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Flexible Triboelectric Nanogenerator Patch for Accelerated
Wound Healing Through the Synergy of Electrostimulation
and Photothermal Effect

Zhuo Wang, Quanhong Hu, Shuncheng Yao, Shaobo Wang, Xi Liu,* Cuiping Zhang,*
Zhong Lin Wang,* and Linlin Li*

Physiological wound healing process can restore the functional and structural
integrity of skin, but is often delayed due to external disturbance. The
development of methods for promoting the repair process of skin wounds
represents a highly desired and challenging goal. Here, a flexible,
self-powered, and multifunctional triboelectric nanogenerator (TENG) wound
patch (e-patch) is presented for accelerating wound healing through the
synergy of electrostimulation and photothermal effect. To fabricate the
triboelectric e-patch, a flexible and conductive hydrogel with a dual network of
polyacrylamide (PAM) and polydopamine (PDA) is synthesized and doped
with multi-walled carbon nanotubes (MCNTs). The hydrogel exhibits high
conductivity, good stretchability, and high biocompatibility. The triboelectric
e-patch assembled from the hydrogel can detect mechanical and electrical
signals of human motions in a real-time manner. In a rodent model of
full-thickness dorsal skin wound, the e-patch integrating self-driven
electrostimulation and photothermal effect under the near-infrared light
irradiation efficiently promotes wound repair and hair follicle regeneration
through relieving inflammation, fastening collagen deposition, vascular
regeneration, and epithelialization. It offers a promising way to accelerate
wound healing.

1. Introduction

As the largest organ in the body, the skin is the first protective
barrier of body to defense invasive pathogens and damages. Skin
wounds caused by accidents, bacterial infections and diseases can
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easily turn into chronic, non-healing
wounds and lose sensory and protec-
tive function.[1–7] Traditional bandages
can physically protect the wound but
display limited bioactivities and are insuf-
ficient for promoting the wound healing
process.[8] Recently, emerging bandages,
such as hydrogel-based ones, have received
widespread attention, due to their unique
flexibility and softness, high water con-
tent, and excellent biocompatibility.[3]

However, there remains an urgent
need for functional patches capable of
monitoring wound microenvironment
such as temperature in real-time, and
promoting wound healing effectively.

More than a century ago, current pass-
ing through a human dermal wound was
first observed.[9] The existence of endoge-
nous electric fields (EFs) and their essen-
tial roles for tissue remodeling have been
verified by numerous investigations in a
variety of tissues.[10] EFs can modulate re-
epithelialization process for dermal wound
through directing the migration of wound-
related cells, including epithelial cells and

fibroblasts.[11,12] Based on this, functional devices with electri-
cal stimulations (ESs) that provided a stronger electric field
than the EFs have been developed and applied for promoting
skin regeneration.[11,13] However, traditional devices for provid-
ing ESs are always cumbersome and clumsy, making them
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Scheme 1. Schematic diagram demonstrating the preparation process of the hydrogel and the applications of the hydrogel-based TENG e-patch for the
promotion of wound healing. a) Schematic diagram of the preparation process of the CDA-PAM hydrogel. b) The chemical interaction of the hydrogel
and schematic illustration of i) covalent bonding, ii) hydrogen bonding, and iii) 𝜋–𝜋 interaction in CDA-PAM hydrogel. c) Applications of CDA-PAM
hydrogel-based TENG e-patch for promotion of wound healing, the inset shows the structure of the TENG-based e-patch.

difficult to assist to repair the wound in a timely and effective
way. Recent developments in wearable and flexible bioelectron-
ics with the advantages of light weight and ease of use provide a
promising approach to solving this problem.[14] Especially, self-
powered devices using flexible and wearable triboelectric nano-
generators (TENGs) brings new possibilities for ES-mediated
skin regeneration.[15] These TENGs can be driven by normal
human activities to generate electrical pulses through the com-
bination of triboelectrification and electrostatic induction.[16–19]

When used as a self-powered and wearable bioelectronic device,
TENG offers unique advantages such as easy fabrication,[20,21]

flexible working modes,[22,23] high energy conversion rate,[24] and
is promising for providing in-situ ESs to effectively accelerate skin
wounds.[25] Currently, there are several major problems that still
need further improvement. First, traditional TENGs made of di-
electric materials and metal electrodes are often rigid and me-
chanically mismatching with soft skin, thus difficult to be directly
applied on wounds. Second, single-mode ES is still insufficient
for promoting healing process of the wound. The combination of
ESs with other pro-healing method is highly desired. Third, the
therapeutic effect of ES is difficult to be monitored in a real-time
manner, making the therapeutic schedule and decision delaying
behind.

