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A B S T R A C T

The growing threat of refractory wound has created imperative need for the exploration of novel repair materials 
and therapeutic strategies. The disrupted endogenous electric fields in refractory wound may prolong the healing 
process. Hence, apply exogenous electrical stimulation to reestablish endogenous electric fields may be a 
promising way for refractory wounds treatment. Herein, a photo-driven electronic skin consist of p-type Si thin- 
film and near-infrared light was developed. This electronic skin could electrically modulate the intracellular 
calcium oscillation and significantly promote the fibroblasts’ adhesion, proliferation and migration. Specifically, 
the average spreading area achieved 1.23 times higher than plane group after 24 h seeding. The cell proliferation 
quantity was 117 % higher than plane group after 3 days’ PES treatment. As for cell migration, the complete 
wound closure was observed at 48 h in all the PES treatment group compared to 76.47 ± 1.23 coverage area in 
control group. Furthermore, it demonstrated rapid closure rate of a full-thickness circular diabetic skin defects 
with photoelectric stimulation (PES) derived from electronic skin, the wound was almost healed at 14 days’ 
treatment. Furthermore, the expression level of pro-inflammation factors of IL-1β and TNF-α were reduced. 
Proteomic analysis showed that the metabolism process, the cellular processes of transport and catabolism, cell 
motility were remarkably promoted after PES treatment. The transport and catabolism process may regulate by 
mTOR signal pathway, and the increased cellular processes of cell motility may result of actomyosin contractility. 
This photo-driven electronic skin not only provided a facile therapeutic strategy and theoretical basis for re
fractory wound, but also provided a novel insight into potential mechanism underlying electrical stimulation 
promoting tissue repair.
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Introduction

Refractory wound such as chronic and non-healing wound seriously 
impact the human health and health care system due to the increasing 
prevalence and cost. More than 8.2 million people was affected by 
chronic and non-healing wounds, resulting in $28.1 to $ 96.8 billion 
medicare cost for all wounds, among which diabetic and surgical 
wounds were the most expensive to treat [1]. In case of chronic or 
non-healing wound, the healing process gets severely obstructed due to 
the pathophysiological conditions [2]. The primary objective for wound 
treatment is to achieve rapid wound closure and improve the healing 
process. There were numbers of strategies have proposed and evolved to 
treat chronic or non-healing wound [3], such as surgical debridement, 
offloading and removal of nonviable wound tissue [4,5], bandages [6], 
wound dressings [7,8], ultrasound [9], and negative-pressure wound 
therapy [10]. However, these treatments are only moderately effective, 
since they are passive and do not actively respond or regulated to var
iations in the wound environment [11]. Recently, growth factors or stem 
cell [12] mediated strategies were proposed as effective way to promote 
wound healing. But the rapid degradation, the bioactivity losing and the 
reversible differentiation of stem cell are the challenges and limited their 
clinical application [13,14]. Besides, Metal-organic frame materials 
(MOFs) and MOF-based transdermal drug delivery systems also shown 
enormous potential in refractory wound healing due to its unique per
formance in inhibit inflammation, enhance collagen deposition angio
genesis, and induce proliferation [15,16]. Compared with those 
biochemical therapies, biophysical manners have the advantages of high 
spatial and temporal resolutions, more stable and tunable when inter
acting with biosystems [17–20]. Furthermore, it was found that the skin 
wound has an endogenous electric field [21,22], which provoking the 
external electric stimulation used for accelerating wound healing pro
cess of chronic or non-healing wounds.

Electrical stimulation in wound treatment was first observed and 
researched in 1960s [23], which speeded wound healing process by 
increasing capillary density and perfusion, improving wound oxygena
tion, encouraging granulation and fibroblast activity [24–26]. Tradi
tional electrical treatment regimens including direct current, pulsed 
current and alternating current, which need electrode, external power 
devices and electrode wire to connect [27–29]. Those types of electrical 
stimulation may pose constrains such as the increased size, the risk of 
infection and the displacement of electrode [27]. Therefore, the safety 
and longevity of the active stimulation system still face huge challenge. 
Besides, all the above units of stimulation systems should be portable, 
implantable and degradable for the clinical use, hence a simple and 
convenient electrical stimulation scaffold was urgently need and has 
great prospect in clinical application.

Recently, electrically active materials and scaffolds have arisen 
considerable attentions that can electrical stimulate the damaged tissue 
wirelessly [30–32] or self-powered [33,34], and have the advantages of 
miniaturization and integration [35]. Among all the proposed electri
cally active materials, Si-based scaffold could serve as the desirable 
photo-driven scaffolds for regenerative medicine due to their excellent 
biodegradability and biocompatibility [36]. Si-based scaffold displays 
many size-dependent properties, for examples, Si nanowires can be 
internalized into cells and forming active interfaces with intracellular 
cytoskeletal systems [37,38]. Si membrane structures could build tight 
extracellular interfaces with single cell or small tissues by 
protein-associated tethering, active motions, and dynamic cellular focal 
adhesions [38]. Si mesh scaffolds could create a conformal interface 
with soft organ such as brain cortex [39]. However, simple plane p-type 
Si film-based scaffold can be not served as electrically active scaffolds 
since its photoresponse components are small, Merrill et al. have pro
posed a Au-coated p-i-n Si multilayered membrane to acquire the 
strongest electrical stimulation for in vivo studies [40], wang et al. 
employed p-type Si film with micro-pillar to realize photoelectric stim
ulation for cranial defects repair [41]. In addition, it has demonstrated 

that the Si membranes based photo-driven scaffolds can significantly 
promote the proliferation and production of neurotrophic factors in 
schwann cells [42], and could modulate the membrane potentials and 
intracellular calcium dynamics of mesenchymal stem cells and then 
potentiate cell proliferation and differentiation [41]. However, the 
interplay between optical/electrical signals derived from Si film-based 
scaffold and fibroblast during the skin regeneration process has not 
exploited yet.

