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Electrical stimulation 
Wound healing 
Conductive hydrogel 
Antibacteria 

Electrical stimulation can facilitate wound healing with high efficiency and limited side effects. However, current 
electrical stimulation devices have poor conformability with wounds due to their bulky nature and the rigidity of 
electrodes utilized. Here, a flexible electrical patch (ePatch) made with conductive hydrogel as electrodes to 
improve wound management was reported. The conductive hydrogel was synthesized using silver nanowire 
(AgNW) and methacrylated alginate (MAA), with the former chosen as the electrode material considering its 
antibacterial properties, and the latter used due to its clinical suitability in wound healing. The composition of 
the hydrogel was optimized to enable printing on medical-grade patches for personalized wound treatment. The 
ePatch was shown to promote re-epithelization, enhance angiogenesis, mediate immune response, and prevent 
infection development in the wound microenvironment. In vitro studies indicated an elevated secretion of growth 
factors with enhanced cell proliferation and migration ability in response to electrical stimulation. An in vivo 
study in the Sprague-Dawley rat model revealed a rapid wound closure within 7 days compared to 20 days of 
usual healing process in rodents.   
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1. Introduction 

Wound healing is a common health burden that impacts millions of 
people, causing ~300,000 people hospitalized in the United States 
annually [1]. Surgeries, burns, abrasions, traumas, and superficial in-
cisions can create wounds [2]. With improper treatments or health 
conditions like aging, diabetes, or vascular diseases, even a minor 
wound can develop into chronic wounds, which can remain nonhealing 
for years due to excessive inflammation, elevated reactive oxygen spe-
cies (ROS) levels, persistent infections, or deficiency of stem cells [3–5]. 
By far, various methods have been developed for treating wounds, 
including growth factor-based drugs [6], microneedles [7], curcumin 
derivatives [8], wound debridement [9], wound dressings [10], nega-
tive pressure [11], and ultrasound [12,13]. Even with the various ap-
proaches, the average complete wound closure time for patients with 
pressure ulcers was over 12 weeks, where the lengthy healing process 
poses both physiological and financial burdens [14]. Accelerated heal-
ing process is highly desired not only in daily lives but also in emergency 
settings like wars and natural disasters, where resuming to normal ac-
tivities is beneficial to both the patients and the society [15]. 

Electrical field (EF) stimulation can be an alternative for accelerating 
wound healing while limiting adverse effects associated with traditional 
therapies [16]. The delivery of EF at the wound site has been reported to 
guide the migration and proliferation of cutaneous cells, especially 
epithelial cells and fibroblasts, by activating ion channels and down-
stream transducing signals [17,18]. Additionally, EF-induced angio-
genesis and immune modulation were observed in previous studies, both 
of which played essential roles in tissue remodeling [19–22]. Although 
current electrical stimulation devices, such as PosiFect RD™ DC device 
and Procellera® based on metallic electrodes, can contribute to the 
complete healing of 18-month intractable wounds within 12 weeks [23], 
they suffer from low mechanical conformability with the wound due to 

the bulkiness and rigidity of electrodes [24,25]. Despite severe side ef-
fects were not observed in the clinical trial with 7 patients, the imperfect 
conformability may cause skin inflammation and mental stress after 
long-term application in a larger study [26,27]. Additionally, wound 
conditions such as shapes and areas in various patients are different 
[28], wound patches that can be timely provided and customized are key 
to the efficacy of treatment. 

Flexible and wearable electronics can directly interface with the 
human body. Physiological information, such as skin impedance and 
cardiovascular status, could be extracted [29,30], and therapeutic ef-
fects, such as neuromuscular regeneration, could be achieved [31]. 
Recently, remarkable efforts have been devoted to developing printable 
conductive material systems for wearable bioelectrodes that exploit the 
mechanical compliance at the skin-electronics interface as well as a 
simplified and precise patterning process [32,33]. Such electrode ma-
terials and fabrication approaches, if applied to wound healing, have the 
potential to advance clinical technologies for personalized wound care 
[34,35]. 