Recently, hydrogels have become emerging flexible mate-
rials for fabricating flexible TENGs due to their excellent

stretchability,[26,27] good biocompatibility,[23] tissue conformabil-
ity, and tunable conductivity.[27–29] The properties of the hydro-
gels can be rationally tailored by introducing appropriate fillers
into the polymeric matrix, which enables the hydrogels to be
suitable for fabricating TENG adaptive to various biomedical ap-
plications. The fillers with unique physicochemical properties
can also endow the hydrogels with various performance, such
as photothermal conversion effect that has potential to promote
wound healing.[30–33] Based on these, we hypothesized that the
functional hydrogel-based TENG can directly deliver ES and pho-
tothermal stimulation to the skin would for achieving better pro-
healing results.[12,34] Concurrently, the local change of microen-
vironment that reflects healing process and therapeutic response
can be monitored by the TENG in real-time, thereby facilitating
the adjustment of the treatment plan in time.

Herein, we developed a flexible triboelectric wound e-patch
to promote wound closure and capture electrical signals dur-
ing healing process. This flexible patch can be used as a multi-
functional sensor to detect various human movements includ-
ing touch, bending and face recognition. In a rodent model of
full-thickness dorsal skin wounds, this multifunctional, flexible
e-patch can provide self-powered ES through the movement of
mice. Furthermore, under the irradiation with a near-infrared
(NIR) laser, it can provide photothermal effect rapidly to pro-
mote the regeneration of blood vessels. Under this combined
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therapeutic effect, the wounds closed completely after 14 days of
treatment. The integration of sensor functions and therapeutic
promotion capacity into a multifunctional, flexible TENG e-patch
offers a new avenue for personalized healthcare electronics in di-
agnostic and therapy.

2. Results and Discussion

Scheme 1a,b displays the preparation process and chemi-
cal structure of the polyacrylamide (PAM) and polydopamine
(PDA) based dual-network hydrogel doped with multi-walled
carbon nanotubes (MCNTs). When the monomers of acry-
lamide (AM) and dopamine (DA), the filler carboxylated MCNTs,
the initiators of ammonium persulfate (APS), N, N’-methylene
bisacrylamide (BIS) and N,N,N′,N′-tetramethylethylenediamine
(TEMED) are evenly mixed, the PAM and PDA chains crosslink
randomly, physically, and covalently via the Schiff base reactions
(Scheme 1b-i),[30,35] forming a PDA-PAM dual polymeric net-
work, which is named as DA-PAM hydrogel. Within this dual
network, the doped MCNTs improve the mechanical properties
of the crosslinked network through the hydrogen bonding be-
tween ─COOH groups of MCNTs and the ─NH2 groups of DA
and the 𝜋–𝜋 interaction between DA (Scheme 1b-ii,iii). The ob-
tained MCNTs doped hydrogel was named as CDA-PAM hydro-
gels. The electronic signals are generated when other materials
contact and move away from the E-patch. Besides, MCNTs can
also improve the electron conductivity of the hydrogel and pro-
vide the photothermal therapeutic effect under the NIR light ir-
radiation, which might synergize with the ES for accelerating
wound healing (Scheme 1c). During the therapy, the TENG can
also monitor the temperature fluctuation at wound sites, provid-
ing a feedback of the therapeutic process.