In this study, a Si-based photo-driven electronic skin for refractory 
wound healing was proposed. This electronic skin was composed of p- 
type Si thin-film with micro-pillar structure to convert the optical signal 
into electrical signal and enhance the conduction of endogenous electric 
filed. Compared with other photo-driven scaffold, this Si thin-film has 
the advantage of biocompatibility, biodegradable and high stability. 
And the degradation product is biocompatible, resorbable, and naturally 
present in human body [43]. In the other hand, environmental pollution 
especially water sources by drug compounds is a major problem for life 
bodies [44,45], whereas, this photo-driven electronic skin we used for 
wound heling avoided the use of drugs, hence the critically aquatic 
environment pollution caused by the common drugs could greatly 
reduce or avoid.

Furthermore, the micro-pillar structures also provided a favorable 
topographical support for the adhesion and growth of cells. With pho
toelectric stimulation (PES) derived from electronic skin, the electrical 
signals could evoke the calcium influx and actomyosin contractility, 
leading to the promotion of cell proliferation and migration ability. In 
addition, accelerated diabetic wound healing process was achieved by 
the PES treatment in C57BL/6 mice, and the level of pro-inflammation 
factors of IL-1β and TNF-α were down-regulated, suggesting the 
improved therapeutic efficacy with PES treatment in vivo. These results 
were further validated through proteomic analysis, which shows that 
the speeded wound healing process was associate with the promoted 
metabolism process. The increased cell proliferation was associated with 
the up-regulated cell process of transport and catabolism that mediated 
by mTOR signal pathway, and the elevated cell migration ability was 
related to the up-regulated cell motility mediated by actomyosin 
contractility and calcium influx. This work not only expanded the 
application of photo-driven Si thin-film scaffold on wound healing, but 
also offer a new therapeutic strategy and theoretical basis for refractory 
wound healing.

Results and discussion

Biophysical cues such as electrical, mechanical and topographical 
signals could influence or communicate with biological systems and 
then affect tissue repair progress. However, the precise tools for intro
duce localized physical stimulation and response to the biophysical 
signals with high spatiotemporal resolution are limited [46]. Therefore, 
photo-driven scaffold was proposed, photo-driven scaffolds mainly 
consist of light responsive materials, such as quantum dots, gold nano
materials, transition-metal dichalcogenides, up-conversion nano
particles, organic semiconductors, compound semiconductors and 
silicon semiconductors. Quantum dots (QDs) have unique optical 
properties of resistance to photobleaching and high/narrow light 
emission, but the cytotoxicity caused by the constituent materials ulti
mately precluded the FDA approval of QDs for further clinical applica
tions [47]. Gold nanomaterials possess particularly advantages of robust 
synthesis methods, high yield and not require further phase transfer to 
water. However, the toxicological property about the induction of 
oxidative stress and genotoxicity can’t be ignored [48]. Organic semi
conductors such as carbon nanomaterials of carbon nanotubes (CNTs), 
graphene, carbon dots and nanodiamonds have widely investigated for 
various applications due to their distinct electrical, magnetic, optical 
mechanical and chemical properties. However, the critical safety issue is 
still controversial with conflicting opinions [49]. Transition-metal 
dichalcogenide, up-conversion nanoparticles and compound 
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semiconductors have the drawbacks of toxicity, biostability and high 
cost, respectively [47].

Compared to other photo-driven scaffolds, silicon based scaffolds 
may not possess the highest photoelectric conversion efficiency, but they 
have the better biocompatibility and high stability. Moreover, the sili
con scaffold is biodegradable through a hydrolysis process, and the 
degradation product is biocompatible, resorbable, and naturally present 
in human body [43]. In addition, Si-based semiconductor materials 
showed many relevant electrical and optical properties, and have been 
explored as many electronic and photonic devices. Si-based semi
conductor materials could generate functional interfaces with biological 
systems ranging from proteins to organs derive from the photoelectric 
convertibility, which could convert a light signal into electrical or 
electrochemical outputs. Then exert photoelectric stimulation and 
modulate the concentration distribution of ions and/or change the 

biological response. Hence, a p-type Si scaffold was selected due to its 
outstanding localized PES performance and stability.

Herein, a photo-driven electronic skin composed of p-type Si thin- 
film with micro-pillar 3D structures and NIR irradiation unit was 
fabricated for refractory wound healing (Scheme 1). As shown in Fig. 1a, 
the p-type Si thin-film possesses a diameter of 1 × 10− 6 m and a height of 
2 × 10− 6 m micro-pillar on the surface, which could generate pulsed 
electrical signals under NIR irradiation and furtherly modulate biolog
ical activities. The optoelectronic response performances of p-type Si 
thin-films in phosphate buffer saline (PBS) were systematically evalu
ated using the standard patch-clamp technique. Here, a glass pipette 
electrode was positioned onto the p-type Si thin-film to record photo
currents signals under an 808 nm laser irradiation (Fig. 1b). The opto
electronic response is primarily attributed to the build-in electric field 
established in the interface of p-type Si thin-film and PBS solution, 

Scheme 1. Synthesis process of the Si-based photo-driven electronic skin and its application on diabetic wound healing.
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which effectively separates the photo-generated electrons and holes, 
leading to cations accumulation at the interface, as depicted in Fig. 1c. 
To enhance the separation efficiency of photogenerated charge carriers 
and subsequently improve the optoelectronic response of the device, the 
fabrication of nanostructures or heterojunctions is a promising 
approach. This is primarily due to the unique band structure of such 
configurations, which facilitates the effective separation of electrons and 
holes [50–52].Fig. 1d illustrated the photocurrent response collected 
from a floating p-type Si thin-film under the irradiation of pulsed NIR 
irradiation (10 Hz, 3000 W/m2). The p-type Si thin-film responds fast to 
the NIR signals and exhibits the typical charging and discharging 
characteristics of a photocapacitor that can provide electrical pulse 
stimulation in biological aqueous environment. The higher irradiation 
intensities lead to the higher peak currents with larger charging area, 
demonstrating more cations accumulated at the interface of p-type Si 
thin-film and PBS solution (Fig. 1e). The photo-generated peak current 
and the amount of accumulated charges response at different NIR in
tensities were summarized in Figs. 1f and 1g. It is noted that they tend to 
be saturated when the irradiation intensity exceeds 1500 W/m2.

