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The hyperglycemic environment in diabetic patients weakens the endogenous electric field at the wound site,
hindering healing and leading to chronic non-healing ulcers. This study proposes a glucose-powered bio-
electronic patch (GBP) designed to utilize endogenous glucose to generate electrical energy and restore the
electric field at the wound edge, thereby promoting healing and improving therapeutic outcomes. We construct a
three-dimensional flexible electrode framework using bacterial cellulose (BC), which efficiently fixes platinum
particles and absorbs local tissue fluid to facilitate platinum-catalyzed reactions. Additionally, a maze-like ox-
ygen-limiting structure is introduced to enable selective reactions of glucose and oxygen at the anode/cathode,
optimizing the reaction interface and mass transport. The GBP achieve a peak power density of 96.57 pW cm 2
and can maintain stable high-voltage output for nearly one week, with a performance retention rate of
approximately 87% of the initial value. In a diabetic wound model, the patch enhances the endogenous electric
field and synergistically exerts multiple biological functions including antibacterial, anti-inflammatory, and anti-
adhesion effects, significantly accelerating the wound repair process. This study not only improves the electrical
output performance of abiotic-catalyzed glucose fuel cells (GFCs) but also provides new insights into endogenous
energy-based electrical stimulation therapy. It holds important reference value for the development of self-
powered bioelectronic devices and the clinical management of diabetic non-healing wounds.

Introduction angiogenesis, and dysregulates immune cells such as macrophages. At

the same time, endogenous electric fields are significantly weakened.

Globally, diabetes and its associated complications are emerging as
an increasingly severe public health challenge. Clinical studies indicate
that approximately 15—25% of diabetic patients develop foot ulcers
[1-3]. These wounds heal slowly, are prone to infection, and signifi-
cantly increase the risk of amputation [4]. Severely impacting their
quality of life and imposing a heavy socioeconomic burden.

Persistent hyperglycemia in diabetic wounds easily induces chronic
inflammation and recurrent infections, suppresses fibroblast prolifera-
tion and collagen synthesis, impairs endothelial cell function, disrupts
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These factors collectively creating a hostile microenvironment that ob-
structs tissue repair, causing the wounds to trapped in a prolonged in-
flammatory phase, preventing them from progressing smoothly into the
proliferation and remodeling stages [5]. Therefore, actively intervening
to remodel the wound microenvironment has become a central focus in
the treatment of diabetic wounds. Traditional dressings generally pro-
vide protection by covering the wound, but they fail to fundamentally
improve the pathological microenvironment caused by local hypergly-
cemia, leading to issues such as limited functionality and secondary
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damage from dressing removal [6,7]. These limitations result in sub-
optimal treatment outcomes. Therefore, developing an efficient, safe,
and actively regulating treatment strategy for diabetic wounds has
become a key research direction in the fields of medicine and
biomaterials.

In recent years, electrical stimulation therapy has attracted consid-
erable interest due to its significant potential in promoting tissue repair.
Studies have shown that exogenous electrical stimulation can simulate
and enhance endogenous electrical signals, thereby promoting the
migration of keratinocytes, fibroblasts, and endothelial cells, improving
collagen deposition and angiogenesis [8,9]. Furthermore, electrical
stimulation regulates the migration and activation of immune cells,
modulating the inflammatory response at the wound site, thus pro-
moting wound closure [10,11]. However, despite the promising outlook
for electrical stimulation therapy, conventional devices frequently rely
on external power sources, which poses challenges such as limited
portability, safety concerns, and inadequate control precision.

With advances in flexible electronics [12] and bioenergy harvesting
technologies [13], flexible self-powered devices provide new opportu-
nities for diabetic wound management [14]. Among these, thermo-
electric devices require a temperature gradient [15], photovoltaic
devices rely on external light sources [16], and mechanical energy-
driven technologies, such as triboelectric [17,18] and piezoelectric
systems [19], require mechanical force stimulation. However, the
wound environment often fails to provide the ideal power sources,
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leading to instability and unsustainability, which limits their wide-
spread clinical application.

Glucose fuel cells (GFCs), as an emerging bioenergy conversion
technology, can utilize the glucose abundantly present in bodily fluids as
a fuel, generating stable electric field continuously through electro-
chemical reactions [20-22]. Notably, while generating electricity, GFCs
can also effectively lower local glucose concentrations, offering unique
therapeutic advantages for hyperglycemia-associated diabetic wounds
[23]. However, electrical stimulation alone is insufficient to address the
complex microenvironment of diabetic wounds. An ideal wound patch
should exhibit multifunctionality: possessing strong antimicrobial
properties to combat drug-resistant bacterial infections in the high-
glucose environment, anti-inflammatory effects to mitigate persistent
inflammation and anti-adhesive characteristics to prevent secondary
damage [24,25].