We investigated the morphology, transparency, conductivity,
mechanical strength, and adhesion properties of the as-prepared
hydrogel. First, we tuned the amount of MCNTs in the hydro-
gel, and CDA1-PAM, CDA2-PAM, CDA3-PAM, and CDA4-PAM
referred to the hydrogels doped with 0.5 mg MCNTs, 1.0 mg MC-
NTs, 1.5 mg MCNTs, and 3.0 mg MCNTs, respectively. From the
scanning electron microscopy (SEM) image, CDA3-PAM hydro-
gel consisted of a 3D network with pore sizes varying from 10
to 50 μm (Figure 1a). The existence of MCNTs in CDA3-PAM
increased the optical absorbance of the hydrogels particularly
within the NIR light region, which was beneficial for photother-
mal conversion (Figure 1b; Figure S1, Supporting Information).
Additionally, the conductivity of the hydrogels was obviously in-
creased with increasing MCNT contents from 0.5 to 1.5 mg, how-
ever, dramatically decreased when the MCNTs content further
increased to 3 mg, as shown in the current–voltage (I-V) curves
in Figure 1c. We deduced that excessive MCNTs resulted in the
aggregation of MCNTs in the hydrogel, leading to a discontinu-
ous conductive network. Therefore, CDA3-PAM was chosen in
the following experiments. The prepared CDA3-PAM displayed
self-adhesive properties on various substances including plas-
tic, glass, rubber, steel, and so on (Figure 1d). CDA3-PAM hy-
drogel showed satisfactory mechanical property and the doping
of MCNTs led to unconspicuous variation of maximum tensile
strength (0.9 MPa) and obvious increase of tensile strain (1165%)
(Figure 1e,f). We further demonstrated the high conductivity and
stretchability of the CDA3-PAM hydrogel by using it as a con-

ductor in a circuit to light up a light-emitting diode (LED) bulb.
As the CDA3-PAM hydrogel stretched, the LED light gradually
became dimmed (Figure 1g). It was attributed to that stretch-
ing of the CDA3-PAM hydrogel induced an increase in its re-
sistance, resulting in an elongated ion transmission pathway.
The hydrogel displayed repeatable resistance fluctuations of up to
≈50% upon compression, indicating its sensitivity toward exter-
nal force. (Figure 1h). The results in Figure 1i showed the strain-
dependent resistance variation under stretching. The resistance
varied timely and repeatedly with stretching, indicating a good
sensitivity and stability.

Subsequently, the hydrogels were integrated with Ecoflex to
form a single-electrode mode TENG (Figure 2a), in which Ecoflex
was used as the contact triboelectric layer and the hydrogels acted
as the electrode layer. The basic working mechanism and electri-
cal output performance of the TENG are shown in Figure 2b–e.
The as-prepared TENG works based on the coupling between tri-
boelectrification and electrostatic induction (Figure 2b). When a
dielectric material such as Kapton contacts with the TENG, elec-
trification occurs at the contact interface, and equal amounts of
charges with opposite polarities are generated at the surfaces of
the two layers (Figure 2b-i). During this process, the Kapton sur-
face is positively charged because of the higher surface electron
affinity of the silicone elastomer. After the Kapton moves away
from the TENG, positive charges are generated in the hydro-
gels, accompanied by charge flow (Figure 2b-ii). When the Kap-
ton is far from the TENG, the electron flow stops (Figure 2b-iii).
As the Kapton approaches the TENG again, electrons flow back
to the hydrogel layer through the external circuit (Figure 2b-iv).
As this process is repeated between the electrification layer and
the Kapton, a pulsed current is generated. Meanwhile, Figure 2c
shows a simple finite element simulation conducted by COM-
SOL Multiphysics to observe the potential distribution at differ-
ent states. In addition, Figures 2d–e and S2 (Supporting Informa-
tion) show the output performance of the hydrogel-based TENGs
with different MCNT contents under a frequency of 1 Hz. A Kap-
ton film (20 mm × 40 mm) was used as the triboelectric layer
to contact with the Ecoflex layer of the TENGs. When the pure
DA-PAM hydrogel was used as the electrode of the TENG, the
TENG produced a Voc output of 51.23 V, an Isc of 1.23 μA, and a
Qsc of 26.23 nC, respectively. With increasing doping contents of
MCNTs (0.5, 1, and 1.5 mg) in the hydrogels, the output of the
TENGs increased gradually. However, as the doping of MCNTs
was further increased to 3 mg (CDA4-PAM), the output of the
TENG decreased back. The TENG made from CDA3-PAM hydro-
gel showed the highest output of 128.96 V, 1.79 μA, and 51.38 nC.
This changing tendency was coincided with that of the hydrogel
conductivity, where CDA3-PAM exhibited the highest conductiv-
ity (Figure 1b). In addition, the long-term stability of the TENG
was investigated. It is found that the open-circuit voltage kept sta-
ble over 2000 cycles (Figure S3, Supporting Information).