In addition, the 3D spatial distribution of photocurrent signals was 
quantified by progressively varying vertical (z axis) distances between 
the pipette electrode and the illumination spot center on the surface of p- 
type Si thin-film (laser intensity 3000 W/m2, spot size 4 mm). As 

demonstrated in Fig. 1h, the photocurrent gradually decreases with the 
increased distances z, which down to ~50 % of the maximum value at 
around z = 1 mm. These results indicate that the photoelectric modu
lation of p-type Si thin-film works within millimeter range, in our 
designed skin regeneration process the p-type Si thin-film is closely stick 
to skin and muscle tissue, which meanings the photocurrent could 
generate in skin and muscle tissue under NIR irradiation.

The microstructures on p-type Si thin-film could provide a spatial 
geometric configuration for various cell types’ adhesion and activities 
[53,54]. Hence the cell activity regulation of micro-pillar p-type Si 
thin-film on fibroblast was investigated firstly, L929 was selected as 
model cell for detection. Firstly, the adhesion ability of L929 on p-type Si 
thin-film was evaluated, since cell adhesion is the first cell-material 
interaction and is fundamental for growth and determines subsequent 
cellular events such as the proliferation and differentiation. As shown in 
Fig. 2a-h, the spreading and actomyosin contractility of L929 was 
characterized by immunofluorescent (IF) staining after seeding for 24 h, 
the F-actin and nucleus were stained green and blue by FITC-phalloidin 
and DAPI, respectively. The IF staining images revealed that L929 were 
normally adhered on micro-pillar p-type Si thin-film without distortion 
and contraction, and the relative numbers of adhesion cells in 
micro-pillar group were higher than plane group, and there have sig
nificant difference between two group (p < 0.05, Fig. 2g). This may 

Fig. 1. The optoelectronic response of micro-pillar p-type Si thin-film. (a) Optical and SEM images of the p-type Si thin-film with micro-pillar 3D structures. (b) 
Scheme for the photocurrent measurement of p-type Si thin-film floating in the PBS solution. (c) Energy diagram illustrating the cations accumulation at the interface 
of p-type Si thin-film and PBS solution. (d) Photocurrent response curves of p-type Si thin-film under 808 nm laser irradiation, with the power density, pulse width 
and frequency were 0.3 W/cm2, 5 ms and 10 Hz respectively. (e) Photocurrent responses of p-type Si thin-films under different intensities NIR irradiation, line I refers 
to 3000 W/m2, line II refers to 500 W/m2, and III refer to 50 W/m2. Peak current (f) and injected charges (g) variation versus NIR intensity of p-type Si thin-film, 
respectively. (h) Measured photocurrent as a function of vertical distance z in PBS solution.
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cause by the enhanced adhesion force provided by micro-pillar.
In addition, the average spreading areas in two groups also have 

significant difference (p < 0.001, Fig. 2h), with the average spreading 
areas in micro-pillar group were about 1.23 times higher than plane 
group. Hence, we can conclude that more denser cell adhesion and 
thicker F-actin cables were established on micro-pillar p-type Si thin- 
film compared to plane Si membrane. These results indicate that L929 
on micro-pillar p-type Si thin-film grew as normal as plane Si membrane, 
and the micro-pillar structures have certain positive effects on cell 
adhesion and actomyosin contractility [55]. The increased average 
spreading area may be caused by the adequate spaces between the 
neighboring micro-pillar [56]. The space between neighboring 
micro-pillar is 5 μm, which is equivalent and higher than the pseudo
podium of cells. Therefore, fibroblasts can easily spread on or across the 

spaces between neighboring micro-pillar, thereby having positive in
fluence on the adhesion and spreading of cells.

Afterwards, others cellular behaviors such as intracellular calcium 
oscillation dynamics, cell migration and proliferation activities affected 
by PES were further addressed. As we known that endogenous electrical 
signal participate in many essential biological process including em
bryonic development [57], differentiation of stem cell [41] and human 
memory [58], and influence various kinds of ionic passing back and 
forth through cell membranes [57]. Calcium channels is pivotal for 
fibroblast and play a key role in regulating cell function such as prolif
eration and migration [59], hence the dynamic change of intracellular 
calcium ion level influenced by PES derived from micro-pillar p-type Si 
thin-film was examined by live-cell imaging. As shown in Fig. 2i-l, cal
cium ion positive cells were dyed by Fluo-4 AM, and the real time 

Fig. 2. The effects of micro-pillar p-type Si thin-film and its optoelectronic response on morphological and intracellular calcium ion level of L929 cells. The 
morphological images of L929 cultured on micro-pillar (a,b,c) and plane p-type Si thin-film (d,e,f) for 24 h, the F-actin was stained by FITC-phalloidin (green) and the 
nucleus were stained by DAPI (blue). Scale bar is 100 μm. (g) The relative numbers of adhesion cells on plane and micro-pillar p-type Si thin-film. (h) The average 
spearing areas of adhesion cells on plane and micro-pillar p-type Si thin-film (i-l) The intracellular calcium ion level of L929 cells influenced by PES derived from 
micro-pillar p-type Si thin-film. (m) The fluctuation of average fluorescence intensity on plane and micro-pillar p-type Si thin-film with NIR irradiation, triangle dots 
refer to plane and circle dots refer to micro-pillar (p-type Si thin-film). (n) The fluctuation of average fluorescence intensity shows intracellular calcium ion level of 
L929 cells after PES treatment for certain time. Scale bar is 20 μm. The two-tailed t-test was used for the statistical analysis.
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fluorescence intensity of intracellular Fluo-4 AM was imaged and 
recorded. After PES for 1 min (Fig. 2j,n), the mean fluorescence intensity 
was increased from 2.94 × 104 to 3.69 × 104, and the intensity value 
was decreased to 2.88 × 104 after the PES withdraw for 40 s (Fig. 2k), 
which is comparable to the value before PES treatment. When the PES 
time prolong to 5 min, the mean fluorescence intensity was increased to 
3.94 × 104, which is slightly high than 1 min stimulation. It demon
strated that the fluorescence intensity will not rise indefinitely with the 
extension of time, and the NIR intensity density of 0.3 W/cm2 have no 
adverse effects on fibroblast. However, when the light intensity density 
of NIR laser increased to 1 W/cm2, the fluorescence intensity increased 
greatly and the cells were died since the cell borders beginning to blur 
(Fig. 2l).

