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ARTICLE INFO ABSTRACT

Keywords: Electrical stimulation systems can enhance endogenous electrical fields to accelerate and guide wound self-

Triboel‘?ﬁriﬁcaﬁ‘m healing. However, the patient comfort and compliance are limited by a reliance on the stimulators and energy

grﬁundmg d supply. Here, we propose a walking-induced triboelectric charges method for accelerating wound self-healing by
elf-powere

forming a closed loop through grounding without any electronic devices or energy supply. The walking-induced
triboelectric charges of human can exceed 50 V in voltage and 1 pA in current that sufficient for accelerating
wound self-healing. In the proof-of-concept experiment, triboelectric charges generated during rat movement are
utilized for accelerating the wound healing by enhancing the endogenous electric field (EF) of the wound.
Accelerated wound self-healing was observed compared to the control group and further confirmed by tissue
sectioning and transcriptomic analysis. This wound electrical stimulation repair method without electrical
stimulators and power sources that potentially providing emergency care for patients in extreme situations, such
as deep space or the deep sea, and offering medical convenience for people in resource-poor regions.

Accelerate self-healing

1. Introduction re-epithelialization and tissue repair [8,9].

Traditional electrical stimulation equipment is bulky in size, thus

Millions of patients suffer from chronic non-healing wounds and
large-area open wounds following skin injuries every year [1]. Accel-
erating the healing of skin wounds is crucial for the patient's rehabili-
tation, as the skin serves as the primary defense against external
physical, chemical and biological invasions [2,3]. Electrical stimulation
is a highly promising nonpharmacological treatment method that can
effectively accelerate wound healing and tissue regeneration through
enhancing the endogenous electric field (EF) [4-7]. The electric field
can guide the repair cells to migrate from the wound edge to the center
of the wound due to the electrotactic effect, thereby accelerating
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patients can only receive short-term treatment at specific locations [10].
Then, wearable electronic devices have overcome this drawback and
realized in-situ continuous electrical stimulation treatment [11-13].
Recently, self-powered devices eliminate power supply through energy
harvesting to improve patient benefits and compliance [14-19]. They
showed distinguished advantages in the healing of wound, such as
piezoelectric nanogenerators [20], ultra-flexible and biocompatible
photoelectric patch [21], magnetoelectric wound dressing [22], and
thermoelectric reaction-type dressing [23]. Especially, triboelectric
nanogenerators (TENGs) also bring new possibilities for electrically

Received 19 November 2025; Received in revised form 25 December 2025; Accepted 2 January 2026

Available online 3 January 2026

2211-2855/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:ouyanghan@ucas.ac.cn
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2026.111701
https://doi.org/10.1016/j.nanoen.2026.111701
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2026.111701&domain=pdf

Y. Ren et al.

stimulated wound healing. Li et al. [24] utilized functional
hydrogel-based TENG to promote wound healing and capture electrical
signals during healing process. The group of Miao [25] was the first to
integrate TENG into the wound dressing made of DNA hydrogel,
creating a well-ordered bioelectricity. Kuo et al. [26] proposed a surface
charge improved single electrode mode TENG for EF assisted wound
healing applications. However, the need for functional materials, elec-
tronic devices and additional energy sources limited their broader
application, especially in extreme situations and resource-poor regions
[8,27].

Generally, the human daily activities generate huge amount of
triboelectric static charges, which always leading negative impacts in
human health, industrial manufacturing and transportation [28-30].
However, as a potential energy source, the benefits of triboelectric
charges are usually overlooked. Fortunately, Shi et al. [31] presented a
body-integrated self-powered system, which can scavenge energy from
human motions to power bioelectronic devices. Kang et al. [32] pro-
vided a technology that may prevent the spread of virus based on
walking-induced electrostatic charges harvesting. Kim et al. [33] also
reported that contact electrification enables in situ electroporated
disinfection in portable water bottles. These works demonstrated that
the human body can serve as both a power source and a part of the
circuit, almost eliminating all limitations on energy supply to achieve
self-powering [34-37]. Furthermore, it has been reported by Khayamian
et al. [38] that triboelectric charges were delivered through conductive
pathways to promote wound healing. As the rat continued to walk, the
charge generation alternated between the left and right sides, leading to
a natural EF stimulation across the wound site.

Inspired by endogenous electric fields promoting wound self-healing,
we propose a walking-induced triboelectric charges method for accel-
erating wound self-healing by forming a closed circuit through
grounding without any electronic devices or energy supply. The
walking-induced triboelectric charges of human can exceed 50 V in
voltage and 1 pA in current. In the proof-of-concept experiment, tribo-
electric charges generated during rat movement are utilized for accel-
erating the wound healing by enhancing the endogenous electric field of
the wound. The point-of-use method operates without an external power
supply, should provide an energy-autonomous and drug-free repair
strategy for the healing of wounds.