Besides, when the TENG device was continuously stretched
by four times to strains ranging from 0% to 300%, the resistance
variation of the TENG followed a uniform pattern, indicating the
highly sensitive and stable responses to the strains (Figure 2f).
The Voc increased as stretching strains increased from 0–300%,
due to the coupling effect of the decreased dielectric layer’s thick-
ness and the increased contacting surface area according to the
Poisson’s effect (Figure S4, Supporting Information), which was
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Figure 1. Characterization of the CDA3-PAM hydrogel. a) SEM image showing the morphology of the CDA3-PAM hydrogel. b) The UV–vis–NIR absorp-
tion spectra of the DA-PAM and CDA3-PAM hydrogels. c) Conductivity of the hydrogels with different contents of MCNTs. d) Adhesion demonstration
of the CDA3-PAM hydrogel on different substrates. e) Stress-strain curves of the DA-PAM and CDA3-PAM hydrogels. f) Digital photographs of the
CDA3-PAM hydrogel during stretching. g) Digital photographs of the stretched CDA3-PAM hydrogel in a conductive loop with a lightened LED bulb.
h) Relative resistance changes under cyclic compression of the CDA3-PAM hydrogel. Inset photograph shows the compression progress. i) Relative
resistance changes of the CDA3-PAM hydrogel under cyclic loading with strain of 0–500%. Scale bars in g and h represents for 1 cm.

in line with previous report.[36] Then, the sensitivity of the TENG
was investigated (Figure 2g). When a finger touched the CDA3-
PAM-based TENG, a fast response time (45 ms) and recovery
time (60 ms) were observed, ensuring its timely sensing. Be-
sides, long term repeatable cycles of the response and recovery
times of the TENG was measured (Figure S5, Supporting Infor-
mation). During 200 working cycles, the TENG displayed a sta-
ble response and recovery time, indicating the excellent response
stability Therefore, the TENG made from CDA3-PAM hydrogel
with the highest output performance was applied for the subse-
quent investigation unless specially mentioned. Additionally, to
prove the reliability of the TENG in energy harvesting, resistors
were employed as external loads to evaluate the output perfor-
mance of TENG. According to Ohm’s law, when the resistance
of external load increased, the output voltage of the TENG gradu-
ally increased from 0, and the output current gradually decreases
to 0 as shown in Figure S6a (Supporting Information). The out-
put power density first increased with the increase of resistance
value, then decreased. The TENG can reach to the maximum out-

put power density of 81.86 mW m−2, when the resistance value of
external load is 100 MΩ, (Figure S6b, Supporting Information).
As shown in Figure 2h, with the increasing of the capacitance
of the capacitors, the charging speed gradually slowed down and
the charging time was prolonged. Within 60 s at 1 Hz, a 1 μF ca-
pacitor can be rapidly charged to 3.3 V by the developed TENG,
while the 2.2 μF one can be charged to 2.8 V. Therefore, the TENG
exhibited excellent universality of charging capacity for different
capacitors.

The appearance of wounds may disrupt the skin’s capacity of
sensing external stimuli, e.g., pressure and touch. The wearable
TENG as an e-patch is expected to be capable of compensating
for these temporary difficulties through its electromechanical sig-
nal transitions during stretching or deforming. As displayed in
Figure 3, the CDA-PAM-based TENG can be utilized as either a
piezoresistive sensor or a self-powered biomechanical sensor for
monitoring human’s normal activity in a variety of scenarios. As
displayed in Figure 3a, the TENG’s variation in ΔR/R0 allowed us
to clearly distinguish the finger actions of touch, tap, and press
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Figure 2. Characterization of the hydrogel-based TENG. a) Schematic diagram of the hydrogel-based TENG. b) Working mechanism of the hydrogel-
based TENG. c) Simulation of the potential distribution of the hydrogel-based TENG by COMSOL Multiphysics. d) Open-circuit voltage (Voc) output of
the TENG made from the hydrogels with different MCNT doping. e) The output comparison of the TENG made from the hydrogels with different MCNT
doping. f) Voc output of the TENG (1 × 1 cm) at different stretching ratios. g) Response time of the TENG under finger tough. h) Charging voltage curves
of different commercial capacitors (1, 2.2, 3.3, and 4.7 μF) by the TENG.