To eliminate the influence of NIR on the fluctuation of average 
fluorescence intensity, the average fluorescence intensity on plane thin- 
film and micro-pillar p-type Si thin-film were monitored as shown in 
Fig. 2m. When the NIR irradiation was carried on 240 s, the average 
fluorescence intensity of intracellular calcium ion was increased dras
tically in micro-pillar p-type Si thin-film group, however, it was un
changed in plane p-type Si thin-film group with the NIR irradiation. This 
demonstrated that micro-pillar p-type Si thin-film are more conducive to 
activating calcium ion activity, since the calcium ion fluorescence in
tensity in plane p-type Si thin-film group remains almost unchanged 
even under a higher illumination intensity of 1 W/cm2 (Fig S1). 
Therefore, those results provide solid evidence for that PES could 
modulate cytosolic calcium ion level, as we known that calcium ions and 
calcium ion channels play a vital role in cell behaviors regulation [60]. 
Hence this micro-pillar p-type Si thin-film based electronic skin that we 
fabricated offering an effective opportunity to regulate fibroblast be
haviors such as the level of calcium ions and the regulation of calcium 
ion channels in a long and controllable manner.

As it demonstrated that PES could increase intercellular calcium ion 
level, then the fibroblasts’ behaviors of migration and proliferation 

affected by PES were evaluated afterwards. The migration and prolif
eration ability of fibroblasts after PES treated for various time were 
observed by transwell and CCK-8 assays, respectively. The optimal PES 
treatment time was investigated firstly as shown in Fig. 3a-d, the 
amounts of transmembrane cells in transwell assay were imaged and 
counted after PES for 10, 20 and 30 min immediately, the trans
membrane cells on p-type Si thin-film were stained by DAPI. The testing 
results showed that the transmembrane cells in all the PES treated 
groups were higher than control group (without stimulation) and have 
statistic difference (Fig. 3q), and the amount of transmembrane cells in 
20 min PES treatment group was higher than 10 and 30 min group. 
Therefore, the PES treatment time of 20 min might be a more efficient 
way for fibroblast behaviors modulation and wound healing promotion.

Migration is a main phase in wound healing process and play a vital 
role in wound contraction and later healing, which begins several hours 
after injury [61]. Hence the migration ability of L929 fibroblast was 
further investigated by cell scratch assay in vitro to explore the critical 
mechanisms of action involved in the wound healing process. L929 was 
seeded on micro-pillar p-type Si thin-film and incubated in an 37℃ 
incubator until cell confluence, then a scratch was made by a 200 μL 
pipette tip on the monolayer of cells (Fig. 3e-h). After that, L929 was 
treated by PES for 10, 20 and 30 min, respectively. Then L929 was 
imaged and the wound closure area were calculated after cultured for 
12, 24, 36 and 48 h as shown in Fig. 3e-p. The fastest wound healing rate 
was observed in the 20 min PES treatment group, and all stimulation 
groups were migrated significantly faster than control group. Briefly, the 
wound showed 24.81 ± 1.20, 41.71 ± 0.84, 39.02 ± 2.36 closure of the 
initial wound area in the 10, 20 and 30 min PES treatment group 
compared to 16.31 ± 1.31 in untreated group after 12 h incubation (p＜ 
0.01, p＜0.001 and p＜0.01, Fig. 3e-l, s). And the wound closure values 
were increased to 54.60 ± 6.83, 72.22 ± 3.49, 54.70 ± 0.11 in 10, 20 
and 30 min PES treatment group, and 32.94 ± 1.96 in control group 
after 24 h incubation (p＜0.05, p＜0.001 and p＜0.001, Fig3 e-h, m-p, 

Fig. 3. The migration and proliferation ability of fibroblasts L929 cells with PES treatment. The transwell assay of L929 cells before (a) and after PES treatment for 
10 min (b), 20 min (c) and 30 min (d), respectively. The nucleus was stained by DAPI (blue). (e,i,m) The migration of L929 cells in control group after scratched for 0, 
12 and 24 h, respectively. (f,j,n) The migration of L929 in PES for 10 min group after scratched for 0, 12 and 24 h, respectively. (g,k,o) The migration of L929 in PES 
for 20 min group after scratched for 0, 12 and 24 h, respectively. (h,l,p) The migration of L929 in PES for 30 min group after scratched for 0, 12 and 24 h, 
respectively. (q) Quantitative analysis of the transmembrane cells with PES treatment for 10, 20 and 30 min, five in parallel. (r) The proliferation ability of L929 cells 
with PES treatment for 20 min per day evaluated by CCK-8 assay, six in parallel, line I refers to control group, line II refers to PES for 20 min group. (s) Quantitative 
analysis of the wound closure ratio at 12, 24, 36 and 48 h after PES treated for 10 min, 20 min and 30 min, respectively. line I II, III, IV refer to control group, PES for 
10, 20, 30 min group, respectively. Three in parallel *p < 0.05, * *p < 0.01, * **p < 0.001. Scale bar is 200 μm. The two-tailed t-test was used for the statisti
cal analysis.
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s). Moreover, when the incubation time extended to 36 h, the wound 
area covered 70.99 ± 2.95, 86.74 ± 3.59, 71.33 ± 3.56 in 10, 20 and 
30 min PES treatment group compared to 48.86 ± 1.15 in control group 
(p＜0.05, p＜0.001 and p＜0.01, Fig. 3s). The complete wound closure 
was observed at 48 h in all the PES treatment group compared to 76.47 
± 1.23 coverage area in control group (p＜0.001, Fig. 3s). Those results 
demonstrated that PES increased the migration rate of L929 fibroblasts 
significantly compared to non-treated group. As previous reported that 
the efficiency of the wound healing depends on the migration rate of the 
keratinocytes [62], and the non-migrating hyperproliferative keratino
cytes are characteristic of non-healing diabetic wounds [63]. Therefore, 
the enhanced cell migration rate derived from PES treatment would be 
effective for refractory wound healing promotion.