Here, we report a flexible electric patch (ePatch) with directly 
printed conductive hydrogel electrodes to deliver EF stimulations to the 
wound. Compared with existing electrodes for cutaneous wound healing 
[36–39], which are rigid and/or require dedicated fabrication technol-
ogies for patterning, ePatch has numerous advantages. For example, 
they have flexibility for the wearer’s comfort, low-cost fabrication 
process without complicated equipment, printability for patterns with 
high resolution, simplicity in components, as well as biocompatibility 
and stability at the moist wound environment. These characteristics 
provide a promising solution to the challenges in the bioelectric field 
and personalized wound care. It was the first time that this conductive 
biomaterial system was formulated, containing two biocompatible 
components that have been widely used in U.S. Food and Drug 
Administration (FDA)-approved wound dressings. Silver nanowire 
(AgNW) can contribute to the conductivity and deliver the EF to the 
wound. Methacrylated alginate (MAA) can generate a matrix with 
biocompatibility, stability, printability, and mechanical compliance. 
Silver and its derivates, such as AgNW and silver nanoparticles, are great 
materials in wound dressings due to their excellent antibacterial capa-
bility. It is a highly desired property for treating wounds [40–43]. The 
morphology of AgNW further enables the electrode to maintain high 
conductivity even under strain [44]. Alginate, as a main component of 
clinical dressings, can keep optimal moisture levels at wound sites with 
good biocompatibility [45–47]. The presence of Ca2+ within the 
hydrogel can facilitate Ca2+-induced cell proliferation and migration 
through Wnt/β-catenin and PI3K/Akt pathways, which synergize with 
electric simulations [48–50]. Ca2+ inside alginate can also contribute to 
haemostasis of wound healing [51]. The chemical modification of algi-
nate, MAA, enhanced the stability of the electrode in an aqueous envi-
ronment by forming a double-crosslinked network. To address the 
conformability issues, the shear-thinning property of the conducting 
hydrogel was optimized to enable its direct printing onto a wound patch, 
which is convenient for personalized wound treatment. Connected with 
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portable EF generators, our ePatch could address various challenges in 
treating wounds: 1) preventing bacterial infection; 2) accelerating cell 
migration and proliferation; 3) promoting blood vessel formation 
(Fig. 1). Such a simple but multifunctional biomaterial system is highly 
promising for facilitating wound healing in the clinic. 

2. Results 

2.1. Preparation and characterization of AgNW-MAA ink 

Conductive hydrogel has been investigated for a variety of medical 
applications. They are generally composed of conductive nanomaterials 
and organic binders [52]. In our study, MAA was chosen as the organic 
binder, and AgNW was selected as the conductive nanomaterial [53,54]. 
AgNWs and MAA were synthesized and characterized by scanning 
electron microscope (SEM) and nuclear magnetic resonance (NMR), 
respectively (Fig. S1, S2). As shown in Fig. S1, the synthesized AgNWs 
had a large length-to-diameter ratio (~24 μm in length, and ~113 nm in 
diameter). A ~28% methacrylation of MAA was observed in NMR 
characterization (Fig. S2). Fourier transform infrared (FTIR) spectra 
were performed to validate the formation of double-crosslinked hydro-
gel matrices (Fig. S3). The obtained absorption peaks of 
double-crosslinked hydrogel indicated the formation of chelating 
structures and aliphatic chains from ionic and ultraviolet (UV) 
crosslinking. 

A suitable AgNWs:MAA ratio is critical to enable shear-thinning 
features of the hydrogel. To optimize the composition, we tested the 
rheological properties of three different formulas (AgNWs and MAA in a 
weight ratio of 0:1 (3% w/v MAA), 10:3 (10% w/v AgNW, 3% w/v 
MAA), 20:3 (10% w/v AgNW, 1.5% w/v MAA), and 50:3 (10% w/v 
AgNW, 0.6% w/v MAA)). We chose the one with the highest viscosity 
when the low shear rate was applied to it, namely 10:3 AgNWs:MAA. 
This ratio had a viscosity of 237 Pa s at a shear rate of 0.1 s− 1 and a 
viscosity less than 10 Pa s when the shear rate slightly increases, sug-
gesting its capability of maintaining electrode integrity after printing 
(Fig. S4a) [52,55]. The rheology test also indicated that in response to 
shear stress increase, the liquid-like behavior (loss modulus, G′′) 