with different pressures. Similarly, the TENG could also detect
the bending angle of fingers (Figure 3b). Based on its multifunc-
tionality, the TENG is capable of monitoring human movement
in real-time, recognizing the mouth open and blowing precisely
(Figure 3c,d). In another scenario, the TENG sensor could mon-
itor frown of the user (Figure 3e) in its voltage output mode. In a
same manner, the cyclic wrist bending could be effectively mon-
itored and presented in the form of output voltage signals, in
which the peak voltage value varied with the bending angles. As
the bending angles increased from 30° to 90°, the peak output
voltage increased from 5 to 17 V accordingly, which was due to
the increased contact area between Ecoflex and the skin at a larger
bending angle (Figure 3f). The TENG can be attached to the neck
to detect small deformations of skin and muscle. When the vol-
unteer raised or lowered his head, the neck movements could
be precisely monitored (Figure 3g). The real-time signals gener-
ated by the TENG attached to the knee were also measured to
monitor the bending and release of the knee (Figure 3h). There-
fore, the flexible and stretchable TENG with high sensitivity and
good repeatability demonstrated potentials for real-time and self-
powered biomechanical sensing.

As a smart wearable sensor, the wearable TENG as an e-patch
had excellent photothermal conversion properties, which can
synergize with the ES to promote wound healing. Figure 4a il-
lustrated the process of wound healing by the combination of
ES and photothermal effect. When irradiated with NIR light, the
temperature of the TENG can quickly increase due to the ex-
istence of MCNTs, a typical photothermal conversion material.
The local heat can accelerate microcirculation of blood flow and
relieve pain in the injured site, and ES can facilitate the migra-
tion, proliferation, and differentiation of wound repair cells such
as fibroblasts.[37] The photothermal conversion of the DA-PAM
hydrogel, CDA3-PAM hydrogel, and CDA3-PAM-based TENG
were recorded under the NIR laser irradiation (808 nm, 0.5 W
cm−2 with distance of 4 cm). And according to the results in
Figure 4b, it showed that the surface temperature of the CDA3-
PAM hydrogel rapidly increased to 53.8 °C after 5 min of irra-
diation, while the surface temperature of the CDA3-PAM-based
TENG was 46.1 °C. In contrast, the surface temperature of DA-
PAM hydrogel only had a slight temperature increase to 28.5 °C.
These results indicated that the doping of MCNTs endowed excel-
lent photothermal properties to the CDA3-PAM hydrogel and the
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Figure 3. Biomechanical sensing of normal human activities with the self-powered TENG sensor. Relative resistance changes for real-time monitoring
of a) different contact strengths of a finger, b) finger bending, c) mouth open, and d) blow. Voltage outputs as a self-powered TENG sensor for sensing
e) frown, f) wrist bending, g) neck movement, and h) knee bending.

encapsulation of CDA3-PAM hydrogel with Ecoflex slightly de-
creased its photothermal conversion. This is helpful for avoiding
burning of the skin around the wound within a short time, and af-
ter 5 min irradiation, the local temperature rose to 46.1 °C, which
can accelerate the blood circulation. A similar trend was also dis-
played in the infrared images of Figure 4c. This photothermal
conversion can be repeated under the repeated light irradiation
(Figure 4d).

Next, we measured the photocurrents of CDA3-PAM and DA-
PAM hydrogels generated under full-spectrum light irradiation
and the results demonstrated that CDA3-PAM could generate
a photocurrent of 0.25 μA, significantly higher than 0.05 μA
of the DA-PAM hydrogel (Figure 4e). Another interesting phe-
nomenon is that the temperature change of the TENG can be
reflected by the change in the resistance of the hydrogel. This
property endowed the TENG with the capability to monitor the
temperature fluctuation at wound sites during healing process,
which is closely related to inflammation, infection, blood sup-
ply, etc.[37] To validate the capacity of the TENG to sense tem-

perature change, the TENG e-patch was attached to a pig skin,
and the change rate of resistance along with the local tempera-
ture changes were recorded. As shown in Figure 4f, the resis-
tance change rate ΔR/R% of the TENG increased when the sur-
face temperature increased from 25 to 45 °C, and ΔR/R% de-
creased when the surface temperature decreased again, indicat-
ing the temperature-sensing capability of the TENG (Figure 4f).

