



a
~ 10 10
‘TO_ a
»n 8.4 x104S cm™! e >
c 8 18 =
= 3]
=]
g of {6 2
S o
2 4t {a 3
o 2
. 2 i il 2 t;
o [}
@ —
=0 N N i 5 i : w
® "0 12 24 36 48 60 72
Loading Time (h)
C

Bending

To————y=

£'°‘°‘°‘°"°'823: =

-9-9-9-9-9-07"
0 2000 4000 6000 8000 10000

Cycle number

Resistance Change (AR/R))

FIGURE 3 |

o

(x10°, S cm™)

Stretched Strain (%)

.0 50 100 150 200
< 3 T T :

® —Q@— Bending

2 —Q@— Stretching

o

o 2f

c

P /‘
(8]

g 1 °

£ e

2 ohfa 1

o 14 12 10 8 6 4 2

Radius of Curvature (mm)

1)Q.

- - Our work (TAH)

Using conductive fillers

~@~ LM/CNT [ref. 30]

~A=LM and Ni NWs [ref. 31)

~ M- Gold nanosheets [ref. 32]

L . —Y- —X7- —T7. ~@- Ag flakes [ref. 33]
—N- \g V ‘V ~@-Ag NWs [ref, 35]

Using conductive mers

-
o
S
T

m
3
LY
X

-
o
S

_’ =&~ OhPEVPAA [ref. 36
5 <X PAA-PEDOT.PSS [ref. 37]
i SRR

=g~ Conductive material (LM)-printed

hydrogel [ref. 42)
~O- lon-embeded PAM-AMPS ref. 53]

’ 90-0-9.9.¢-
10| - i -0
0 i Ds iz o 2 ..... 7 2 . .,
10° ‘ ; '
0 200 400 600 800

Electrical Conductivity (S ¢
=)

Stretched strain (%)

Characterization of TAH. (a) Loading time-dependent evolution of sheet resistance and electrical conductivity. (b) Comparison of

electrical conductivity and stretchability between TAH (our study) and previously reported hydrogel-based electrodes. (c) Resistance changes (AR/R))

in TAH as a function of bending (blue) and stretching (red) radius (R). (d) Resistance changes (AR/R,) and photographs (insets) of TAH under bending

(blue) and stretching (red), during 10000 cycles at a tensile strain of 100%.

conductive architecture rather than from the intrinsic faradaic
activity of Au NPs.

Furthermore, electrochemical impedance spectroscopy (EIS)
revealed additional advantages of the TAH. Specifically, it exhib-
ited a much lowerESR of 1.1 x 10> Q compared to ~4.2 X 10* Q
for the citrate Au NPs-based hydrogel (Figure 4d; Figure S16).
The TAH also displayed a steeper Warburg slope in the low-
frequency region, indicating enhanced ion diffusion and charge
transport behavior. In long-term stability tests conducted over
30 days in PBS, the TAH maintained 72% of its initial current
density, whereas the citrate Au NPs-based hydrogel retained only
~18% (Figure 4e; Figure S17), further demonstrating the superior
operational durability of the TAH.

To further assess the structural merits of our approach, we
also prepared a control electrode by sputtering a thin Au layer
directly onto the hydrogel (i.e., Au-sputtered hydrogel). While
this control electrode exhibited high electrical conductivity (~2.2
x 10> S cm™) and low sheet resistance (0.2 Q sq™) (Figure
S11), its electrochemical performance was poor, with a low areal
current density of only 7.5 X 1072 mA cm~2 and a relatively
high ESR of ~4.3 x 10> Q (Figures S15¢c and S16¢). Moreover,
severe surface delamination and degradation were observed dur-
ing electrochemical operation, significantly undermining both
performance and stability (Figures S17 and S18). These structural
failures render the Au-sputtered hydrogel unsuitable as a reliable
host electrode for electrochemical applications.