2. Results
2.1. Invitro output test

The structure of the device mainly consists of commercial hydrogel
patch, the silicone tube filled with hydrogel, and metal wire. The sili-
cone tube filled with ionically conductive hydrogel can efficient delivery
of the triboelectric charges (Fig. S1a), the embedding metal wire was
used as the contact electrode and provided stable grounding pathway
(Fig. S1b), and the hydrogel patch can be easily attached to the human
skin (Fig. Slc).

The working principle of the in vitro test leverages triboelectric
charges generated on shoes through contact and separation between the
shoes and the floor during human motion. Due to the difference in
triboelectric polarities between the shoes and the floor, static electricity
can be generated on the human body during movement through friction.
During the process of movement, electrons transfer from the surface of
floor to the sole of the shoes, causing the sole to accumulate static
electrons, while the floor surface left an equal number of positive
charges. When the sole of a shoe was lifted, the body electric potential
was established between the human body and the floor. If a load (the
hydrogel-silicone tube-metal wire device) was connected to the human
body and the ground, the free electrons will flow from the human body
to the ground to balance the potential difference, thereby causing the
foot to carry positive charges. When the sole moving close to the floor
led to an opposite body electric potential change, causing a reversed
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electron flow from the ground to the human body. Furthermore, the
current signals generated when lifting the foot and putting the foot down
were not identical, because the velocity when the foot was put down was
slightly higher than that when the foot was lifted (Fig. 1a). The contact
separation between the human body and the ground alternately causes
the accumulation and release of static charges, thereby generating
electrical energy [39]. These charges accumulate on the body surface
and were driven via the hydrogel-silicone tube-metal wire pathway,
forming a closed loop with the ground (Fig. 1a).

To evaluate the output performance, conductive hydrogel patches
were attached to the skin of participants and connected to an elec-
trometer. The clothing material was used as the insulating layer, and the
materials that constitute the clothing, as long as they have insulating
properties, had almost no impact on the output performance [30]. We
investigated the effect of contact area on in vitro electrical output using
ethylene vinyl acetate copolymer (EVA), a primary material for
manufacturing shoe soles. The results indicated that short-circuit cur-
rent (Is¢) increased with larger contact area, while open-circuit voltage
(Voc) remained largely unaffected (Table S1). The relationship between
the output and electrodes located at various body parts and the distance
(wire-ground) was also investigated. We found that the output when
different body parts including the hand, arm, crus, thigh, and shoulder
came into contact with the hydrogel was not significantly different.
Moreover, when the resistance of the wire was sufficiently low, the
distance between the wire and the ground did not affect the electrical
output (Table S1). The Ig¢ and V¢ measured under three different ac-
tivities (walking, running, and stepping) were shown in Fig. 1b. It can be
seen that Isc reached approximately 0.5 pA during walking and
increased to about 2 pA during running and stepping. As the frequency
of the movement increased, the short-circuit current value exhibited an
increasing trend, which was attributed to the increased charge flow rate
resulting from the higher frequency [40]. Additionally, Voc showed an
increase from ~80V during walking to ~110V during running.
Compared to the Igc, the Vo change was not significant, all remaining
around 100 V. Experimental results confirmed that increasing the in-
tensity of motion enhanced the accumulation of triboelectric charges
and the electrical output. Furthermore, during the stepping process,
output characteristics were obtained by connecting the system to
different external loads (Fig. S2a). The peak power was approximately
0.44 mW with a typical internal resistance of approximately 30 M, and
the corresponding current under various load conditions was further
calculated (Fig. S2b). These results indicate that the energy generated by
triboelectrification has the potential to power small electronic devices.

To validate the universal capability to drive electronic devices, a
"UCAS" pattern light board composed of 44 light-emitting diodes (LEDs)
as the load. When the participant was stepping, the LED bulbs flashed
rhythmically (Fig. 1c), with the corresponding current and voltage
measured at ~3 pA and ~150 V, respectively (Fig. 1d). This not only
validated that human-generated static electricity can drive low-power
devices but also suggested potential applications in powering bio-
electronic systems and regulating biological activity [41].

To gain further insight into the underlying mechanism, the potential
distribution and electric field vectors throughout the entire body were
further simulated by COMSOL Multiphysics simulation (Fig. le and
Fig. S3). The simulation results verified that a high potential appeared at
the feet, while grounding caused the potential at the wound site to be
relatively lower (Fig. le). The electric field vector diagram further
indicated that the direction of the electric field pointed from charge
source at the foot to the grounded wound site, and the direction of the
current was consistent with it (Fig. S3). This potential difference arises
from repeated frictional contact and separation, highlighting the spatial
characteristics of charge accumulation and release when the human
body acts as a conductor.