Based on the integrated properties including self-powered
electrical generation to provide local ES, photothermal conver-
sion capacity and high biocompatibility, we utilized the hydrogel-
based TENG as a flexible e-patch to accelerate wound healing in
a rodent model of full-thickness dorsal skin wound. Before con-
ducting in vivo experiment, the biocompatibility of the hydrogel
with different contents of MCNTs and the Ecoflex have been in-
vestigated. The live/dead cell viability staining results showed
that all of these materials exhibited excellent biocompatibility
(Figure S7, Supporting Information). In addition, we confirmed
that electrostimulation could effectively promote cell migration
by the cell scratching assay (Figure S8, Supporting Information).
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Figure 4. Photothermal conversion and temperature-sensitive properties of the TENG. a) Illustration of the wound healing process with the synergy of
ES and photothermal effect. b) Photothermal conversion curves of DA-PAM hydrogel, CDA3-PAM hydrogel, and CDA3-PAM based TENG under NIR
light irradiation (0.5 W cm−1 with distance of 4 cm). c) Infrared images of the above samples under NIR laser irradiation. d) Surface temperature changes
of the CDA3-PAM hydrogel under repeated NIR laser irradiations. e) Time-dependent photocurrent density of the DA-PAM, and CDA3-PAM hydrogels
under full-spectrum light irradiation. f) Continuous monitoring of the resistance of CDA3-PAM hydrogel under temperature fluctuations (25–32 and
25–45 °C) on the pigskin surface.

Mice with full-thickness dermal wounds (10 mm in diameter)
were randomly divided into six groups (n = 5), including Control
group, NIR laser irradiation group (L), TENG e-patch group with-
out external output electrode (TENG), TENG plus near-infrared
light irradiation group (L + TENG), TENG e-patch with exter-
nal output electrode (TENG-E), and TENG e-patch with external
output electrode plus near-infrared light irradiation group (L +
TENG-E). The wounding and administration were illustrated in
Figure 5a that the e-patches were covered on the wounds with the
assistance of medical tape and changed for every three days. The
local NIR light irradiation was imposed on days 0, 2, 5, 8, and 11.
After the 14-days of treatment period, the therapeutic outcome
was evaluated, and the main tissues were harvested for patholog-
ical study. When the TENG e-patch was adhered on the surface
of the wounds, the normal activities (breathing, trembling, crawl-
ing, etc.) of mice drove the production of local triboelectric volt-
ages reaching 0.1 ≈ 0.23 V (Figure S9, Supporting Information).
After the therapy, the L + TENG-E group with simultaneous pho-
tothermal and electrical stimulation had the superior pro-healing
effect (Figure 5b–e). At day 2, the wounds in the L + TENG-E
group were reduced by ≈30% with the formation of scabs, and
the wounds were almost closured on day 14. The wound heal-
ing rates of the TENG-E and L+TENG groups were also higher
than those of the control group on day 14, and the healed areas of
the mice wounds were ≈84.1% and 85.9%, respectively. The con-
trol group without any treatment had a relatively poor healing
rate, and the scabs appeared until day 8 and ≈25.9% of the der-
mis remained unhealed on day 14. At the end of the treatment,
there was no significant difference in the body weight of the mice
in each group, suggesting high compatibility of the therapeutic
process (Figure 5d).