The structural durability of the TAHs was evaluated through
a rigorous 100-day cyclic test involving repeated air-drying and
immersion in PBS (Figure S19a). The TAHs demonstrated excel-
lent resilience, retaining 81% of its initial conductivity (6.8 x 10* S
cm™) after 30 days and 63% (5.3 X 10* S cm™!) after 100 days. Upon
re-immersion in PBS, partial reswelling occurred, which slightly
reduced the electrical conductivity but fully preserved the overall
corrugated architecture (Figure S19b,c). This reversible structural
response highlights the hydrogel’s robustness and adaptability
under prolonged environmental stress. Additionally, the out-
standing electrical performance of the TAH is primarily attributed
to its interconnected and micro-corrugated Au nanoplate. This
unique integration of high electrical conductivity, mechanical
integrity, and long-term stability can position the TAH as a
highly promising electrode platform for high-performance bio-
electrochemical systems and other flexible energy devices.

Based on these results, we sought to further enhance the electrical
conductivity of conductive TAH. To achieve this, the TOA-Au NPs
were additionally assembled onto the TAH via a LbL assembly
process using NH,-functionalized small molecular linkers, such
as tris-(2-aminoethyl)amine (TREN) (M,, ~146). In this case,
bulky TOA groups loosely bound to the Au NP surface were
replaced by NH, groups of TREN through LER—similar to the
previously described system involving PEI-hydrogel and TOA-
Au NPs—which was confirmed by FTIR spectroscopy (Figure
S20). This additional LbL assembly of TOA-Au NPs with TREN
significantly improved the electrical conductivity of the TAH by
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FIGURE 4 | Comparison of Au-based hydrogel, such as TAH and citrate Au NPs hydrogel. (a) Photograph (left side) and planar FE-SEM images
of TAH. (b) Photograph (left side) and planer FE-SEM images of citrate Au NPs hydrogel. (c) CV curves of Au-based hydrogels in PBS solution. (d)
Nyquist plots of Au-based hydrogels in PBS solution. The inset shows the magnified Nyquist plot of TAH, highlighting its significantly lower impedance
compared to the citrate Au NPs hydrogel. (e) Long-term stability of each Au-based hydrogel in PBS solution over 30 days. The TAH retained 72% of its
initial current density (I = 3.0 mA cm~2, I = 2.1 mA cm~2), showing superior long-term stability. In contrast, the citrate Au NPs hydrogel maintained
only 18% (Iy =52 x10"* mA cm™2 I=9.4 x 107> mA cm™2).
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facilitating the displacement of terminal TOA ligands, thereby
promoting closer interparticle contact and reducing interfacial
resistance. Additionally, increasing the bilayer number (n) of
(TOA-Au NP/TREN), multilayers on the TAH from 1 to 5 led
to a significant enhancement in the electrical conductivity of
the resulting (TOA-Au NP/TREN), /TAH electrodes, with values
rising from ~11 x 10° to ~1.5 X 10° S cm™ (Figure S21),
approaching those of bulk metals. This metallic TOA-Au NPs
hydrogel electrode is hereafter referred to as n-MTAH, where n
denotes the number of TOA-Au NP/TREN bilayers. Although
further increasing the bilayer number may improve electrical
conductivity even more, the maximum bilayer number was
limited to 5 in consideration of fabrication efficiency and process
scalability. The electrode with five bilayers (n = 5) is hereafter
referred to as 5-MTAH.