Given that individual variation may affect energy harvesting,
external outputs were also tested in different participants during step-
ping, and peak current, voltage, and charge values were recorded



Y. Ren et al. Nano Energy 148 (2026) 111701

a b
/‘< ’ S
I | ||
IS l

i |

A / [

/ /\ ‘
A s | -\J; S
Walking (&s— Running \—  Stepping —_

3

2 [ [

1 I it :

2 0% JJJJJW‘JWJ“‘J’UW’“‘L “ ‘l’l’ﬁvlvlv“;) J\’ ’{'J‘ 'J v‘b"’lv vl/t/'.)‘.’ V 'v v VU‘J‘J;WL J‘U ‘U’Li -u 4

~ Vi ~ S00f ‘ll'\“[|‘1" ol
8

lye (HA)

[ | | | |
o ““1 1.1"{“'l‘lll|‘ \

2 L \ \ \ \ |
e | NVAY N, N ULV ‘ AUV OO
- 7 | A \ = 0 WA WIIAN \ MWL UUUUUVUUYWV U UVUY AL N \‘\ W \“\\\\. W \\\V\_

L ML L\Lk UL}LIL

U“H”'” H"J‘iu‘l

I
VIV VVIVVW VIV VVIUVUL

1s

500

Peak current (uA)

— R

AV

AR

Fig. 1. Typical output characteristics of the walking-induced triboelectric charges. (a) Schematic illustration of energy output based on human movement and
the working principle based on the triboelectric mechanism. (b) The short-circuit current (Isc) and open-circuit voltage (Voc) output when a participant was walking,
running or stepping. (c) The energy from the steps was enough to light up the LEDs. (d) The current and voltage output recorded while stepping to light up LEDs. (e)
Simulation the potential distribution throughout the entire body by COMSOL Multiphysics simulation. (f) Statistics of peak current (red) and peak voltage (blue) from
different participants during stepping. (g) Signal output during the resting and running processes of rats. (h) The short-circuit current and open-circuit voltage
measured when a rat was running.
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(Fig. 1f and Fig. S4). Inter-individual differences in output were
observed during walking, which could be attributed to variations in
foot-ground contact properties, contact area, and typical internal
resistance [31]. Despite these differences, peak currents for all partici-
pants remained in the range of a few microamperes, and peak voltages
were around one to two hundred volts, indicating that the system reli-
ably generates sufficient electrical output to power small electronic
devices across different individuals.

Finally, the system was applied to a rat with a dorsal wound to
further assess its potential for wound applications (Fig. 1g). Signals
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recorded from the rat under resting and running states showed Isc and
Voc values of ~20 nA and 2.5V, respectively (Fig. 1h). Although the
energy output was lower than in humans, the stable signals demon-
strated that walking-induced triboelectric charges could be effectively
harvested in small animal models, highlighting the feasibility of using
grounding intervention to stimulate wound healing.

2.2. Cell migration and biological safety assessment

To evaluate the potential of triboelectric charges for promoting
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Fig. 2. Cell migration and biological safety assessment. (a) Schematic diagram of scratch assay. (b) Representative 3T3 cell migration images at different time
points. (c) Statistical graph of cell healing area (n = 3). (d) CCK-8 cell viability assay at day 1 and day 3 (n = 3). (e) Live/dead cell staining using Calcein AM (green)
and PI (red) at day 3 and cell skeleton staining with Phalloidin (red) and nuclear staining with DAPI (blue) at 48 h. (f) Hemocompatibility assessment comparing
positive control, negative control, and hydrogel (n = 3). (g) Blood routine related indicators of rats at day 0 and day 6 (n = 3).
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wound healing and assess the biological safety of the hydrogel under
electrostatic stimulation, we performed a series of in vitro cell migration
and biocompatibility assessments. These experiments were designed to
examine the influence of an electric field simulating rat movement on
cellular behavior, as well as to verify the safety of the material for po-
tential wound healing applications [42,43].

Cell migration was evaluated using the scratch assay to mimic the
wound healing process (Fig. 2a). A signal generator was used to simulate
the electrical signal (Vo) induced by the walking of rats to provide
electrical stimulation for cell migration. As shown in Fig. 2b, after 36 h,
the ground group exhibited complete wound closure. The quantitative
results (Fig. 2¢) indicated that after 24 h of electrical stimulation, the
percentage of healed area in the ctrl group, gel group and ground group
was approximately 18.94 %, 46.36 % and 69.89 % respectively. The
healed area of the ground group was about 3.69 times that of the ctrl
group, confirming that electrostatic stimulation significantly enhanced
cell migration.