To verify the effectiveness of synergistic photothermal and lo-
cal ES on dermal tissue regeneration, histological assessment
of the dermal tissues after the treatments was performed us-
ing hematoxylin and eosin (H&E), Masson’s trichrome, and im-
munohistochemical staining of tumor necrosis factor-𝛼 (TNF-𝛼)
and platelet endothelial cell adhesion molecule-1 (CD31). The
H&E-stained dermal tissue in Figure 5f displayed that the L +
TENG-E group had the most intact dermal tissue integrity, ep-
ithelialization, and the smallest wound width. In addition, colla-
gen deposition is a crucial marker of tissue remodeling, which
increases tissue strength and creates a favorable environment
for cell migration and proliferation. Masson trichrome’s stain-
ing was used to analyze the collagen deposition in the wound
dermis and the results suggested that there existed significantly
more newly generated and ordered deposited collagen fibers in
the regenerated dermis of the L + TENG-E group (Figure 5f).
As illustrated in Figure S10 (Supporting Information), under the
synergistic effect of photothermal and electrical stimulation, col-
lagen deposition reached 69.09% and the collagen displayed a
well-organized arrangement. In contrast, the collagen-positive
area in the control group was only 33.84%. Moreover, we can ob-
serve many neogenic hair follicles in the regenerated area in the
L+TENG-E group, indicating that the synergistic effect of pho-
tothermal and ES favors trauma repair (Figure 5f; Figure S11,
Supporting Information). During healing process, TNF-𝛼 and
CD31 are important biomarkers reflecting inflammation and vas-
cular regeneration, respectively. From the immunohistochemi-
cal results (Figure 5g–j), on day 2, L + TENG-E group showed
the least TNF-𝛼 expression Day 2; after 14 days of treatment, the
L + TENG-E group had the highest expression of CD31, indi-
cating that the synergistic effects of ES and photothermal effect
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Figure 5. TENG as an e-patch for the promotion of wound healing in mice through the synergy of ES and photothermal effect. a) Schematic and
timeline of the full-thickness dermal wound healing therapeutic process. b) Representative optical images of the wounds during the therapy. c) Relative
wound area of different groups during the therapy. d) Body weight change of the mice during the therapy. e) Wound closure traces of the mice. f) H&E
staining and Masson’s trichrome staining of the tissue sections extracted from the wound area on day 14 (Yellow arrows indicate new hair follicles).
Immunohistochemistry of g) the inflammatory factor TNF-𝛼 on day 2 and h) the vascular regeneration factor CD31 on day 14. Quantification analysis
of i) TNF-𝛼 and j) CD31 positive area.
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can efficiently reduce inflammation and promote vascular regen-
eration. Additionally, no obvious inflammatory lesions or tissue
damage were observed in the main organs including the heart,
liver, spleen, lung, or kidney of all mice (Figure S12, Support-
ing Information). These results suggested that the ES and pho-
tothermal stimulation using the hydrogel-based TENG e-patch
had great potential in accelerating wound healing with obvious
pro-healing effect and good biocompatibility.

3. Conclusion

In conclusion, we have successfully fabricated a flexible
and temperature-sensing triboelectric e-patch (CDA-PAM-based
TENG) for accelerating wound healing with the synergy of ES
and photothermal effect. The multifunctional CDA-PAM hydro-
gel used to fabricate the e-patch has the advantages of high flex-
ibility, stretchability, conductivity, and biocompatibility. It can be
applied as the electrode of the TENG to harvest energy or sense
human activities and the temperature fluctuation of wound sites,
as well as promote the healing process of skin wounds. This work
contributes to the development of an integrated e-patch in wound
management and monitoring.

4. Experimental Section
Chemicals: MCNTs, AM, DA, TEMED, BIS and APS were purchased

from Macklin and used without purified. Fresh pigskin was bought from
the supermarket and cleaned with ethanol.

Synthesis of the DA-PAM and CDA-PAM Hydrogels: For the fabrication
of the CDA-PAM hydrogels, 3.0 g AM was dissolved in 10 mL H2O, MC-
NTs (0.5, 1, 1.5, or 3 mg) and 3 mg DA were added and mixed. And then
15 mg APS and 6 mg BIS were added under stirring for 5 min. Finally,
20 μL TEMED was poured into the above solution and stirred for seconds.
The mixture was transferred into a culture dish for polymerization to pro-
duce the final CDA-PAM hydrogels, namely CDA1-PAM (0.5 mg MCNTs),
CDA2-PAM (1 mg MCNTs), CDA3-PAM (1.5 mg MCNTs) and CDA4-PAM
(3 mg MCNTs), respectively. The synthesis of the DA-PAM hydrogel was
similarly to the CDA-PAM hydrogels without the addition of MCNTs.

Characterization: The morphology and structure of the hydrogel were
characterized by SEM (Hitachi, SU-8020). The UV–vis–NIR absorbance
spectra were acquired on a Shimadzu UV-3600 spectrophotometer. The tri-
boelectric output of TENGs were recorded using a Keithley 6514 electrom-
eter. The performances of all the hydrogels as piezoresistive sensors were
measured using an electrochemical workstation (CH 660E, China). The
change of relative resistance was calculated according to ΔR/R × 100%,
in which ΔR = R − R0, where R was the dynamic resistance under different
strains, and R0 was the resistance at the initial state without strain.