Based on the considerations above, this study presents a flexible
glucose-powered bioelectronic patch (GBP). (Fig. 1A-B). The GBP em-
ploys in situ reduction technology and electrochemical co-deposition to
fabricate platinum nanoparticles (PtNPs) and deposited PtNPs (DPtNPs)
on a BC three-dimensional scaffold, constructing a maze-like oxygen-
limiting structure. It harnesses glucose in the tissue fluid as its driving
force, selectively catalyzing glucose oxidation reactions at the anode and
oxygen reduction reactions at the cathode, generating a stable and safe
electric field at the wound site. The main body of the dressing uses a
bacterial cellulose (BC) scaffold, which provides anti-adhesive

-»

Proliferation

— Hydrogel Isolation

Anti-inflammation

O Glucose

@ ) PtNPs and DPtNPs O ROS

M2 Cell <<» Fibroblast

Collagen

Fig. 1. Flexible GBP enhances endogenous electric fields, synergistically promoting antibacterial, anti-inflammatory, and anti-adhesion effects to accelerate the
healing of diabetic wounds. (A) Schematic illustration of a self-powered GFC-based GBP for the treatment of diabetic wounds. (B) Schematic diagram of the working
principle of the GBP. (C) Schematic illustration of the antimicrobial mechanism of the patch. (D) Schematic illustration of the anti-adhesion mechanism of the patch.
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properties to prevent secondary damage. The silver-plated back layer
acts as the electrode, ensuring efficient electronic conductivity while
continuously releasing Ag ions to exhibit antimicrobial properties and
reduce the risk of wound infection. The GBP can conform to irregular
wound surfaces, enhance endogenous electric fields, and combine
antimicrobial, anti-inflammatory, and anti-adhesive effects, actively
improving the microenvironment of chronic diabetic wounds and pro-
moting healing. As a self-powered, active repair strategy that does not
rely on external power sources, the GBP can enhance the quality and
speed of wound healing, overcoming the limitations of current clinical
treatments for hard-to-heal wounds such as diabetic foot ulcers, and has
broad clinical application prospects.

Results and discussion

Preparation and characterization of electrode patch

To construct flexible and efficient electrodes for GFCs, Ag/DPtNPs/
BC/PtNPs (ADBP) anodes and Ag/DPtNPs/BC (ADB) cathodes were
fabricated. BC, with its three-dimensional porous architecture, was
employed as the scaffold due to its ability to support metal catalyst
anchoring and facilitates electron and mass transport. The electrodes
fabrication process is illustrated in Fig. 2A. For the anode, BC/PtNPs
were synthesized via a multistep in situ reduction process and freeze-
dried to completely remove residual moisture. A silver layer was then
deposited on the surface via magnetron sputtering to serve as the current
collector, resulting in the ABP electrode. For the cathode, a pretreated
BC membrane was used to construct the AB electrode using the same
freeze-drying and sputtering process. Subsequently, the ABP and AB
electrodes were individually immersed in the mixed electrolyte for
electrochemical co-deposition of DPtNPs (Fig. S4), ultimately producing
the ADBP anode and ADB cathode.

In the ADBP anode, the BC/PtNPs layer served as the diffusion layer,
facilitating the continuous capture and consumption of trace dissolved
oxygen. In contrast, the subsequently DPtNPs acted as the primary cat-
alytic sites for glucose oxidation, thereby driving the anodic reaction
and enabling a clear functional separation between mass transport
regulation and electrochemical catalysis (Fig. S1A). In the ADB cathode,
the same DPtNPs served as an oxygen reduction layer, facilitating effi-
cient cathodic oxygen reduction reactions (Fig. S1B). This design
effectively integrates both catalytic and diffusion layers, enhancing the
performance of GFCs by ensuring efficient glucose oxidation at the
anode and oxygen reduction at the cathode.

Fig. 2B presents a scanning electron microscope (SEM) image of the
BC/PtNPs membrane. The BC matrix exhibits a layered, three-
dimensional network structure that facilitates the uniform distribution
of catalytically active PtNPs. The uniform dispersion of PtNPs is further
confirmed by the magnified SEM image (Fig. 2C) and corresponding
energy dispersive X-ray spectroscopy (EDS) maps (Fig. 2D) Statistical
analysis of the enlarged SEM images indicates an average size of 74.0 +
21.4 nm (Fig. 2E). Moreover, the mass fraction of PtNPs in the BC/PtNPs
membrane is approximately 75.8% (Fig. S2).

To further characterize the prepared BC/PtNPs, X-ray diffraction
(XRD) patterns were analyzed. As shown in Fig. 2F, BC exhibits two
intense diffraction peaks at 14.5° and 22.7°, along with a minor peak at
16.8°, indicating good crystallinity. After loading PtNPs, the intensity of
these peaks decreased, which was attributed to the coverage of BC fibers
by PtNPs, acting as active catalytic sites. Simultaneously, five new peaks
corresponding to Pt (111), (200), (220), (311), and (222) planes
appeared, confirming the successful preparation of Pt with a face-
centered cubic (FCC) structure [26].

Furthermore, Fourier Transform infrared spectroscopy (FTIR)
(Fig. S3A) of BC/PtNPs shows minimal differences compared to BC, with
no new characteristic peaks observed. This suggests that PtNPs has not
significantly altered the chemical backbone of BC. The composition and
chemical state of BC and BC/PtNPs was further characterized by X-ray
photoelectron spectroscopy (XPS). In the full spectrum, C, O, and Pt
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elements were simultaneously detected in BC/PtNPs (Fig. S3B), consis-
tent with the EDS maps (Fig. 2E). In the high-resolution C 1 s spectrum
(Fig. S3C), the broad peak was deconvoluted into three subpeaks: the
main subpeak corresponds to the C-O bond, flanked by subpeaks
attributed to C=0 and C-C bonds in BC, respectively. The intensities of
these peaks changed during the preparation of BC/PtNPs, indicating
potential interactions between C-O (or C=0) and Pt species during co-
reduction. In the high-resolution O 1 s spectrum of BC/PtNPs
(Fig. S3D), a subpeak attributable to the Pt-O bond was observed,
further supporting the existence of such interactions. Furthermore, the
high-resolution Pt 4f spectrum of BC/PtNPs (Fig. 2G) consists of two
pairs of subpeaks: 71.6 eV (Pt 4f;,5) and 74.9 eV (Pt 4f5,,) for Pt(0), and
72.9 eV (Pt 4f;,5) and 76.7 eV (Pt 4f5,5) for Pt(Il), indicating that Pt
predominantly exists in the zero-valent form with a minor amount of
divalent Pt [27,28]. In summary, the oxygen-containing functional
groups on the BC surface provide abundant binding sites for PtNPs,
forming stable BC/PtNPs composites.