Further analysis was performed using the CCK-8 cell viability assay,
live/dead staining, and cytoskeleton staining to evaluate cell compati-
bility of hydrogel with and without electrical stimulation [44]. The
CCK-8 results showed no significant differences in optical density (O.D.)
at 450 nm between the groups at day 1. Over 3 days, O.D. values
increased in all groups, indicating normal cell proliferation and con-
firming that the hydrogel, with or without electrical stimulation,
exhibited no cytotoxic effects (Fig. 2d). The live/dead cell staining
experiment further confirmed the result. As shown in Fig. 2e and Fig. S5,
the cells in the ground group maintained a high survival rate, and the
number of live cells was much greater than that of dead cells. The
analysis of cell cytoskeleton staining showed well-spread morphology
and strong adhesion after electrical stimulation, confirming excellent
cytocompatibility without adverse effects from the applied field (Fig. 2e
and Fig. S6).

Furthermore, we investigated the blood compatibility of hydrogel
(Fig. 2f). The hemolysis rate was 3.67 %, comparable to the negative
control and well below the 5 % threshold, confirming the safety of the
material in blood contact without inducing hemolysis [45]. During the
treatment process, we conducted blood routine and blood biochemical
tests on each group of animals (Fig. 2g, Fig. S7 and S8). The blood test
results showed that there was no significant difference between the
material, grounding and control group, further supporting the in vivo
safety of both the hydrogel and the electrostatic stimulation.

2.3. Grounding intervention accelerated full-thickness wound repair in rat

To systematically evaluate the impact of body's triboelectric charges
and current direction on wound healing, a 1 cm circular full-thickness
skin defect was created on SD rats and divided into five groups: Ctrl,
Gel, Bi-gel, Ground (in), and Ground (out) group. The wound center or
edge was coated with hydrogel, which was used for grounding at the
wound center or edge. COMSOL Multiphysics simulation was performed
to better understand the influence of the grounding position on the
distribution of the electric field at the wound site. The electric potential
and electric field intensity at center or edge of the wound by grounding
were shown in Fig. S9. It can be seen that grounding caused the center of
the wound to have a lower electric potential, which was more conducive
to guiding the repair cells to migrate from the wound edge to the center
of the wound, thereby accelerating tissue repair. Throughout the healing
process, grounding intervention was applied for 9 days (Fig. 3a). The
schematic diagram and wound healing mechanism of the rat grounding
model were shown in Fig. 3b. Similar to the human demonstration, the
conductive hydrogel patch was applied to the wound site of the rat, and
the triboelectric charges were generated by the friction between the
rough paws of the rats and the rubber. During the movement of the rat,
the rat carried positive charges, and accordingly, the rubber acquired
electrons and became negatively charged. The grounding of the wound
caused positive charges to flow out, accelerating the healing of the
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wound. The wound images were taken every 3 days to dynamically
monitor closure (Fig. 3c). Tissue samples were collected on day 6, 12,
and day 21 post-injury for transcriptomic and histological analysis,
providing in-depth insights of grounding intervention in promoting
tissue repair. Among all groups, the Ground (in) group demonstrated the
most significant healing effect. On day 3, the wound healing rate of
Ground (in) group was larger (40.22 %) compared with control
(15.22 %), Gel (25.31 %), Bi-gel (28.03 %), and Ground (out) (31.94 %)
(Fig. 3d). This was attributed to center grounding, which allowed the
triboelectric charges to flow out from the center of the wound. The
potential difference between the center and the edge of the wound
increased, thereby enhancing the EF of the wound. In addition, the body
weight of all experimental rats remained stable and H&E staining of vital
organs showed no signs of pathological changes, confirming the safety
and effectiveness of the grounding intervention in promoting wound
healing (Fig. S10 and S11).

To further investigate the histological changes associated with
grounding intervention during wound healing, we performed H&E and
Masson staining at different time points. On day 6, H&E staining images
revealed that the length of the newly formed epidermis in the Ground
(in) group reached 5.12 mm, which was significantly longer than the
1.5 mm observed in the other groups (Figs. 3e and 3f). By day 12, the
Ground (in) group exhibited the narrowest granulation tissue
(Fig. S12a), with a width of only 1.08 mm (Fig. S12b), significantly
smaller than in the other groups. This suggests that grounding inter-
vention not only accelerated the initial stages of tissue repair but also
promoted the faster maturation of granulation tissue, which is crucial for
wound closure. Furthermore, Masson staining on the 12th day
(Fig. S12c) revealed the presence of abundant rete pegs in the Ground
(in) group, which played an important role in the differentiation,
growth, and repair of epithelial cells [46].