Subsequently, cell proliferation influenced by PES was evaluated at 
1, 2 and 3 d after seeding. CCK-8 assay was used to detect, after 10 μL 
CCK-8 added to per well, cells were placed into cell incubator for 
another 3 h to induce the formation of formazan, then the absorbance 
was read at 450 nm on a microplate reader. As shown in Fig. 3r, the cells 
in PES groups were increased statistically remarkably after stimulated 
for 1 and 3 d. There was no significant difference observed after PES 
treated for 2 d, but the increased quantity of proliferated cells was also 
found in PES group compared to control group. Specifically, the cells 
viability in PES group was 65 %, 27 % and 117 % higher than that of 
control group at 1, 2 and 3 d treatment, respectively. Those results 
indicated that PES derived from electronic skin could promote fibroblast 
cell proliferation significantly.

Fig. 4. The establishment of diabetic wound and the healing process with PES treatment. (a) Schematic diagram demonstrated the timeline of the operation process. 
(b) Photographs of the wound closure process with PES treatment at 0, 7, 10, 14 and 21 d post surgery. (c) Traces of wound closure area with PES treatment at 0, 7, 
10, 14 and 21 d post surgery. (d) The statistical analysis of corresponding wound closure rates with PES treatment at 3, 10, 14, 21 and 28 d post surgery, line I refers 
to control group, line II refers to PES for 20 min group. *p < 0.05. The two-tailed t-test was used for the statistical analysis.
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Diabetic foot ulcers (DFU) is a typical non-healing complication of 
diabetes and presents considerable challenges to the health care system, 
15–25 % patients with diabetes will be affected by DFU [6], the annual 
cost for DFU wound management was 9–13 billion dollar in the United 
States [64]. However, the clinic treatment of DFU remains a challenge, 
the novel and effective wound dressing and repair means is still highly 
needed. Hence, to investigated whether the electronic skin that we 
fabricated could augment diabetic wound healing, a diabetic mice 
wound model was established, then the micro-pillar p-type Si thin-film 
and PES treatment were applied on it. The timeline of the operation 
process was schematic diagrammed in Fig. 4a, the diabetic mice model 
was established about two weeks after the injection of STZ, a 
full-thickness circle skin wound was made on the back of the C57BL/6 
mice. Subsequently, the micro-pillar p-type Si thin-film was placed on 
the wound, and a thermosensitive hydrogel of chitosan/β-sodium glyc
erophosphate was injected on the wound to fix the micro-pillar p-type Si 
thin-film and avoid the microbial invasion simultaneously. The wound 
closure was recorded and calculated as shown in Fig. 4b-d, the wounds 

in PES group healed faster and well at days 3, 7, 10, 14, 21 and 28 post 
surgery, the wounds healing progress in control group was slowly and 
there is suppuration on the surface of wound. In brief, the wound closure 
rate in PES group was significantly faster than that of the control group, 
especially at 3 and 10 d after surgery (p < 0.05, Fig. 4d). Specifically, 
the wound healed rate in PES group were 42.42 ± 3.43 % and 65.23 
± 6.79 % compared to 18.44 ± 2.01 % and 50.41 ± 5.87 % at 3 and 10 
d after surgery, respectively. Remarkably, there almost fully healed 
(only 8.37 % left) in PES group on day 14, and the wound was basically 
covered with newly formed skin tissue (Fig. 4b,c). These data showed 
that PES could speed up the healing rate of diabetic skin wound.

The diabetic mice wound model was established by streptozotocin 
(STZ) induction in this work, during which the blood glucose and weight 
level were monitored. As shown in Fig. 5a, the blood glucose level was 
increased from 8.8 to 24.57 mmol/L with the treatment of STZ, and the 
blood glucose level was maintained at a range of 8.5–9.77 mmol/L in 
control group, which is in the normal range of reference blood glucose 
level (4.44–11.1 mmol/L). The weight of mice was associatively 

Fig. 5. The immunohistochemistry analysis of diabetic wound tissue with PES treatment. (a) The level of mean blood glucose fluctuation after STZ injection for 
various time. (b) The corresponding weight of the mice after STZ injection. Circle dots refer to control and square dots refer to DM group in (a) and (b). The H&E 
staining images showing the islet cell with (d) and without (c) STZ injection. Immunohistochemistry staining images of IL-1β in diabetic wound mice skin tissue with 
(f) and without (e) PES treatment at 10 d post surgery. The average optical density (AOD) values of IL-1β (k) and TNF-α (l) in diabetic wound mice skin tissue with 
PES treatment at 10, 14 and 28 d post surgery, line I refers to control group, line II refers to PES for 20 min group. Immunofluorescence staining image of p-MLC in 
diabetic wound mice skin tissue with (m) and without (n) PES treatment, the p-MLC was stained by cy3 (red) and the nucleus were stained by DAPI (blue), scale bar is 
50 μm. *p < 0.05, * **p < 0.001. The two-tailed t-test was used for the statistical analysis.
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decreased from 21.87 g to 20.67 g in the modeling process, however, the 
weight of mice without STZ injection was increased from 20.16 g to 
24.03 g with the same feeding conditions (Fig. 5b). Therefore, the 
increased blood glucose level and the decreased weight illustrated the 
successful modeling of diabetic mice. Furthermore, the pancreas tissue 
of mice with and without STZ treatment was histomorphologically 
studied by haematoxylin and eosin (H&E) staining (Fig. 5c). The 
morphology of pancreas islet was changed from circular-like to indefi
nite shape, and the number of cells in pancreas islet was increased. 
Hence, not only the blood glucose level and weight were altered through 
the induction of STZ, but also the morphology or maybe the function of 
pancreas islet were changed, which will lead to metabolic disorders and 
slow or stall wound healing process.