The SEM image of the ADB cathode (Fig. 2H) reveals that
micrometer-scale flower-like clusters formed by DPtNPs self-assembly
are densely and uniformly anchored on the BC fiber framework.
Correspondingly, the EDS maps (Fig. 2I) show that the Pt signal strongly
overlaps with the spatial distribution of these micrometer-sized flowers,
confirming that the DPtNPs catalytic layer is uniformly and completely
formed. Such structures significantly increase the effective electro-
chemically active surface area of the ADB cathode, enhancing oxygen
mass transfer and alleviating cathode polarization. However, excessive
accumulation of DPtNPs on the substrate surface may result in an
excessively high number of electrochemically active sites on the cath-
ode. This over-aggregation can cause localized increases in glucose
concentration near the cathode interface, leading to a rise in the mixed-
layer potential and ultimately causing performance degradation of the
GFC. Furthermore, trace amounts of Cu, residual from the co-deposition
process, remain detectable within the micro-flower structures, further
validating the deposition origin of the catalytic layer. Conversely, the
DPtNPs catalytic layer on the ADBP anode surface exhibits a porous,
microcracked morphology (Fig. 2J). This structure effectively increases
the specific surface area and the density of active sites on the ADBP
anode, thereby enhancing its catalytic oxidation performance for
glucose. The corresponding EDS maps (Fig. 2K) further confirm the
uniform dispersion of Pt elements across the entire anode surface,
indicating that the DPtNPs catalytic layer achieves high coverage and
uniform distribution without agglomeration.

The patches can be precisely customized into specific sizes and
shapes, such as circles and squares, demonstrating excellent flexibility
that allows GFCs to conform easily to wounds of various locations and
complex topographies (Fig. 2L, Fig. S5). Furthermore, considering that
the electrode patch need adapt in real time to clinical-grade physio-
logical mechanical signals during wound healing, we calculated the
Young's moduli of the ADBP anode and ADB cathode from Fig. 2M to be
2 MPa and 3.8 MPa, respectively. These values are comparable to the
modulus of human skin (0.42-107.80 MPa) [29], ensuring dynamic
conformal adhesion. Moreover, the swelling curve in Fig. 2N demon-
strates the patch's rapid absorption capacity for wound exudate, while
the contact angle results in Fig. 20 (all < 40°) confirm its excellent
hydrophilicity. These properties collectively provide GFC patches with a
sustained hydrated microenvironment, facilitating in situ electricity
generation by the GFCs.

Performance characterization and validation of electrodes.