On day 21, the skin structure in the Ground (in) group was restored
relatively completely, with an epidermal thickness of 63.98 pm, almost
double that of the control group (31.74 pm) (Figs. 3e and 3g). This
indicated that grounding intervention had a significant promoting effect
on skin regeneration. Masson staining on day 12 (Fig. S13a) revealed
that collagen fibers in the Ground (in) group were more densely packed
and more uniformly organized, while fibers in the other groups were
arranged more loosely. Quantitative results (Fig. S13b) further indicated
that the collagen volume fraction in the Ground (in) group was higher
(78.17 %), compared to the Control (64.22 %), Gel (65.69 %), Bi-gel
(69.98 %), and Ground (out) (67.79 %) groups, indicating enhanced
extracellular matrix deposition and tissue maturation.

Macrophage polarization in the wound was further evaluated using
CD86 and CD206 immunofluorescence to examine the effect of
grounding-induced electrical stimulation on the inflammatory micro-
environment. CD86 and CD206 are the markers M1 and M2 type mac-
rophages respectively [47]. On day 6, the Ground (in) group exhibited
stronger CD206 (M2) signals (Fig. 3h), and quantitative analysis showed
a significantly higher M2/M1 ratio (2.48) compared to the Ctrl (0.13),
Gel (0.24), Bi-gel (0.40), and Ground (out) (0.41) groups (Fig. 3i),
suggesting that electrical stimulation promoted the transformation of
macrophages from the pro-inflammatory M1 phenotype to the
anti-inflammatory and pro-healing M2 phenotype during the healing
process [48].

To assess the impact of grounding-induced electrical stimulation on
tissue repair, angiogenesis was evaluated using CD31 immunofluores-
cence staining, a marker for endothelial cells. Immunofluorescence
staining showed that the CD31" vascular area per high power field
(HPF) of the Ground (in) group increased approximately 6-fold and 2-
fold compared to the Ctrl/Gel group and Bi-gel/Ground (out) group,
respectively (Figs. 3h and 3j). This indicated that grounding at the center
can effectively promote the formation of new blood vessels, providing
better nutrition and oxygen supply for tissue repair [49]. The M2 type
macrophages are important angiogenic cells, consistent with the finding
that an increase in M2 macrophage numbers promoted the formation of
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Fig. 3. Grounding intervention accelerated full-thickness wound repair in rat. (a) Schematic diagram of the rat model of wound healing by grounding
intervention. (b) Schematic diagram and wound healing mechanism of the rat grounding model. (c) Representative images showing wound repair at different time
points (the diameter of the original wound was 1 cm). (d) Statistical data of the percentage of wound healing over time (n = 3). (e) H&E staining of wounds in
different experimental groups on the 6th day and the 21st day. (f) Statistical analysis of length of newly formed epidermis in different experimental groups on the 6th
day (n = 3). (g) Statistical analysis of thickness of newly formed epidermis in different experimental groups on the 21st day (n = 3). (h) Inmunofluorescence staining
of each experimental group on the 6th day and the 12th day, showing CD206 (red) and CD86 (green) for macrophages, and CD31 (red) for endothelial cells. (i)
Statistical analysis of the ratio of CD206" /CD86" in different experimental groups on the 6th day (n = 3). (j) Statistical analysis of the CD31" vascular area per high

power field (HPF) in different experimental groups on the 12th day (n = 3).

blood vessels. These results demonstrated that electrical stimulation can
effectively regulate the inflammatory microenvironment, promote
angiogenesis, and thereby accelerating wound healing.

2.4. Transcriptome analysis

To further elucidate the molecular mechanisms underlying the
enhanced wound repair observed in histological analyses, tran-
scriptomic profiling was performed on wound tissues from the control
(Ctrl, C), material (Bi-gel, M), and grounding (Ground (in), G) groups.
On the sixth day, the length of the newly formed epidermis in the
Ground (in) group surpassed that of other groups and macrophages
transformed from the M1 phenotype to the M2 phenotype. This stage
marks the critical transition of the wound from the inflammatory phase
to the proliferative phase. Heatmaps revealed distinct expression pat-
terns between Ground (in) and the Ctrl or Bi-gel groups, highlighting a
set of differentially expressed genes (DEGs) (Figs. 4a and 4b). The Upset
plot further illustrated the overlap and distribution of these DEGs among
different groups (Fig. 4c). Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis (Figs. 4d and 4e) indicated that grounding
intervention pathways associated with stem cell proliferation (Cytokine-
cytokine receptor interaction), promoted the regulation of intracellular
calcium homeostasis (Calcium signaling pathway), and affected in-
flammatory response and tissue repair (IL-17 signaling pathway). The
Heatmap of key genes (Fig. 4f) showed that there are more differential
genes related to wound repair in the Ground (in) group compared with
the Ctrl and Bi-gel groups. The genes upregulated in the Ground (in)
group were labeled in the Volcano plot (Fig. 4g). The inflammation
protection mediated by Cryab/Hspb7 paves the way for repair. Subse-
quently, enhanced cell adhesion via Actn2, neural regulation via Pvalb/
Cryab, and angiogenesis initiated by Ccl21/Ampdl/Hspb7 ensure
nutrient supply. Ultimately, the extracellular matrix (ECM) constructed
by Col7al/Col19al enables the stable restoration of structure and
function, which consistent with the increased collagen deposition
observed by Masson staining (Fig. S13). The upregulation of these genes
constitutes the molecular basis for grounding intervention to accelerate
wound self-healing.