Cellular Biocompatibility: CDA-PAM hydrogels with different carbon
nanotube contents were soaked in 75% ethanol for 6 h, and then washed
with sterilized deionized water three times for 10 min each to wash away
the uncross-linked acrylamide. The biocompatibility of the material was
then determined by the leaching method. 1 g of CDA-PAM hydrogel was
immersed in 10 mL of DMEM containing 10% fetal bovine serum and
1% penicillin-streptomycin solution for 24 h at 37 °C, 5% CO2. Mouse fi-
broblasts (L929) were inoculated in 24-well plates at a density of 5 × 104

per well. After the cells were adhered to the wall, the culture medium
was changed to the extraction solution, and after 24 h of incubation, live-
dead staining was performed using the live-dead staining kit purchased
by Service-bio, the staining steps were referred to the instruction manual.
Finally, the survival of the cells was observed by fluorescence confocal.

Cell Migration: Cells were inoculated in 6-well plates at a density of
5 × 104 cells per well and incubated for 12 h. After the cells reach con-
fluence, a straight line was drawn in the middle of each well with a steril-
ized 10 μL pipette tip. The cells were then washed twice with cell culture

medium to remove detached cells. Electrodes were inserted to both sides
of the scratch and powered using TENG for 10 min each time at 0 and
12 h. Cell migration was monitored by light microscopy after 0, 12, and
24 h of co-culture.

In Vivo Wound Healing: The mice were provided by Charles River Lab-
oratories, Beijing, and the animal handling procedures strictly complied
with the national standard “Requirements for Laboratory Animal Environ-
ment and Residence Facilities (GB 14925-2001),” and the animal experi-
ments were approved by the Ethics Committee of Beijing Institute of Na-
noenergy and Nanosystems (Approval Number: 2023A036). Female ICR
mice (≈30 g) were randomly divided into six groups: i) Control group, ii) L
group, iii) TENG group, iv) L+TENG group, v) TENG-E group, and vi) L +
TENG-E group. Note that in this part, TENG group means the wound was
covered with the e-patch and did not applied with the output electrode.
After anesthetized with 4% chloral hydrate, the dorsal hair of the mice was
removed with the depilatory cream, and a full-thickness circular wound
with a diameter of ≈10 mm was made on the back of each mouse under
aseptic conditions. Specifically, the wounds in the Control group remained
untreated. The wounds in the NIR-involved groups were subjected to NIR
laser irradiation (808 nm, 0.5 W cm−2, 5 min) on days 0, 2, 5, 8, and 11.
The wounds in the TENG-involved groups were completely covered with
the TENG e-patches (square shape, 2 cm × 2 cm, hydrogel diameter of
1.5 cm). And the wounds in the ES-involved groups were TENG-E and L
+ TENG-E. All the e-patches were adhered onto the wound with the as-
sistance of transparent medical tape, and wounds in all groups were pho-
tographed and the healing rates were calculated as a percentage of the
original wound area assessed using ImageJ software. In addition, wounds
from all groups were collected for histological analysis.

Histopathological Analysis and Immunohistochemical Staining: The re-
generated skin was dissected and collected from all groups after 2 and 14
days of treatment. After fixation with 4% paraformaldehyde at 4 °C for 24 h,
the tissue specimens were embedded in fused paraffin and serially cut into
4 μm thick sections. Samples were used for hematoxylin and eosin (H&E)
or Masson’s trichrome staining and observed under a light microscope to
assess tissue regeneration, epithelialization, inflammatory level, neovas-
cularization, and collagen deposition. Immunohistochemical assessment
of TNF-𝛼 and CD31 was performed using the appropriate monoclonal an-
tibodies (Servicebio) according to the protocol provided by the manufac-
turer. The stained sections were observed and TNF-𝛼 and CD31 positive
areas were measured using Image J.

Statistical Analysis: All the experiments were performed with sample
sizes more than three, and the experimental results were expressed as
the mean value ± standard deviation. The difference between groups was
determined using a one-way analysis of variance (ANOVA), and the p value
less than 0.05 was considered statistically significant (*p< 0.05, **p< 0.01,
***p < 0.001).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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