Building on these findings, we further evaluated the mechanical
properties of the PEI-hydrogel, TAH, and highly conductive 5-
MTAH electrodes by analyzing their stress—strain profiles (Figure
S22). First, the PEI-hydrogel exhibited a Young’s modulus of
65 kPa and an elongation-at-break of approximately 289%, indi-
cating excellent softness and stretchability. Additionally, TAH
demonstrated a young’s modulus of 181 kPa and an elongation-
at-break of approximately 222%. To elucidate the influence of
PEI molecular weight, we directly compared TAH electrodes
fabricated using PEI ~ 800 and PEI ~ 25,000. Consistent with
the denser polymer network formed by high-molecular-weight
PEI, the TAH based on PEI ~ 25,000 exhibited substantially
increased stiffness and reduced stretchability (Figure S23). On the
other hand, the 5-MTAH electrode, in which the Au nanoplates
were further fused and thickened, displayed a slightly higher
modulus (182 kPa) and a reduced elongation-at-break (~222%).
This mechanical behavior is attributed to the presence of
rigid, interconnected Au nanoplate domains, which significantly
enhance electrical conductivity but moderately compromise flex-
ibility. Nevertheless, the n-MTAH electrodes maintain a favorable
balance between mechanical compliance and electrical perfor-
mance. These results collectively underscore the multifunctional
characteristics of the hydrogel-based electrode—offering high
electrical conductivity, mechanical durability, and a large elec-
troactive surface area—which position it as a promising platform
for next-generation wearable energy systems, particularly for
highly flexible and stretchable EBFCs.

2.2 | Preparation and Performance of Hydrogel
Anode

Based on these results, we fabricated hydrogel-based anodes (for
EBFC) by performing repetitive LbL assembly of GOx (in water)
and TOA-Au NPs (in toluene) onto 5-MTAH host electrode. In
this configuration, the TOA-Au NPs serve as conductive linkers
bridging vertically adjacent GOx layers, thereby facilitating effi-
cient electron transport throughout the multilayered structure
(Figures 1 and 5a).

First, we evaluated the electrochemical performance of n-MTAH
host electrodes with varying bilayer numbers (n =1 to 5) using
CV at a scan rate of 5 mV s in PBS (20 mmol L7}, pH 7.4)
under ambient conditions. As the bilayer number (1) of (TOA-Au
NP/TREN), multilayers increased, the anodic current density at

+0.6 V progressively rose from 3.2 mA cm =2 (n =1) to 3.8 mA cm™>

(n=5), which can be attributed to the increased electroactive sur-
face area provided by the additional Au NP layers (Figure S24a,b).
EIS analysis supported these observations, showing a consistent
decrease in ESR from approximately 98 Q (n = 1) to 60 Q (n
= 5) (Figure S24c). These results collectively indicate enhanced
electron transfer kinetics and reduced overall impedance with
increasing bilayer number. Based on these findings, 5-MTAH was
selected as the optimized host electrode for the preparation of
anode via GOx immobilization.

Subsequently, GOx was immobilized onto the 5-MTAH elec-
trode via additional LbL assembly with TOA-Au NPs, forming
(GOx/TOA-Au NP),, multilayers. The resulting hydrogel-based
anode is hereafter referred to as m-GOx-5-MTAH. This assembly
was conducted in PBS at room temperature. Notably, the NH,
moieties of the amino acid residues in GOx exhibit strong
affinity toward the Au NP surface, thereby facilitating ligand
exchange between GOx and the weakly bound TOA ligands
on the nanoparticles. This substitution process results in the
formation of interfacial amide/N-Au covalent (or coordination)
bonds, as evidenced by the reciprocal spectral evolution observed
in the UV-vis and FTIR analyses (Figures S25 and S26). Fur-
thermore, QCM measurements reveal a continuous increase in
adsorbed mass with increasing bilayer number, consistent with
the progressive formation of N-Au bonds and the corresponding
accumulation of GOx on the electrode surface (Figure S27).

Importantly, our method enables direct interfacial contact
between conductive Au NPs and GOx without relying on insu-
lating organic linkers (e.g., bulky ligands bound to the Au NP
surface) or polymeric binders. Unlike electrostatically stabilized
metal NPs in aqueous media, which often suffer from strong elec-
trostatic repulsion, the hydrophobic TOA-Au NPs dispersed in
nonpolar solvents such as toluene exhibit negligible interparticle
repulsion. This allows for their dense and uniform assembly onto
the GOx layer. It is also noteworthy that the TOA-Au NP layers
used to construct the amphiphilic LbL multilayers composed of
hydrophilic GOx and hydrophobic TOA-Au NPs were the same
as those applied to the 5-MTAH, with the added feature that
GOx was nanoblended with Au NPs in both the vertical and
lateral dimensions (Figure 5a). This unique structural integration
suggests that electron transfer can be significantly enhanced not
only between adjacent GOx molecules but also between GOx and
the underlying 5-MTAH, compared to conventional slurry-cast
GOx films.