Fig. 3A illustrates the hierarchical structure and operating mecha-
nism of the ADBP anode. This anode employs BC as its three-dimensional
framework, onto which a silver current collector, a DPtNPs catalytic
layer, and an outer PtNPs diffusion layer are prepared. Upon activation,
the anode exhibits dual functionality for glucose oxidation and oxygen
reduction. The PtNPs diffusion layer leverages the low concentration
gradient of dissolved oxygen in body fluids to selectively reduce O to
H»0, thereby creating an oxygen-deficient microenvironment in the
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Fig. 2. Preparation and characterization of electrode patch. (A) Schematic diagram of the preparation process of anode and cathode patch. (B) SEM image of the BC/
PtNPs electrode membrane. (C) Locally enlarged SEM image of the BC/PtNPs electrode membrane. (D) EDS maps of the BC/PtNPs electrode membrane. (E) His-
togram of PtNPs diameter distribution in the locally enlarged SEM image. (F) XRD patterns of the BC and BC/PtNPs electrode membrane. (G) Pt 4f XPS spectra of the
BC/PtNPs electrode membrane. (H) SEM image of the ADB cathode. (I) EDS maps of the ADB cathode. (J) SEM image of the ADBP anode. (K) EDS maps of the ADBP
anode. (L) GFC patches can be customized to different sizes. (M) Stress—strain curves of BC electrode membranes, ADBP anodes, and ADB cathodes under tensile
testing conditions. (N) Swelling properties of BC electrode membranes, ADBP anodes, and ADB cathodes at room temperature in 1 x PBS. (O) Contact angle analysis
of BC electrode membranes, ADBP anodes, and ADB cathodes under 1 x PBS conditions.
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Fig. 3. Performance characterization and validation of electrodes. (A) Schematic of the ADBP anode material, consisting of silver (Ag) nanoparticles, platinum (Pt)
nanoparticles (in situ reduced PtNPs), and deposited platinum (Pt) nanoparticles (DPtNPs) immobilized on a BC scaffold. In the diffusion layer of the ADBP anode, a
small amount of dissolved oxygen (O5) is catalyzed by PtNPs to form water (H,0). Meanwhile, in the catalytic layer deep within the ADBP anode, glucose (CgH;206)
is catalyzed by DPtNPs to produce gluconic acid (C¢H;207) and protons (H), releasing electrons (e’) in the process. The glucose oxidation reaction plays a dominant
role within the ADBP anode. (B) Evolution of CVs at 50 mV s, ranging from 1.40 to —0.40 V vs. SCE, during ADBP anode fabrication, represented by selected CV
cycles: 20, 100, 200, 300, 400, 500, 600, and 700. C) Comparison of CVs (scan rate: 10 mV s, potential range: 1 to —1 V vs. SCE) in different liquids: H,O, PBS, and
PBS containing 5 mM, 10 mM, 15 mM, and 20 mM glucose. (D) Electrochemical Impedance Spectroscopy (EIS) of ABP and ADBP anodes. (Equivalent circuit models
used for impedance analysis of the anode. The Nyquist plots were fitted with this circuit to extract the charge transfer resistance at the electrode-electrolyte interface.
R, solution resistance; CPE, constant phase angle element; R, charge transfer resistance; Z,y, warburg impedance.) (E) Polarization curves, and (F) Tafel slope curves
of ABP and ADBP anodes. (G) Schematic of the ADB cathode material, consisting of silver (Ag) nanoparticles, and deposited platinum (Pt) nanoparticles (DPtNPs)
immobilized on a BC scaffold. The DPtNPs catalyze the reduction of protons (H") and dissolved oxygen (O3) to water (H20). (H) Evolution of CVs at 50 mV s’l,
ranging from 1.40 to —0.40 V vs. SCE, during ADB cathode fabrication, represented by selected CV cycles: 1, 2, 3, 4, and 5. I) Comparison of LSVs (scan rate: 10 mV
s1, potential range: 1 to —1 V vs. SCE) of ADB cathodes saturated with air, nitrogen (N5), and oxygen (O5) in 1 x PBS. (J) Electrochemical Impedance Spectroscopy
(EIS) of AB and ABD cathodes. (The equivalent circuit models for the cathode and anode are identical.) (K) Polarization curves, and (L) Tafel slope curves of AB and
ADB cathodes.
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inner layer. Simultaneously, glucose penetrates the diffusion layer via
the concentration gradient, reaching the DPtNPs catalytic layer where it
is oxidized to gluconic acid (CgH;207), releasing e and H'. Conse-
quently, the anode potential is primarily driven by the glucose oxidation
reaction (CgH;207 + Hy0 — CgHy207 + 2H + 2e). This “maze-like
oxygen-limiting” structure enables a highly selective, self-powered
bioelectrochemical process within the ADBP anode. Furthermore, we
validated this mechanism by performing cyclic voltammetry (CV) tests
on ABP and ADBP anodes (Fig. S6). While the ABP anode initially
exhibited oxygen reduction characteristics, the ADBP anode predomi-
nantly shifted to glucose oxidation characteristics after the introduction
of DPtNP. We also conducted CV testing on the ADBP anode in PBS
containing varying glucose concentrations (Fig. 3C). As the glucose
concentration increased, a distinct glucose oxidation peak appeared
around 0.5 V (vs. SCE), with its peak current density rising. Simulta-
neously, the intensity of the characteristic peak near 0 V (vs. SCE)
gradually decreased. This peak is attributed to the insertion and de-
insertion of solution ions within the porous BC/PtNPs membrane. The
glucose oxidation peak consistently dominated, while a faint oxygen
reduction current was also observed in the cathodic current component,
further confirming the functional feasibility and selectivity of this
structure under physiological conditions. Moreover, as shown in
Fig. S7A and S7B, the peak current increases with the scan rate. Both the
anodic peak current (Ipy) and the cathodic peak current (Ipc) exhibit a
linear correlation with the square root of the scan rate. This indicates
that glucose undergoes free diffusion within the ADBP electrode and that
the anodic reaction is diffusion-controlled. The DPtNPs catalytic layer of
the ADBP anode was fabricated using CV (Fig. 3B). As the number of
deposition cycles increased, the peak current density in the CV curves
steadily rose, indicating continuous nucleation and growth of DPtNPs on
the BC three-dimensional framework. Additionally, the peak current
shown in Fig. S8A exhibits a strong linear relationship with the number
of deposition cycles, further confirming the uniform and continuous
growth of DPtNPs. Subsequently, we employed electrochemical
impedance spectroscopy (EIS) to evaluate the interfacial impedance of
the ADBP and ADB anodes (Fig. 3D). The introduction of the DPtNPs
catalytic layer significantly reduced the charge transfer resistance of the
ADBP anode, indicating substantially enhanced interfacial electron
transfer kinetics. Linear sweep voltammetry (LSV) further revealed the
polarization curves of both electrodes (Fig. 3E), with the ADBP anode
exhibiting a lower overpotential during glucose oxidation. And the taffel
slope curves (Fig. 3F) showed that the Tafel slope of the ADBP anode was
68.57 mV dec’!, which is lower than that of the ADB anode, indicating
faster reaction kinetics and superior electrocatalytic performance.
Collectively, these results validate the high efficiency of the ADBP anode
in glucose oxidation systems.