Gene set variation analysis (GSEA, Fig. 4h-k) further verified the
activation of the enriched signaling pathways. Among them, the Cal-
cium signaling pathway, ECM-receptor interaction and Hedgehog
signaling pathway were all upregulated in Ground (in) group, while the
Interleukin 17 (IL-17) signaling pathway was downregulated. The acti-
vation of the Calcium signaling pathway and ECM-receptor interaction
suggests enhanced regulation of intracellular calcium homeostasis, cell
adhesion, and extracellular matrix remodeling—processes critical for
cell migration, proliferation, and tissue re-epithelialization. The
Hedgehog pathway upregulation indicated promotion of stem cell ac-
tivity and tissue regeneration. IL-17 is a highly versatile pro-
inflammatory cytokine that is essential for host immune defense [50],
its suppression indicated the success of inflammation inhibition during
the early healing stage. Consistent with a significant increase in the
M2/M1 ratio during the healing process, this indicated that electrical
stimulation created a favorable immune microenvironment for wound
healing. Overall, these results suggest that grounding intervention may
facilitate wound healing via multiple regulatory pathways by enhancing
tissue regeneration, stabilizing the extracellular environment, and
regulating the inflammatory microenvironment.

3. Discussion

In conclusion, we proposed a method for harnessing the walking-
induced triboelectric charges of the human body, which achieved
charge flow through grounding, and accelerated the wound self-healing.
We systematically evaluated the promoting effect of the triboelectric
charges of the human body on wound healing in vivo and verified the
influence of the current direction on the endogenous EF within the
wound. Grounding at the center of the wound can effectively enhance
the endogenous EF, which in turn modulated gene expression and
signaling pathways associated with tissue regeneration, extracellular
matrix stability, and inflammatory response, thereby promoting effi-
cient and orderly wound repair. The point-of-use method operated
without external power supply, relying entirely on the tribo-
electrification, which makes it suitable for emergency applications in
extreme environments (deep space, deep sea, even the moon and mars)
as well as offering medical convenience for people in resource-poor re-
gions. In addition, the concept of grounding intervention could be
combined with any materials approved by the Food and Drug Admin-
istration (FDA) and even be expected to be integrated with negative
pressure wound treatment (NPWT). This will contribute to novel stra-
tegies for healing chronic wounds with excessive exudate in clinical
practice, expand the application group, and promote the development of
the medical industry. All in all, the triboelectric charges of the human
body were utilized to accelerate wound self-healing, providing an
energy-autonomous and drug-free repair strategy for the healing of
wounds.

4. Materials and methods
4.1. Material

The hydrogel patches/hydrogels and Tegaderm transparent dress-
ings were purchased from Coloplast and 3 M company, respectively.

4.2. Electric measurements

The output current and voltage of human/rat movement were
measured using an electrometer (Keithley 6517B) and an oscilloscope
(LeCroy, HDO6104). In the human demonstration experiment, the
triboelectric charges originated from the friction between the sole of the
shoes (ethylene vinyl acetate copolymer, EVA) and the floor (tile). In the
demonstration experiment on rats, the triboelectric charges were
generated by the friction between the rough paws of the rats and the
rubber.

4.3. COMSOL Multiphysics simulation

The COMSOL Multiphysics simulation was based on version 6.3 and
was used to simulate the electric field distribution in the wound to assess
the impact of potential and electric field intensity on wound healing. The
simulation process began with model construction, where the three-
dimensional geometry of the human model was created using 3D Max
software. This model included the main anatomical features of the
human body to ensure the biological authenticity of the geometric
shape. Then, the human model was imported into the COMSOL envi-
ronment and a wound model was further drawn based on it. Specifically,
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Fig. 4. Transcriptome analysis of wound tissue at 6 days. (a) Differential gene enrichment heatmaps for the ground (in) group (G) relative to the ctrl group (C),
and (b) relative to the materials group (M). (c) Upset plots of shared and unique genes between groups. (d, e) Bubble plots of KEGG enrichment analysis of DEGs in
the Ground (in) group compared with the Control group (d) and Bi-gel group (e). (f) Heatmap of genes related to healing in different groups. (g) Volcano maps of
differential gene enrichment in the ground (in) group relative to the ctrl group. (h-k) Gene set variation analysis (GSEA) of the Calcium signaling pathway (h),
Extracellular matrix (ECM)-receptor interaction (i), Hedgehog signaling pathway (j), and Interleukin 17 (IL-17) signaling pathway (k).