To further validate this possibility, we investigated the electro-
chemical behavior of the m-GOx-5-MTAH (Figure 5b,c; Figure
S28). As the bilayer number (m) of m-GOx-5-MTAH increased
from 1 to 7, the anodic current density showed a marked increase
up to m = 5, followed by a gradual decline (Figure 5b; Figure S29).
Concurrently, the ESR of m-GOx-5-MTAH exhibited a modest
rise from approximately 59 Q (m = 0) to approximately 127 Q
(m = 7) at 300 mmol L, suggesting that excessive multilayer
formation introduces resistive interfaces that hinder efficient
electron transfer (Figure 5c¢). The electrocatalytic response of 5-
GOx-5-MTAH was further evaluated as a function of glucose
concentration (0-300 mmol L) in PBS (pH 7.4). As the glucose
concentration increased, the anodic current density progressively
rose (Figure 5d), indicating the enhanced catalytic oxidation of
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FIGURE 5 | Electrochemical performance of m-GOx-5-MTAH. (a) Schematic illustration of the 5-GOx-5-MTAH. (b) Anodic current densities of m-
GOx-5-MTAH as a function of the bilayer number (m) at a scan rate of 5mV s™!
plots of m-GOx-5-MTAH depending on the bilayer number. (d) Anodic current densities of the 5-GOx-5-MTAH with increasing glucose concentrations

in PBS solution containing 300 mmol L™! glucose at 36.5°C. (c) Nyquist

(0-300 mmol L), as further confirmed by the normalized anodic current densities at +0.6 V shown in the inset. (¢) Normalized anodic current densities
of m-GOx-5-MTAH as function of the bilayer number.
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glucose by GOx. This correlation was further supported by the
normalized current density values, which were obtained after
subtracting background signals measured in glucose-free PBS
at +0.6 V. In parallel, the ESR values were evaluated over the
same glucose concentration range, revealing a slight increase as
the glucose concentration increased from 0 to 300 mmol L.
This increase is attributed to electron transfer associated with
the glucose oxidation reaction (Figure S30). More specifically,
higher glucose concentrations accelerate the catalytic turnover
of GOx, thereby increasing the exchange current density and
reducing the diffusion impedance, as evidenced by the more
flattened Warburg tail. Concurrently, the faster reaction rate
induces localized ionic redistribution at the hydrogel-electrolyte
interface, which slightly decreases the local ionic conductivity
and leads to a modest increase in the high-frequency series
resistance.

Additionally, to elucidate the influence of bilayer number on
catalytic performance, we systematically investigated the normal-
ized anodic current density across m = 1 to 7 (Figure 5e). A
consistent increase was observed, from 1.3 mA cm™ at m = 1
to a peak of 9.3 mA cm~? at m = 5, indicating that progressive
LbL assembly significantly enhances GOx activity. Notably, the
5-GOx-5-MTAH electrode exhibited a maximum areal current
density of 17.9 mA cm™2, affirming that the observed enhance-
ment is primarily attributed to glucose oxidation catalyzed by
GOx. However, further increasing the bilayer number to m = 7
resulted in a reduced areal current density of 16.5 mA cm~2, due to
mass transport limitations, increased steric hindrance, or elevated
interfacial resistance within the overly thick multilayer structure.
The active-enzyme surface coverage of the optimized m-GOx-5-
MTAH electrode (m = 5) was determined to be 2.1 x 1078 mol
cm~2, which corresponds well with values reported for densely
packed enzyme multilayers in high-performance EBFC systems
[19, 64]. These findings suggest that a bilayer number of m = 5
offers the optimal configuration for maximizing electron transfer
efficiency and catalytic performance, highlighting the critical
role of LbL engineering in fine-tuning enzymatic electrode
architectures.