Wound healing especially refractory wound healing is one of the 
most complex biological processes and including four overlapping 

distinct phases of hemostasis, inflammation, proliferation and remod
elling [65]. Among which inflammation is recognized as the most dys
regulated process of diabetic wound healing [66]. Diabetic wounds are 
characterized by a prolonged inflammatory phase and difficulty in 
healing due to the accumulation of pro-inflammatory macrophages and 
factors in the wound [67]. Hence, decreased pro-inflammatory micro
environment is benefit for diabetic wound healing. Therefore, the 
pro-inflammatory factor of interleukin-1 beta (IL-1β) and tumor necrosis 
factor-α (TNF-α) were selected to estimate the pro-inflammatory level 
after PES treatment. Immunohistochemistry (IHC) method was used to 
assess the expression proteins in diabetic wounding tissue after 10, 14 
and 28 d post surgery. As shown in Fig. 5e-l, IL-1β and TNF-α were all 
showed suppressed expression in diabetic tissues after PES treatment 
compared to the control group. Particularly, IL-1β expression was 
significantly suppressed after 10 and 14 d’s PES treatment (p < 0.001 

Fig. 6. Proteomics analysis of the differentially expressed proteins in diabetic wound tissue with PES treatment. (a) Volcano plot illustrated the fold change of protein 
expression with PES treatment group or not. (b) STRING analysis for significantly upregulated proteins in metabolism process. (c) STRING analysis for significantly 
upregulated proteins in cellular processes of transport and catabolism, cell motility. (d) Heatmap representation of the differentially expressed protein, the color scale 
represents the relative expression profiles. (e) The amount of differentially expressed proteins among two groups (orange: upregulated; blue: downregulated). (f) 
Subcellular localization classification showed the differentially expressed proteins were mainly concentrated in the nucleus and cytosol. (g) The result of protein 
domain enrichment analysis. (h) The result of KEGG enrichment analysis.
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and p < 0.05), however, the IL-1β expression level has no significantly 
difference with control group at 28 d. Similarly, TNF-α was significantly 
suppressed after 10 d’s PES treatment (p < 0.05), and there is no 
significantly difference was found with control group after 14 and 28 d’s 
stimulation. These results demonstrated that PES treatment could sup
press the expression of IL-1β and TNF-α in early inflammation phase, 
which may result of the suppressed pro-inflammatory macrophages 
expression in diabetic wound.

Diabetic patients or animal models have a pro-inflammatory baseline 
state before wounding, resulting in high level expression of pro- 
inflammatory cytokines [6]. The pathophysiologic alterations of di
abetics blunt the wounded tissue to mount an acute inflammatory 
response to counteract injury and then impact the inflammation process 
of diabetic wound healing [68]. Hence, anti-inflammation or decreasing 
the pro-inflammation level will be the breakthrough for enhance dia
betic wound healing. In addition, there have been proved that inhibition 
of the IL-1β expression could accelerate wound healing in diabetic mice 
[69]. While based the above results, we can conclude that PES treatment 
could decease the pro-inflammatory level through reduce the expression 
of IL-1β and TNF-α in inflammation phase, and then shorten the pro
longed inflammatory period in chronic or non-healing wounds, thereby 
promoting the refractory wound healing process ultimately.

To further explore the underlying molecular mechanisms of PES 
treatment on diabetic wound healing, proteomic analysis was performed 
to detect the differentially expressed proteins. The criteria of p < 0.05 
and fold change more than 2 were considered statistically significant 
(Fig. 6). Six samples of control and PES group (n = 3) showed the 
number of 3794 differentially expressed proteins. The heatmap illus
trated that the up regulated proteins in PES group were closely related to 
metabolism and cellular process of transport and catabolism, cell 
motility, such as Ampd3, Ak2, mTOR, Tpm and Myh were all upregu
lated (Fig. 6a,d). As shown in volcano plot (Fig. 6a), 114 significantly 
differentially expressed proteins were identified, among which 102 
proteins were upregulated (orange) and 12 proteins were down
regulated (blue), the histogram was show in Fig. 6e. The protein in
teractions inferred from upregulated differentially expressed proteins by 
STRING were shown that cell metabolism processes such as purine, 
nucleotide, carbon and amino acid metabolism, and cell cellular pro
cesses such as transport and catabolism, cell motility were upregulated 
and activated (Fig. 6b,c). Furthermore, the activated transport and 
catabolism ability were associated with the mTOR signal pathway, since 
the increased expression of mTOR and Rps6kb1 can facilitate the mRNA 
translation level and promote cell growth (schematic 1). As for increased 
cell migration, it may result of the activated cell motility and actomyosin 
contractility.

To further verify this hypothesis, IF of p-MLC on skin tissue was 
carried out. As shown in Fig. 5m and n, PES treatment group exhibited 
higher expressions of p-MLC in diabetic mouse skin tissue. Combined 
with the former results of more cell adhesion was achieved under PES 
treatment, we can conclude that PES could active cellular contractility 
and migration ability. In addition, cell contractility was closely related 
to intracellular calcium ion level, and PES treatment could alter the level 
of intracellular calcium ion and calcium channel, hence the results 
defined in vitro were further verified our hypothesis. The pie charts 
(Fig. 6f) showed the subcellular localization of differentially expressed 
proteins, which were mainly located in the nucleus and cytosol (26.6 
and 21.3 %), which also indicating that the differentially expressed 
proteins may related to the cellular processes. The protein domain 
enrichment analysis based on Pfam showed that PES group upregulated 
protein domains including calponin family repeat (Fig. 6g), which also 
confirmed the increased intracellular calcium ion. Kyoto Encyclopedia 
of Genomes (KEGG) enrichment analysis was used to detect all differ
entially expressed proteins. It revealed that those proteins were mainly 
enriched in the cellular and metabolic process (Fig. 6h), especially that 
the endocrine and metabolic disease of insulin resistance was enriched, 
which also confirmed the successful establishment of the diabetic mice 

model. Those results indicate that mTOR signal pathway and calcium 
ion voltage-gated channel may play an important role in PES promotion 
of wound healing, which were closely related to cell proliferation and 
motility, respectively.