However, the ADB cathode utilizes a BC framework to sequentially
prepare a silver current collector and a DPtNPs catalytic layer, which
catalyzes the oxygen reduction reaction: 1/205 + 2H" + 2e” — Hy0
(Fig. 3G). This pathway exhibits a lower Gibbs free energy compared to
the direct reaction between O, and glucose, making it thermodynami-
cally more favorable [30,31]. The CV curve confirms that dissolved
oxygen reaches the active sites of DPtNPs through diffusion-controlled
transport and undergoes reduction (Fig. S7C-D). Furthermore, the suc-
cessful preparation of the DPtNPs catalytic layer is demonstrated by SEM
images and electrodeposition CV curves (Fig. 2H, Fig. 3H, Fig. S8B).
Considering the oxygen reduction reaction occurring at the cathode, we
conducted LSV tests on the ADB cathode in PBS solutions under different
saturated atmospheres (air, Ny, and O2) (Fig. 3I). Characteristic peaks
indicative of oxygen reduction was observed in both air and O, envi-
ronments, with a more pronounced signal in Oy, demonstrating the ADB
cathode's specific response to oxygen. We further evaluated the perfor-
mance of the AB and ADB cathodes using EIS, which revealed a signif-
icant reduction in charge transfer resistance after incorporating DPtNPs
(Fig. 3J). Polarization curves (Fig. 3K) and Tafel slope plots (Fig. 3L)
show that the ADB cathode exhibits lower overpotentials and a reduced
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Tafel slope of 164.42 mV dec’, confirming its faster reaction kinetics
and enhanced catalytic activity for oxygen reduction.

Characterization and performance analysis of the GFCs.

Coupling the ADBP anode with the ADB cathode forms a complete
GFC (Fig. 4A, Fig. S9). This device can be integrated into an animal's
energy system and stably generates electrical energy in PBS containing
1-15 mM glucose. To verify the energy source, we conducted Open
Circuit Potential-Time (OCP-T) tests on the ADB cathode, ADBP anode,
and GBP (Fig. S10). The results indicate a sufficient potential difference
between the ADB cathode and the ADBP anode, which serves as the
voltage source for the GBP. Additionally, we performed the same test on
GFCs with a non-oxygen-limiting structure (Fig. S11), and the results
showed a significant reduction in output voltage. These findings further
confirm the advantages of the maze-like oxygen-limiting structure.
Furthermore, as shown in Fig. 4B, the open-circuit voltage (OCV) in-
creases with rising glucose levels, peaking at approximately 675 mV at 5
mM. Within the 1-5 mM range, the OCV exhibits a linear relationship
with glucose concentration (Fig. 4C). When glucose concentration ex-
ceeds 5 mM, the OCV tends to plateau or slightly decline, which is
attributed to glucose saturation at the catalytic site and adsorption
poisoning of the active site by intermediate products. Considering that
GFCs need to function effectively in a diabetic wound model, we placed
them in an open system containing PBS with 15 mM glucose and con-
ducted OCV testing over nearly one week (Fig. 4D). The stable OCV
output indicates that oxygen consumption did not cause obvious output
instability under the tested conditions, suggesting that oxygen supply
was sufficient to maintain the coupled anodic and cathodic reactions
during operation. After 6 days, the device still produced 432 mV,
retaining 87% of its initial performance (Fig. S12), demonstrating the
long-term stability of the GFC. Further testing using an electrochemical
workstation evaluated power density (Fig. 4E, Fig. 4F) and polarization
curves (Fig. 4G) across varying glucose concentrations. The results show
that OCV, current density, and peak power density all depend on glucose
concentration (Fig. S13A-C), with the optimal peak power density
reaching approximately 96.57 pW cm 2 at 5 mM glucose—one of the
highest values reported to date for implantable non-biocatalytic GFCs
(Fig. 4J) [32-40]. When the concentration increased to 15 mM, both the
peak power density (Fig. S14A) and current density (Fig. S14B)
decreased slightly, further confirming the partial deactivation of active
sites due to product adsorption. Additionally, impedance matching tests
on the GFC revealed that variations in load resistance significantly affect
its peak output voltage and current. When the GFC is connected to an
external load, the output voltage increases with rising load resistance,
while the output current decreases correspondingly (Fig. 4H). The GFC
achieves its maximum peak power output at a load resistance of
approximately 8 kQ (Fig. 41). Notably, wound tissue resistance typically
ranges from several hundred to several thousand ohms. Within this
impedance range, the voltage and current output by the GFC can
generate effective electrical stimulation for diabetic wounds. Collec-
tively, these results confirm that this GFC delivers both high power
output and reliable stability within physiological glucose ranges,
establishing an experimental foundation for sustained energy supply in
diabetic models.

Evaluation of the biocompatibility and antibacterial properties of
patches.

Given that the GBP comes into direct contact with the wound, its
biocompatibility must be verified beforehand. We assessed the toxicity
of each patch group on NIH3T3 cells using live/dead staining (Fig. 5A)
and Cell Counting Kit-8 assays (Fig. 5B). The results showed that cell
viability in all patch groups reached approximately 100%, showing no
significant difference compared to the blank group, further confirming
the non-cytotoxicity of the materials. Furthermore, in the diabetic
mouse model, blood routine examinations conducted on day 15 post-
surgery (Fig. 5C) revealed no statistically significant differences in key
hematological parameters—including white blood cell (WBC), red blood
cell (RBC), platelet (PLT) counts, and monocyte (Mon) levels—among
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the BC group, All-Materials (AMs) group, GBP group, and Blank group.
Additionally, H&E staining of major organs (heart, liver, spleen, lung,
and kidney) (Fig. S15) showed no inflammatory infiltration, necrosis, or
fibrotic lesions, further indicating the excellent biocompatibility of the

patches [41].