To further explore the electron transfer kinetics of the optimized
5-GOx-5-MTAH, the Laviron model was applied to estimate
the apparent heterogeneous electron transfer rate constant (k)
[65]. The CV was performed at various scan rates (v), and the
resulting anodic and cathodic peak current densities increased
linearly with scan rate, indicating a surface-controlled quasi-
reversible redox process (Figure S31a,b). With increasing the
scan rate, the peak-to-peak potential separation (4E, = E,,—
E,.) also increased. A linear relationship between (E—E’) and
log(v) allowed extraction of k, value (Figure S3l1c), yielding
3.7 £ 0.2 s7! for 5-GOx-5-MTAH—indicating efficient catalytic
kinetics at the electrode-enzyme interface. This high rate con-
stant is supported by a relatively small AE, of 83 mV at a scan
rate of 100 mV s7!, and it surpasses values reported for other
electrode systems such as carbon nanomaterials (2.1 s7!) [66],
conducting polymers (2.2s™") [67], and metal-organic composites
(1.1s71) [68]. In surface-controlled electrochemical systems, a AE,
below 200 mV generally reflects a fast heterogeneous electron
transfer process; thus, the small AE, observed here confirms
effective enzyme immobilization and rapid electron exchange at
the bioelectrode interface [65]. Moreover, to evaluate the catalytic

activity and substrate affinity of the immobilized enzyme under
low-glucose conditions, we analyzed the current response of the
5-GOx-5-MTAH anode using the Michaelis-Menten model and
constructed a Lineweaver-Burk plot [69]. The 5-GOx-5-MTAH
electrode exhibited a linear current response to glucose in the
range of 0-10 mmol L™ (Figure S32). From the slope and inter-
cept of the Lineweaver-Burk equation, the Michaelis—-Menten
constant K,¥ was estimated to be approximately 3.4 mmol L7},
indicating that the immobilized GOx retained a strong affinity
toward glucose. To assess the effect of multilayer assembly
on the electron transfer rate, the k, values were additionally
determined for the 1-GOx-5-MTAH (Figure S33). This comparison
highlights the beneficial impact of the additional (GOx/TOA-
Au NP),, multilayers in promoting faster interfacial electron
transfer.

The operational stability of the 5-GOx-5-MTAH anode was
further assessed through individual chronoamperometric mea-
surements. After 48 h of continuous operation, the anode retained
~87% of its initial current densities (15.6 mA cm~2) (Figure S34).
We also evaluated the long-term operational stability of the 5-
GOx-5-MTAH electrode over 20 days and examined the possibility
of enzyme leaching during continuous operation. To monitor
potential release of GOx, UV-vis spectra of the 10 mmol L™!
glucose solution used for daily electrochemical measurements
were recorded over 15 days (Figure S35a). No characteristic GOx
absorption peak was detected during this period, indicating that
enzyme leaching from the 5-GOx-5-MTAH electrode did not
occur. In parallel, the electrical conductivity of the electrode
was measured daily while subjecting the electrode to fatigue
tests involving repeated swelling (wet state) and deswelling (dry
state). As shown in Figure S35b, no significant decrease in
conductivity was observed over 20 days, confirming that the
intrinsic electrical stability of the electrode was well maintained.
Despite the absence of enzyme leaching and the preservation of
electrical conductivity, long-term electrochemical measurements
revealed a gradual decrease in EBFC performance during contin-
uous operation (Figure S35c). This decline is therefore attributed
to the inevitable loss of enzymatic activity over extended
operation, rather than to electrode degradation or enzyme
detachment.

These high anodic current densities and prolonged operational
stability are primarily attributed to the synergistic effects of
the (GOx/TOA-Au NP), multilayer assemblies and the micro-
corrugated architecture of the hydrogel-based electrodes, which
collectively enhance electron transport efficiency and mechanical
robustness.