Conclusion

In summary, we developed an environment friendly photo-driven 
electronic skin for refractory wound repair promotion, which 
composed of the micro-pillar p-type Si thin-film and an NIR irradiation 
unit. This electronic skin can convert the optical energy into a pulsed 
alternating current signal and exert the electrical stimulation directly on 
the wound to enhance skin regeneration of the refractory wound. It was 
demonstrated that the PES derived from electronic skin could arouse the 
elevation of intracellular calcium ion level through calcium ion voltage- 
gated channel, enhance the cell migration and proliferation ability of 
fibroblast in vitro. In addition, the promoted wound therapeutic effect 
was further demonstrated in diabetic mice, which showed a rapid 
closure rate of a full-thickness circle skin wound than control group. 
Moreover, it was also revealed suppressed IL-1β and TNF-α expression in 
diabetic mice after PES treatment, illustrating the decreased pro- 
inflammatory microenvironment, which is favorable for the diabetic 
wound healing. In addition, we also elucidated the potential molecular 
mechanism of PES promoting diabetic wound healing by proteomics 
analysis. The results showed that the promoted cell proliferation and 
migration ability may associate with the increased metabolism and 
cellular processes of transport and catabolism, cell motility through the 
mTOR signal pathway and the calcium ion influx. Furthermore, this 
photo-driven wireless electronic skin for refractory wound healing is 
cheap and easy to use, which not only provided an effective electrical 
stimulation pattern, but also provided a new therapeutic formula and 
theoretical basis for refractory wound healing. This work shows positive 
impact on the related wounds and defects healing such as dural defect, 
gastrointestinal injury and surgical wounds, and provided a physical and 
controllable strategy for refractory wound treatment.

Materials and methods

Fabrication of the micro-pillar p-type Si thin-film

The fabrication of micro-pillar p-type Si thin-film starts with silicon- 
on-insulator (SOI) wafers (top device layer 5 µm, boron doping con
centration ~1.015 ×109 m− 3, 0.01–0.10 Ω⋅m, (100) orientation, Soitec, 
France). The top Si device layers were firstly patterned into p-type 
micro-pillar arrays (pillars with ~2 ×10− 6 m in height, ~1 ×10− 6 m in 
diameter, and a period of 5 ×10− 6 m) by photolithography (photoresist 
AZ5214, ~1.6 ×10− 6 m 3000 rpm) and reactive-ion etching (RIE SF6 
plasma, etching rate ~1.67 ×10− 8 m/s). Secondly, the patterned mesh 
structures (hole size 3 ×10− 4×3 ×10− 4 m2, pitch 1 ×10− 4 m) were 
fabricated via another photolithography (photoresist SPR 220, 
~1.6 ×10− 6 m, 3000 rpm) and dry-etching process respectively. Lastly, 
the free-standing p-type Si thin-film meshes are obtained by removing 
the silicon dioxide layer in a hydrofluoric acid solution. Poly (dime- 
thylsiloxane) stamps pick up the released Si meshes and transfer them to 
target position.

Optoelectronic characterization of micro-pillar p-type Si thin-film

A standard patch-clamp setup was employed to measure the photon 
response performances of the p-type Si thin-films in PBS solution (pH 
7.2–7.4, 0.79 g/L NaCl, 0.14 g/L Na2HPO4/NaH2PO4, and 0.019 g/L 
KCl). An 808 nm laser beam (~0.004 m spot size) was vertically inci
dent on the surfaces of p-type Si thin-film and controlled by transistor- 
transistor logic signals for pulsed signals output. A pipette electrode 
(~3 ×105 Ω) filled with PBS was placed close to (~3 ×10− 6 m) the 
tested sample surface. The photocurrent signals were collected with the 
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voltage-clamp recording model with an Axopatch 200B amplifier 
controlled by pClamp software (Molecular Devices) under illumination 
(frequency, 10 Hz; pulse duration, 5 ×10− 3 s).

Cell morphology

To investigate the adhesion of cells on micro-pillar p-type Si thin- 
film, the L929 cells were seeded on the micro-pillar p-type Si thin-film 
with the density of 5000 cells/well. The micro-pillar p-type Si thin- 
film was treated with dopamine hydrochloride for 2 h before seeding 
to promote the materials adhesiveness. DMEM with 10 % fetal bovine 
serum and 1 % penicillin-streptomycin was used for cell culture. After 
cultured for 24 h in cell incubator with a humidity atmosphere con
taining 5 % CO2 at 37 ◦C, L929 cells were fixed by 4 % para
formaldehyde solution for 900 s at room temperature. Then L929 cells 
were incubated with FITC-phalloidin for 1800 s to stain the F-actins, and 
the nucleus were stained by DAPI solution for 300 s. After that, cell 
morphology was caught by confocal microscopy (Nikon A1, Japan).

Intracellular calcium ion level

24 h after L929 seeded on the micro-pillar p-type Si thin-film, 
intracellular calcium ion was dyed by Fluo-4 AM ester stock solution 
for 1800 s at 37 ℃, then the Fluo-4 AM ester stock solution was removed 
and washed by PBS solution for three times. The mother solution of Fluo- 
4 AM was 1.097 g/L, and it was diluted to 5.48 × 10− 3 g/L before use. 
Then NIR irradiation (8.08 ×10− 7 nm, 300 W/m2) was applied on the 
L929 for various time, and the immunofluorescence image was acquired 
immediately after NIR irradiation by confocal microscopy. At the same 
time, the fluctuation of the average fluorescence intensity was recorded.