Bacterial infections are a major cause of delayed healing in diabetic
wounds, making the antimicrobial properties of the patch crucial. We
evaluated the inhibitory effects of BC, BC/PtNPs, AMs, and GBP against
S. aureus and E. coli (Fig. 5D). Specifically, the AMs patch achieved kill

rates of 98.37% against S. aureus and 96.05% against E. coli, while the
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GBP exhibited comparable antibacterial efficiencies of 98.74% and
96.30% respectively (Fig. 5F, Fig. 5H), with no significant difference
between the two groups. Furthermore, the colony count results corre-
sponded with the respective OD values (Fig. 5E, Fig. 5G), further con-
firming the strong antibacterial properties of the AMs and GBP groups.
In contrast, the BC and BC/PtNPs group, which lacked Ag components,
showed negligible antibacterial activity. These results indicate that the
antibacterial efficacy of the patch was primarily associated with the
introduction of Ag rather than electrical stimulation. In both AMs and
GBP, the magnetron-sputtered Ag layer could serve as a sustained Ag™
source in the wound microenvironment, thereby providing the main
basis for their robust and stable antibacterial performance. Mechanis-
tically, the released Ag' can electrostatically interact with negatively
charged bacterial cell membranes, disrupting membrane integrity and
promoting intracellular ROS generation, ultimately leading to bacterial
inactivation (Fig. 1C) [42].

Anti-adhesion performance of the patch.

Traditional dry wound dressings such as gauze were prone to adhere
to wound surfaces, which not only increased the mechanical tearing
damage to newly formed tissue during dressing changes but also pro-
voked chronic inflammatory responses. Therefore, an ideal wound patch
needed to cooperatively establish a triple barrier of physical isolation,
antimicrobial action, and anti-inflammation within the same interface to
achieve comprehensive intervention (Fig. 1D). In this study, the anti-
adhesion performance of the patch was systematically evaluated using
a standardized peritoneum-mesentery injury model. Fig. 6A illustrates
the detailed surgical procedure. Briefly, uniform pinpoint bleeding was
induced by mechanical stimulation on the surfaces of the peritoneum
and mesentery. Subsequently, the blank group received suturing only
without additional intervention, whereas the BC and AMs groups un-
derwent implantation of sterile patches between the injured peritoneum
and mesentery followed by suturing (Fig. 6B).

Firstly, the surface of the patch exhibits a highly hydrophilic and
hydrated interfacial characteristic, which can effectively reduce
nonspecific adsorption of proteins and bacteria [43,44]. Contact angle
analysis (Fig. 20) confirmed that the patch surface was highly hydro-
philic, supporting the formation of a hydrated interfacial layer that helps
prevent the initial attachment of microorganisms and cells [45].

Moreover, on postoperative day 3, gross inspection of intraperitoneal
adhesions showed that the Blank group exhibited tight and continuous
fibrous connections between the peritoneum and mesentery, with
difficult tissue separation. In contrast, after patch intervention in both
the BC and AMs groups, the mesentery and surrounding tissues were
readily separable (Fig. 6C). Additional analysis using Nair's adhesion
score further demonstrated that both the BC and AMs groups signifi-
cantly reduced adhesion severity, indicating reliable anti-adhesion ef-
ficacy (Fig. 6D).

At the histological level, H&E staining confirmed marked inflam-
matory cell aggregation at the injury interface in the Blank group on
postoperative day 3 (Fig. 6E). Quantification revealed that the inflam-
matory cell density in the Blank group was approximately 292 cells per
0.1 mm?, whereas it decreased to approximately 126 cells per 0.1 mm?
and 146 cells per 0.1 mm? in the BC and AMs groups, respectively
(Fig. 6F). These findings indicate that the presence of BC and AMs
patches helps mitigate acute inflammatory responses in injured
mesenteric tissues.

To further elucidate the regulatory effects of the patches on the im-
mune microenvironment at the injury interface, we analyzed macro-
phage infiltration and their functional phenotypes during the early
postoperative period. M1 macrophages (CD86"), are typically associ-
ated with early pro-inflammatory responses, release of inflammatory
mediators, indicating a strong inflammatory mobilization state in the
tissue, whereas M2 macrophages (CD206"), associated with tissue
repair and fibrosis [24,46,47], and are often significantly increased in
the pro-fibrotic microenvironment that drives adhesion formation [48].
Our results show that, for CD86 " macrophages, the BC and AMs groups
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showed approximately 10.6% and 10.4% infiltration, respectively,
much lower than the Blank group (23.7%) (Fig. 6G, H). Similarly, for
CD206™ macrophages, the infiltration in the BC and AMs groups was
approximately 9.8% and 10.3%, respectively, compared to 22.7% in the
Blank group (Fig. 61, J). No significant difference was observed between
the BC and AMs groups for either marker. This suggests that the patches
do not simply induce a shift of macrophages from M1 to M2 (or vice
versa), but more likely reduce sustained stimulation and cell recruitment
at the injury interface, thereby overall weakening the excessive aggre-
gation of early immune cells, and bringing the local immune response
closer to a physiological range.