exceeded solid-like behavior (storage modulus, G’) (Fig. S4b). In order 
to assess the suitability of this hydrogel for high precision screen 
printing on paper, we also utilized it as ink to depict the logo "UCLA" 
(Fig. S5). The finally formulated hydrogel ink is shown in Fig. 2a. Our 
hydrogel ink stayed in the bottom of an upside-down bottle, indicating 
its high viscosity, while the inset image clearly showed its fluidity, 
which was consistent with the rheology test. An SEM image indicated a 
uniform mixture of the organic binder with AgNW after crosslinking 
(Fig. 2b). Since the silicone substrate was too hydrophobic for screen 
printing, we turned to mask-based printing to fabricate the ePatch 
(Fig. 2c, S6), and the side view of sectioned ePatch was presented in 
Fig. 2d. Our printed electrode had a thickness of approximately 5 μm, 
and the AgNWs network was uniformly mixed within the hydrogel, 
ensuring a high conductivity of 1.54 × 105 S m− 1. 

2.2. Investigation of chemical and mechanical properties of ePatch 

We subsequently investigated the chemical and mechanical stability 
of our printed electrodes. The printed lines submerged in deionized 
water retained good conductivity, and they are capable of lightning the 
bulbs, demonstrating that their conductivity can be maintained in the 
aqueous environment (Fig. S7). As presented in Fig. 2e, we tested the 
swelling property of the conductive hydrogel ink after dual-crosslinking. 
It was shown that the swelling ratio increased to 2.9 in the first 30 min of 
soaking the hydrogel in Dulbecco’s phosphate-buffered saline (DPBS), 
and then it reached equilibrium. We also prepared calcium alginate with 
the same concentration of MAA hydrogel (i.e., 1.5% w/v) for compari-
son. The swelling ratio of the double-crosslinked hydrogel was slightly 
lower than calcium alginate (~3.5), suggesting better stability in the 
aqueous environment (Fig. 2e) [56]. We also soaked the electrode in 
DPBS and simulated wound fluid (SWF) for 6 days and monitored 
changes in resistance. After the incubation, the increases in resistance 
were less than 20% in both groups, indicating reasonable stability of the 
conductive hydrogel (Fig. 2f). These findings suggested that our ePatch 
could maintain its stability in wet environments such as those found in 
the proximity of interstitial fluid or those developed during perspiration 
at the wound site. To gain insight into the factors that affect the stability 

Fig. 1. (a) Schematic of the ePatch fabrication. A 
patterned mask was layered on the silicone substrate 
first. After depositing the conductive hydrogel ink 
and UV crosslinking, the mask was removed. Next, 
the CaCl2 solution was added to generate a double- 
crosslinked network. (b) Schematic of AgNW-MAA 
ink formula and the double-crosslinked network. A 
uniform mixture of MAA and silver nanowire network 
system was generated. The ePatch was applied to a 
wound created on the back of a Sprague–Dawley rat 
with the indicated electric parameters. (c) Illustration 
of the biological activities of the ePatch during the 
healing process: (i) accelerating fibroblast migration 
and proliferation; (ii) suppressing bacteria growth; 
(iii) promoting angiogenesis; (iv) down-regulating 
immune cell activities; (v) improving re- 
epithelization and tissue remodeling.   
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of ePatch, we compared printed lines in our formula that were made of 
10% w/v AgNW, 3% w/v alginate. After submerging in deionized water 
for 12 and 24 h, AgNW release from the group with alginate was 
observed (Fig. S8). This result showed that the covalent modification of 
alginate enhanced the stability of ePatch in aqueous environment. To 
test the stretchability, Fig. 2g showed that there was only a slight in-
crease in resistance in response to a strain of 15%. When strain was 
increased to 25%, the resistance increased abruptly, but the electrode 
still maintained good conductivity. Since the maximum strain rate of the 
human epidermis is around 15%, our ePatch provides sufficient strain 
tolerance to work continuously under the deformation of the skin [57]. 
To further demonstrate the improved mechanical compliance of a 
double-crosslinked network, we performed compressive tests (Fig. S9). 
The strain-stress curves showed that dual crosslinked hydrogel exhibited 
approximately 20- and 8-time higher compressive strengthens than 
single UV or calcium crosslinked hydrogels, respectively. 