the wound geometry was directly constructed using the built-in tools of
COMSOL, with the wound modeled as a cylinder with a diameter of
1 cm, located in the area of the human model. Material properties were
defined in the "Materials" node of COMSOL, specifying the electrical
properties of dry skin for human tissues, including the relative dielectric
constant (er = 44.817) and electrical conductivity (6 = 0.599 S/m), to
reflect the electrical behavior under dry physiological conditions. The

physical field settings were carried out under the "Physics" node, using
the "Electrostatics" interface, enabling steady-state solving to calculate
the static electric field distribution. The boundary conditions were set by
determining the surface charge quantity on the human body surface
(measured value: 104.49 nC), and the responses under different electric
field conditions were simulated. The meshing was done using the
"Physics-Controlled Mesh" method, generating a free tetrahedral mesh
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under the "Mesh" node, and refining the mesh in the wound area to
improve accuracy. The solution process used the "Stationary" study step,
configuring the "Fully Coupled" solver, with a relative tolerance of e *.
After running the solution, monitoring the convergence of the potential
was carried out to ensure numerical stability.

4.4. Cell culture

3T3 cells were cultured in high-glucose DMEM medium (Solarbio)
supplemented with 10 % fetal bovine serum (FBS, Gibco) and 1 %
penicillin-streptomycin (Solarbio). Cells were maintained in a humidi-
fied incubator at 37 °C with 5 % CO».

4.5. Cell migration

The wound healing process in vitro was simulated through cell
scratch experiments. We employed hydrogel and electric field stimula-
tion to investigate whether they could promote cell migration. 3T3 cells
were cultured in 6-well plates until they grew fully, and a linear scratch
was made using the tip of a pipette to create a cell-free gap. The cells
were washed three times with phosphate buffered saline (PBS) to
remove the detached cells, and the initial image of the scratch was
captured under a microscope (ICX41). Subsequently, the hydrogel was
added into culture medium with/without an electric field stimulation to
allow cell migration, and placed them in the incubator. Graphite elec-
trodes were inserted to both sides of the scratch, with an electrode
spacing being 3 cm. A signal generator was used to simulate the elec-
trical signal induced by the walking of rats to provide electrical stimu-
lation until complete cell closure was achieved. Images were taken at the
same position again at 0 h, 12 h, 24 h, and 36 h to record the movement
of the cells towards the defect area. Finally, the images at different time
points were compared and analyzed, and the cell migration was quan-
titatively analyzed using ImageJ software.

4.6. Cell biocompatibility

The cell viability was assessed using the CCK-8 assay (Cell Viability/
Cytotoxicity Detection Kit, Solarbio). After culturing the cells for 1 and 3
days, removing the culture medium and washing with PBS, they were
incubated together with the culture medium containing 10 % CCK-8
reagent in the incubator for 40 min. Then, the absorbance at 450 nm
was measured using a microplate reader (Thermo Fisher Scientific).
Furthermore, the biocompatibility was evaluated by the Calcein-AM/PI
live/dead assay (Solarbio). 10 mg hydrogel was dissolved in 10 mL
DMEM solution and stood for 24 h, resulting in leachate containing the
hydrogel. After the cells were cultured in the leachate for 3 days with or
without electrical stimulation, washed with PBS and incubated with the
live/dead dye at 37 °C for 40 min (in the dark). The cells were washed
twice with PBS to remove excess dye. Subsequently, they were observed
using a fluorescence microscope (ICX41).