In summary, the anti-adhesion mechanisms of BC and AM patches
result from the synergistic effects of physical barriers, hydrated inter-
facial protection, antibacterial properties, anti-inflammatory actions,
and anti-fibrotic effects. These patches not only serve as physical bar-
riers isolating the injured surface but also help reduce nonspecific pro-
tein adsorption, initial cell/bacterial attachment, and local
inflammatory responses. Consequently, they effectively prevent patho-
logical adhesions following mesenteric injury while promoting orderly
tissue repair.

Therapeutic effects of GBP on diabetic wound healing.

To evaluate the wound-healing effects of the GBP in promoting
diabetic wound repair via endogenous glucose-powered electrical
stimulation, a full-thickness excisional wound model was established on
the dorsal skin of diabetic mice (Fig. 7A, Fig. S16, Fig. S21). The Blank
group was covered only with a breathable 3 M dressing and served as a
self-healing control, whereas the BC, BC/PtNPs, Ag/BC, AMs, OC-GBP,
and GBP groups received their respective patches applied directly onto
the wound surface, followed by coverage with a 3 M dressing. This
experimental design effectively minimized wound contraction, excluded
the potential influence of the dressing itself on wound healing, and
ensured stable fixation of the patches at the wound site, thereby
enabling continuous and reliable treatment.

Following skin injury, the transepithelial potential is disrupted.
Consequently, an endogenous electric field (EF) forms from the wound
periphery toward the center. During normal wound healing in mice, the
potential exhibits a characteristic volcano-like distribution pattern, with
higher potentials at the wound periphery and the lowest potential at the
center (Fig. 7B). Such endogenous EFs are increasingly recognized as
key biophysical cues that guide directional keratinocyte migration and
re-epithelialization. However, in diabetes, endogenous electrical signals
are often weakened or poorly sustained, contributing to chronic non-
healing wounds. Therefore, the ability to reconstruct and maintain a
robust wound EF represents a mechanistically meaningful readout for
assessing the therapeutic action of the GBP.

Electrical potential measurements showed that the wound potential
in Blank group was only approximately 27 mV, while no significant
change was observed in the BC group, indicating that simple coverage or
isolation is insufficient to effectively restore the electric field. In
contrast, the GBP group exhibited a marked increase in the potential to
approximately 210 mV, effectively remodeling the endogenous EF.
Notably, the potential in the AMs group transiently increased to
approximately 98 mV, which can be attributed to the material’s inherent
local electrochemical activity. The AMs underwent a mild oxidation
reaction in the wound microenvironment (e.g., the Ag’/Ag redox
couple), releasing a small number of electrons toward the center of the
wound through the BC/PtNPs conductive network, thereby temporarily
enhancing the intensity of the endogenous electric field. However, the
AMs group did not form a complete electronic circuit; the material had
only localized contact with the tissue and lacked a closed circuit.
Consequently, the generated charge could not be continuously and
directionally transmitted, and the potential decayed to the level of the
endogenous electric field within a few minutes (Fig. S17). In contrast,
the potential in the GBP group remained stable at approximately 210
mV, indicating that the AMs group cannot provide stable, sustained
electrical stimulation output. Furthermore, wound potential was
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monitored in all groups at every dressing change. The data demon-
strated that the GBP group sustained a significantly elevated wound
potential compared to the other groups for the duration of the therapy
(Fig. 7C, Fig. S22E). This advantage provides a reliable biophysical basis
for subsequent electrotactic cell migration and tissue regeneration,
explaining the superior therapeutic outcomes of GBP compared to other
groups.

Based on the observed EF remodeling, we further assessed its impact
on wound closure. Wound images showed that the GBP group consis-
tently exhibited the smallest wound area throughout the healing process
(Fig. 7D, Fig. S22A), suggesting that EF enhancement may accelerate re-
epithelialization. Quantitative analysis confirmed that on day 6, the
wound healing rate in the GBP group reached 50.29%, which was 1.58-,
1.68-, 1.62-, 1.20-, 3.11-, and 2.40-fold faster than those in the OC-GBP
group (31.78%) AMs group (30.02%), Ag/BC group (30.99%), BC/
PtNPs group (41.95%), BC group (16.09%), and Blank group (20.95%),
respectively (Fig. 7E, Fig. S18, and Fig. S22B-C). By day 12, wounds in
the GBP group exhibited substantially improved repair (89.93%), which
was significantly greater than that in the OC-GBP (70.02%), AMs
(72.16%), Ag/BC (61.17%), BC/PtNPs (52.68%), BC (62.12%), and
Blank (60.56%) groups (Fig. 7E, Fig. S22B). By postoperative day 15,
wounds in the GBP group were nearly completely closed, with a relative
healing rate approximately 1.42 times that of the Blank group (Fig. 7F,
Fig. S22D).

To correlate macroscopic healing with tissue-level regeneration, we
evaluated granulation tissue and re-epithelialization. H&E staining
showed that the GBP group exhibited a continuous, fully regenerated
epidermal coverage, while the other groups displayed varying degrees of
incomplete epithelial coverage or structural discontinuity (Fig. 7G,
Fig. S23A). Quantitative analysis further confirmed that both epithelial
thickness and length of re-epithelialization were significantly greater in
the GBP group compared to all other groups. Specifically, at the time of
complete epithelialization in the GBP group, the re-epithelialization
thickness in the OC-GBP, AMs, Ag/BC, BC/PtNPs, BC and Blank
groups reached only 65.03%, 52.81%, 58.68%, 64.27%, 67.27% and
64.91% of that observed in the GBP group, respectively (Fig. 7H,
Fig. S23B). Similarly, the corresponding re-epithelialization lengths
were 34.39%, 28.50%, 25.93%, 23.96%, 34.87% and 43.66% of the GBP
group (Fig. 71, Fig. S23C).