Transwell assay

The micro-pillar p-type Si thin-film was placed in the lower chamber 
of 24-well transwell, and L929 cells were seeded in the upper chamber 
with the density of 1 × 104 cells/mL. 1 mL cell suspension was added to 
the upper chamber of the transwell plate, and PES was applied for 600, 
1200 and 1800 s. After that, the upper chamber and culture medium 
were removed. The L929 cells on micro-pillar p-type Si thin-film were 
washed and fixed by PBS and 4 % paraformaldehyde, respectively. Then 
the nucleus of L929 cells were stained by DAPI solution for 300 s. Af
terwards, the quantity of cells was imaged and calculated by confocal 
microscopy and Image J software.

Cell proliferation

The proliferation of L929 cells with PES treatment was measured by 
cell counting kit-8 assay (CCK-8). Briefly, L929 cells were seeded in a 96- 
well plate with the density of 5000 cells/well, and PES was applied at 
24 h after seeded, the CCK-8 assay was performed after another 24 h 
incubation. PES was applied 1200 s per day, after PES treated for 1, 2 
and 3 d, 0.01 mL CCK-8 solution was added to the per well and incu
bated for 3 h in 5 % CO2 at 37 ℃. The absorbance was read at 
4.5 × 10− 7 m to evaluate the cell proliferation by microplate reader.

Cell migration

The fibroblasts L929 was seeded on the micro-pillar p-type Si thin- 
film with the density of 5000 cells/well, and 24 h after seeding the 
PES was applied. L929 cells were treated for 600, 1200 and 1800 s per 
days, after PES treated for 3 d, the L929 was reached for cell confluence. 
Then a scratch was made by a 0.2 mL pipette tip on the monolayer of 
cells. The L929 cells were imaged by optical microscope at 0, 12, 24, 36 
and 48 h after scratch. The wound closure ratio was calculated by the 
following formula: wound closure (%) = (A0-Ai)/A0× 100 %. Where A0 
represents the initial wound area, Ai represents the remaining wound 

area at 12, 24, 36 and 48 h.

Diabetic mice model establishment

Animal experiments were approved by the Animal Ethics Committee 
of Peking Union Medical College Hospital (XHDW-2020–036). Briefly, 6 
weeks C57BL/6 male mice were purchased from Beijing Vital River 
Laboratory Animal Technology Co., Ltd, Beijing, China. All mice were 
housed in the cages for one week in an 12 h light/dark environment. 
Type 1 diabetic mice were induced by intraperitoneal injection of low 
dose STZ (4 ×10− 5 g/g) for 5 d and high dose STZ (8 ×10− 5 g/g) for 3 d, 
the mice were hunger for 4 h before injection and 10 % w/v was 
administrated within 12 h after STZ injection. Mice were regarded as 
diabetic when the blood glucose level was exceeded 2.5 g/L in two 
consecutive days after 5 d post injection. The blood glucose was recor
ded by a glucometer (Roche, Switzerland) through tail vein blood, and 
weight was measured by a weight scale.

Chitosan/β-sodium glycerophosphate hydrogel

Firstly, 0.5 g chitosan was dissolved in 10 mL 6 g/L acetic acid so
lution and stirred continuously until completely dissolved. β-sodium 
glycerophosphate was dissolved in ddH2O with a final proportion of 
80 % w/v. Then chitosan and β-sodium glycerophosphate were mixed 
with equal volume, with the final concentration of chitosan and β-so
dium glycerophosphate were 2.5 % and 40 % w/v. This prepared 
hydrogel could solidify under 37 ℃ within 600 s, and it was not solid
ified at room temperature.

Skin wound and PES treatment

One week after the diabetic mice model established, the mice were 
anesthetized by intraperitoneal administration of 0.3 % pentobarbital 
sodium with the amount of 0.02 mL/g. Then a full thickness back skin 
wound with the diameter of 0.01 m was made, after that the micro-pillar 
p-type Si thin-film was placed onto the wound, and the prepared chi
tosan/β-sodium glycerophosphate hydrogel was injected and covered 
the wound to fix the p-type Si thin-film and avoid the microbial invasion. 
The wound mice were randomly divided into two treatment groups, one 
group was applied PES for 1200 s per day, and the other group given no 
stimulation. The PES treatment was continuous applied for 7 d. The 
wound area was recorded at 0, 7, 10, 14, 21 and 28 d after operations, 
and the wound closure area was calculated by the following formula: 
wound closure area (%) = (A0-Ai)/A0 × 100 %, where A0 represents the 
initial wound area and Ai represents the wound area at different time 
points.

Histological and immunofluorescence evaluation

At 10, 14 and 28 d post-surgery, the wound and surrounding healthy 
skin tissues were collected and fixed by 4 % paraformaldehyde solution, 
dehydrated by a series of graded ethanol, and embedded in paraffin for 
histological and immunofluorescence analysis. 5 × 10− 6 m thickness 
sections were prepared and stained with H&E. At the same time, the 
sections were blocked and incubated with primary antibody of IL-1β and 
TNF-α overnight at 4 ℃, then the sections were incubated with sec
ondary antibody labelled with HRP for 3000 s at room temperature. At 
last, the sections were visualized by DAB developing and finally coun
terstained in nucleus with hematoxylin for 180 s. The expression level of 
IL-1β and TNF-α were counted using Image J software by choose three 
random fields.

Proteomics analysis

Label free Liquid Chromatography Mass Spectrometer (LC-MS) was 
used for proteomics analysis of diabatic mice skin tissue with and 
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without PES treatment after 2 weeks post surgery (n = 3). The proteins 
were extracted and digested firstly, then LC-MS was used to detect the 
peptides. The iProteome cloud platform was used for the MS data pro
cessing. Hierarchical clustering based on differentially expressed protein 
was visualized by a heat map. KEGG online tools and Pfam database 
were used for the KEGG and domain enrichment analysis. Protein- 
protein interaction was carried out by STRING interaction database 
(http:/string-db.org). A corrected p < 0.05 was considered significantly 
different.
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Figure S1 Intracellular calcium ion fluorescence intensity remains almost unchanged 

on plane Si thin-film under a higher illumination intensity of 1×104 W/m2 
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