2.3 | Preparation and Performance of Hydrogel
Cathode

The 5-MTAH platform also functions effectively as a cathodic
host in EBFCs, where the ORR critically influences both elec-
trochemical efficiency and long-term stability. Enhancing ORR
activity is therefore key to improving overall device performance.
In this context, embedding Au NPs within the micro-corrugated
structure of 5-MTAH provides synergistic benefits. Specifically,
the large electroactive surface area and the intrinsic catalytic
properties of Au NPs facilitate efficient ORR kinetics, while the
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corrugated morphology increases the density of accessible active
sites, promoting faster reaction rates.

To further boost ORR performance, platinum (Pt)—a benchmark
ORR catalyst—was introduced as a co-catalyst. This was achieved
by immersing 5-MTAH in a Pt precursor solution followed by
chemical reduction using sodium borohydride (NaBH,). The
resulting Pt-modified structure (Pt-5-MTAH) exhibited uniform
Pt deposition without disrupting the underlying structure (Figure
S36).

Based on these results, the ORR performance was evaluated in
PBS under nitrogen-saturated, oxygen-saturated, and ambient
conditions (Figure S37). At —0.6 V (vs. Ag/AgCl), the areal current
densities for Pt-5-MTAH were —17.6 mA cm~2 (N,), —34.0 mA
cm~2 (ambient), and —53.3 mA cm~2 (O,). When normalized to
the N, baseline, the cathodic current densities under ambient and
0, conditions were —16.4 and —35.7 mA cm™2, respectively. In
comparison, pristine 5>-MTAH (without Pt) exhibited significantly
lower current densities under the same conditions: —1.7 mA
cm~2 (N,), —3.1 mA cm~2? (ambient), and —3.9 mA cm~2 (O,),
confirming the superior catalytic activity of Pt-5-MTAH (Figure
S38).

The long-term operational stability of Pt-5>-MTAH was also
assessed under ambient PBS conditions. The Pt-modified elec-
trode retained ~82% of its initial current density after 30
days, whereas pristine 5-MTAH retained only ~71% over the
same period (Figure S39). Collectively, these results demonstrate
that Pt-5>-MTAH achieves substantially enhanced ORR activity,
improved charge transfer efficiency, and stable long-term oper-
ation, driven by the synergistic combination of highly active Pt
catalysts and the robust, electroactive 5-MTAH host electrode.

2.4 | Power Output and Efficiency of
Hydrogel-Based EBFCs

To evaluate the practical performance of hydrogel-based EBFCs,
the devices were assembled by pairing the 5-GOx-5-MTAH anode
with either a Pt-5-MTAH or a pristine 5-MTAH cathode. All
tests were conducted in PBS containing 300 or 10 mmol L™
glucose under ambient conditions (Figure 6a). Stationary power
output measurements were performed using external resistances
ranging from 1 kQ to 10 MQ to minimize parasitic currents. In
300 mmol L™! glucose, the complete EBFC (5-GOx-5-MTAH/Pt-
5-MTAH) achieved a maximum power density of ~3.7 mW
cm~2 (corresponding to a volumetric power density of ~112 mW
cm™3), approximately 2.3 times higher than the Pt-free device
(5-GOx-5-MTAH/5-MTAH), which reached ~1.6 mW c¢cm™2 (cor-
responding to a volumetric power density of ~48 mW cm™)
(Figure 6b; Figure S40a,b). Similarly, in 10 mmol L™ glucose,
the complete EBFC delivered ~2.4 mW cm™2, outperforming the
Pt-free system (~0.7 mW cm™2) by roughly 3.4-fold (Figure 6c;
Figure S40c,d). These results clearly demonstrate the superior
power performance of the complete EBFC across both low and
high glucose concentrations. This enhancement is attributed to
the synergistic pairing of the highly enzyme-active 5-GOx-5-
MTAH anode and the Pt-MTAH cathode, whose ORR activity
was optimized via NaBH, reduction. Further supporting this, the
complete EBFC exhibited high OCVs of +0.95 V (300 mmol L)

and +0.92 V (10 mmol L), significantly higher than those of the
Pt-free system (+0.76 V and +0.62 V, respectively) under ambient
conditions.