In addition to re-epithelialization, high-quality wound repair also
relies on granulation tissue formation and extracellular matrix remod-
elling [49]. Therefore, sirius red staining was employed to assess
collagen deposition, which is closely related to the maturation of gran-
ulation tissue (Fig. 7J; indicated by red arrows). The GBP group dis-
played denser and more widespread collagen accumulation, and
quantitative assessment revealed that collagen deposition reached
61.63%, significantly higher than AMs (41.82%), BC (33.08%), and
Blank (14.15%) groups (Fig. 7K).

Through H&E staining of wound tissue, we further evaluated the
anti-inflammatory effects of different patches. Fig. S19A shows that the
Blank group still exhibited significant inflammatory cell aggregation in
the central wound area on postoperative day 15. Quantitative analysis
revealed an inflammatory cell density of approximately 709 cells per
0.1 mm? in the Blank group. In contrast, the BC and AMs groups showed
reduced densities to approximately 574 cells per 0.1 mm? and 559 cells
per 0.1 mm?, respectively. The GBP group exhibited a further significant
reduction to 300 cells per 0.1 mm? (Fig. S19B). Moreover, we performed
immunohistochemical staining of IL-10 and TNF-« in wound tissues on
day 15 to evaluate the inflammatory microenvironment (Fig. S20).
Compared with the Blank group, the BC, AMs, and GBP groups all
showed increased IL-10 expression and decreased TNF-o expression,
indicating that the BC-based patch platform alleviated excessive
inflammation in diabetic wounds. Specifically, the IL-10-positive rates
were 8.07%, 32.19%, 30.95%, and 35.49% in the Blank, BC, AMs, and
GBP groups, respectively, while the TNF-« positive rates were 40.25%,
16.04%, 11.31%, and 9.42%, respectively. Among the patch-treated
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groups, GBP showed the highest IL-10 and lowest TNF-a levels, sug-
gesting a favorable anti-inflammatory microenvironment. These results
indicate that the superior wound healing performance of GBP is asso-
ciated with both inflammation regulation and stable self-powered
electrical stimulation, rather than anti-inflammatory activity alone.

The differences in wound healing outcomes can be attributed to the
varying mechanisms of each group. The GBP patch, through strong and
sustained electrical stimulation, significantly enhances the endogenous
electric field, promoting fibroblast migration, proliferation, and
collagen synthesis, which accelerates granulation tissue maturation and
wound closure. In contrast, while the AMs group provided mild and
unstable electrical stimulation, the healing was slower, and granulation
tissue formation was less pronounced. The BC/PtNPs and BC groups,
with theirs anti-inflammatory and anti-adhesion effects, reduced
inflammation and prevented adhesion but lacked electrical stimulation,
resulting in slower healing. In contrast, the OC-GBP and Ag/BC groups
not only possess anti-inflammatory and anti-adhesion properties but
also exhibit antibacterial activity. Consequently, their wound healing
efficacy surpasses that of the BC/PtNPs and BC groups. The blank group,
with no intervention, had the slowest healing. Collectively, these results
indicate that GBP potently enhance both granulation tissue formation
and re-epithelialization through electrical stimulation, leading to
accelerated repair of diabetic wounds.

Conclusion

In summary, we present a flexible bioelectronic patch powered by
GFC with a maze-like oxygen-limiting structure, which integrates high
output performance and excellent mechanical flexibility. Using BC as
the electrode scaffold, the device exhibits systematic biocompatibility.
The developed GFC demonstrates outstanding electrochemical per-
formance—including high catalytic activity and power density—along
with operational stability, achieving a peak power density of 96.57 pW
em ™2, which exceeds previously reported values for implantable non-
biocatalytic GFCs. Furthermore, the GFC shows extended operational
durability, maintaining a high voltage output for nearly one week while
retaining approximately 87% of its initial performance. In the context of
diabetic wound treatment, the GBP synergistically enhances multiple
biological processes, such as antibacterial, anti-inflammatory, and anti-
adhesion effects, by amplifying the endogenous electric field within the
wound, thereby significantly accelerating diabetic wound healing. The
GFC-driven flexible electronic patch introduced in this study represents
an innovative approach to endogenous electrical stimulation. Compared
with conventional electrical stimulation methods, GFC-based endoge-
nous stimulation also improves the local hyperglycemic microenviron-
ment, rendering it particularly suitable for the treatment of diabetic
chronic wounds.

This platform can continuously provide electrical stimulation,
effectively reducing fibrosis in chronic wounds and postoperative in-
juries, with potential applications in areas such as intestinal, uterine,
neural, tendon, and bone repair, thereby shortening recovery times and
improving long-term outcomes. Overall, the proposed GFC patch not
only demonstrates significant efficacy in diabetic wound healing but
also provides a sustainable electrotherapy paradigm for internal wound
treatment requiring adhesion prevention, with broad clinical applica-
tion potential.
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