4.7. Cell morphology and cytoskeleton detection

We further investigated the effects of the leachate containing
hydrogel and electrical stimulation on the growth state of cells. All
samples that were cultured in the leachate with or without electrical
stimulation for 48 h were fixed in 4 % paraformaldehyde (Solarbio) at
room temperature for 10 min. After washing with PBS, samples were
subjected to permeabilization treatment in 0.1 % Triton X-100 (Solar-
bio), with the temperature maintained at 4 °C for 5 min. After being
washed with PBS, the samples were incubated with the Rhodamine-
Phalloidin (Aberman; dilution ratio 1:1000) at 37 °C for 1 h. After
further washing with PBS, the samples were stained with 4',6-diamidino-
2-phenylindole (DAPI; Solarbio) for 10 min, then washed three times
with PBS. Subsequently, the cytoskeleton and nucleus of the stained cells
were observed using ICX41 fluorescence microscope.
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4.8. Hemolysis assay

The blood biocompatibility of the hydrogel was evaluated using the
hemolysis assay. 1 mL fresh rat blood (male, 8 weeks old, 250 g) was
placed in an anticoagulant tube, and 2 mL PBS was added for washing.
The solution was centrifuged at 1000 rpm for 5 min. This process was
repeated 5 times, and then the supernatant was removed, leaving the red
blood cell sediment. The washed red blood cells were resuspended in
10 mL PBS as the blood working solution. Experimental group (n = 3):
200 pL blood working solution was mixed with 800 pL hydrogel
leachate (1 mg hydrogel dissolved in 1 mL PBS for 3 days). Positive
group (n = 3): 200 pL blood working solution and 800 pL water.
Negative group (n = 3): equal amounts of blood working solution and
800 pL PBS. After incubation at 37 °C for 4 h, all samples were centri-
fuged at 1000 rpm for 5 min, and the images were taken and recorded.
At the same time, 100 pL supernatant sample was taken from each
group, and the absorbance was detected at 545 nm.

4.9. Animal models

The experiment utilized male 8-week-old Sprague-Dawley (SD) rats
provided by SPF (Beijing) biotechnology Co. Ltd. All operations were
conducted in accordance with the "Administrative Measures for the
Ethical Review of Experimental Animals", and were approved by the
Animal Ethics Committee of the University of Chinese Academy of Sci-
ences (202403042).

The SD rats were used to establish a full-thickness skin wound model.
After inhalation anesthesia with isoflurane (1-3 % concentration), the
hair on the back was shaved. Under sterile conditions, a circular full-
thickness wound was made using a 1 cm circular mold. The rats were
randomly divided into 5 groups, with 6 rats in each group: the control
group (Ctrl, without any intervention), the hydrogel patch group (Gel,
commercial hydrogel patch with wound healing function), the hydrogel
+ hydrogel patch group (Bi-gel, hydrogels maintain wound moisture
and provide a low-impedance conductive microenvironment), the Bi-gel
center-grounding group (Ground (in), wound center is conductive), and
the Bi-gel outer-grounding group (Ground (out), wound edge is
conductive). The patches were replaced daily and wound photos were
taken every three days to monitor and measure the wound healing sta-
tus. For the grounding groups, the rats received grounding intervention
for 1 h each day for 9 days. During the entire treatment period, each rat
was fixed with Tegaderm after treatment to prevent skin contraction.
Then, elastic adhesive bandages were used for fixation to prevent
infection and self-inflicted harm. Finally, the wound healing rate was
calculated using ImageJ software based on the wound photos taken at
each time point.

4.10. Blood analysis

Blood routine and blood biochemical tests were conducted on each
group of animals during the treatment process for blood analysis. During
the experiment, blood samples were taken on the 0 t, the 6th and the
21st day and placed in anticoagulation tubes for blood routine tests to
obtain the relevant indicators. Blood samples for the sixth day were
collected using vacuum blood collection tubes. The blood was centri-
fuged at 2500 rpm for 15 min to separate the serum, and the supernatant
was collected for testing of serum biochemical indicators.

4.11. Histological analysis

The wound tissue obtained from sampling for 6, 12 and 21 days was
soaked in 4 % paraformaldehyde for fixation, then dehydrated with
gradient ethanol and embedded in paraffin blocks. The thickness of
section was 4 pm and further analyzed by H&E, Masson and immuno-
fluorescence staining.
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4.12. Transcriptome sequencing

Wound tissue was obtained on the sixth day of wound healing. RNA
was further extracted from it using TRIzol® reagent and the sequencing
was performed in Majorbio Co., Ltd. company using an Illumina Nova-
Seq 6000 platform (Illumina, USA). Differential expression analysis was
performed using DESeq2, and differential expression genes with |
log2FC | 2 1 and FDR < 0.05 (DESeq2) were considered significantly
differentially expressed genes. Further analysis was conducted through
the online Majorbio Cloud Platform (www.majorbio.com).

5. Statistical analysis

All data were presented as mean + standard deviation. Quantitative
image analysis was performed using ImageJ software. The analysis and
plotting of other data were carried out using the Origin 2025 version and
GraphPad Prism 10.0 version software. Statistical significance between
experimental group and other groups was assessed by one-way ANOVA,
with p < 0.05 considered statistically significant (¥, **, ***, cor-
responding to p < 0.05, 0.01, 0.001, 0.0001, respectively).
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