The hydrogel-based EBFCs also exhibited excellent long-term
operational stability. Under ambient conditions with 300 mmol
L™! glucose, the complete EBFC retained approximately 2.9 mW
cm~? (~78%) of its initial power density after 30 days of
continuous operation (Figure 6d). In 10 mmol L™ glucose, it
maintained ~1.9 mW cm™2 (~80%), while the Pt-free EBFC
preserved ~0.5 mW cm™ (~77%) over the same period. Voltage
retention measurements showed similar trends (Figure 6e): the
complete EBFC maintained ~84% (+0.80 V) and ~86% (+0.79 V)
of its initial OCVs in 300 and 10 mmol L™ glucose, respectively,
whereas the Pt-free EBFC retained ~81% (+0.62 V) and ~85%
(4+0.53 V) under the same conditions. During the 30-day stability
test, the electrolyte reservoir (50 mL) was periodically replen-
ished with glucose to maintain each constant concentration,
10 and 300 mmol L' This controlled-fuel condition ensured
that the EBFCs operated without significant substrate depletion,
allowing the observed performance decay to primarily reflect the
intrinsic long-term stability of the immobilized enzymes rather
than glucose exhaustion. The gradual decrease is attributed to
the natural denaturation of GOx during extended operation,
consistent with previously reported EBFC aging behavior [70].
This remarkable stability is primarily attributed to the hierar-
chical electrode design, incorporating multiple interfacial and
structural strategies: (i) capillary force- and ligand exchange-
driven integration of metal NPs between PEI and TOA-Au NPs,
(ii) covalent bonding between TREN and TOA-Au NPs, and (iii)
amphiphilic co-assembly of GOx and TOA-Au NPs.

3 | Conclusion

In this study, we demonstrated the development of hydrogel-
based EBFCs that possess highly flexible and biocompatible
properties, high electron transfer efficiency, elevated areal power
density, and long-term operational stability. These characteristics
were achieved through capillary force and ligand exchange-
induced metal NPs assemblies. Notably, the infiltrated PEI within
hydrogel acts as both a cross-linker to control the mechanical
properties of hydrogel and a strong binding linker between
hydrogel and Au NPs, as well as a transforming additive for
the formation of Au nanoplates. This process yielded a highly
conductive 5-MTAH with exceptional electrical conductivity
of ~1.5 x 10° S cm™ and micro-corrugated surface morphol-
ogy via adsorption during repetitive swelling/deswelling cycles,
which maintains highly stable electrical properties under vari-
ous mechanical stresses. When additional (GOx/TOA-Au NP),,
multilayers were LbL-assembled on the 5-MTAH as an anode and
a Pt-5-MTAH served as a cathode, the resulting hydrogel-based
EBFC exhibited an exceptional power output of ~3.7 mW cm™
and retained ~80% efficiency of its initial areal power density
even after 30 days of continuous operation. Considering that
our strategy is based on interfacial assembly to enhance both
electron transfer kinetics and enzyme immobilization, it offers
broad potential for hydrogel-based electrodes not only in EBFCs
but also in various electrochemical systems that demand high
surface area, mechanical durability, and long-term operational
stability.
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FIGURE 6 | Performance of the hydrogel-based EBFCs. (a) Schematic illustration of the EBFC system. (b) Power output of the hydrogel-based
EBFCs in PBS solutions containing 300 mmol L ! glucose at 36.5°C. (c) Power output of the hydrogel-based EBFCs in PBS solutions containing 10 mmol
L~ glucose at 36.5°C. (d) Relative power retention (P/P,) of the hydrogel-based EBFCs in PBS solutions containing 300 mmol L~ and 10 mmol L
glucose at 36.5°C. (&) Relative OCV retention (OCV/OCV),) of the hydrogel-based EBFCs in PBS solutions containing 300 mmol L~! glucose and 10 mmol

L' glucose at 36.5°C.
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4 | Experimental Section

The detailed experimental information is available in the part of
the Supporting Information.
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