2.3. Assessment of the effects of EF stimulation on behaviors of NIH 3T3 
fibroblasts 

Next, we assessed ePatch’s effectiveness in promoting wound healing 
in vitro on the surface of ePatch with or without EF (termed “ePatch w/ 
EF” or “ePatch”, respectively) (Fig. 3a). We chose NIH 3T3 fibroblasts as 
the model cell line since fibroblast cells play a crucial role in wound 
migration and tissue remodeling [58]. The biocompatibility of MAA was 
evaluated by culturing NIH 3T3 fibroblasts on MAA and then testing cell 
viability with Cell Counting Kit-8 (CCK-8) (Fig. S10). It was observed 
that MAA did not induce any significant cytotoxicity to the cells. The 
behavior of NIH 3T3 fibroblast cells in response to pulsed EF was 
investigated with parameters reported in previous studies of electrical 
simulation-based wound healing [19,38,59]. For the ePatch w/EF 
groups, our ePatch was connected to pulsed EF suppliers and placed 
below the cell culture modules. Under these experimental settings, in 
vitro scratch assay was performed to simulate the endogenous wound 
healing process via 2D cell culture. Fig. 3b and S11 showed that in the 
ePatch w/EF group, efficient migration of NIH 3T3 cells could be 
observed within 18 h, which was significantly faster than the control 
group (ePatch). Quantitative analysis also confirmed that the cells 

exposed to EF exhibited a significantly higher rate of migration (Fig. 3c). 
It was reported that cells could be aligned by EF, which could be 
regarded as an indicator of improvement in uniaxially directed migra-
tion [38,60]. To validate this property, we scattered cells with a much 
lower density than the scratch assay and applied the EF. In the group 
treated with ePatch, as the cells grew, they were randomly distributed, 
whereas the cells in the ePatch w/EF group showed an aligned cell 
growth pattern. A large portion of cells in the ePatch w/EF group aligned 
at a specific angle (Fig. 3d) [60]. For the ePatch group, a random dis-
tribution was observed with the orientation of − 0.02 ± 0.04. While for 
the ePatch w/EF group, the orientation was − 0.42 ± 0.05, indicating a 
perpendicular alignment. Similar results were observed in previous re-
ports, suggesting that our EF parameter can guide cell alignment and 
migration in a specific direction [38,60–62]. The EF-induced alignment 
may be a result of cytoskeleton re-orientation during mitosis through 
Wnt/β-catenin and PI3K/Akt pathways [50,63–65]. LIVE/DEAD stain-
ing results further confirmed the viability of cells (Fig. 3d). 

We tested cell proliferation by using CCK-8, monitoring the absor-
bance at 450 nm at different time points. With the increase of stimula-
tion duration, the variance of absorbance between the two groups 
(ePatch and ePatch w/EF) became more significant, indicating 
enhanced cell viability and proliferation (Fig. 3e). ELISA assays were 
further conducted to test changes in cellular metabolism. Three growth 
factors, vascular endothelial growth factor-A (VEGF-A), transforming 
growth factor-beta (TGF-β), and epidermal growth factor (EGF), were 
tested in the supernatant of cell culture medium at 4 h, 12 h, 24 h, 48 h 
after applying the EF stimulations (Fig. 3f–h). Compared with the ePatch 
group, the expression of VEGF-A and TGF-β in cells with EF applied was 
significantly enhanced in the ePatch w/EF group. This confirmed that 
pulsed EF could affect cell signaling pathways to accelerate cell prolif-
eration [66–68]. 

It is worth noting that the silicone substrate of ePatch can also benefit 
wound healing. Silicone substrate-based ePatch was shown to be non-
adherent to cells, an essential characteristic of removable wound 
dressings [69,70]. To confirm this, we cultured fibroblast cells directly 
on the surface of the silicone substrate and observed that living cells did 
not attach to the substrate (Fig. S12a). 

Fig. 2. (a) Photograph of the pre-crosslinked AgNW-MAA ink. (b) SEM image showing the AgNW wrapped inside MAA after crosslinking and lyophilization (scale 
bar = 1 μm). (c) Photograph of as-prepared ePatch. (d) SEM images of a cross-section of the fabricated electrode. The right image showed the magnified section of the 
left one. Scale bars represent 100 and 10 μm for left and right images, respectively. (e) Swelling of alginate and MAA-based double-crosslinked ink in DPBS and SWF 
for 6 days (n = 3, data represent mean ± SD). (f) Change of electrode resistance after soaking in DPBS (n = 3, data represent mean ± SD). Ratios of resistances at 
different time points (R) to time 0 (R0) were calculated. (g) Resistance changes under strain ranging from 0 to 25%. 
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2.4. Evaluation of ePatch in accelerating wound healing in rats 

To assess the therapeutic efficacies of ePatch in vivo, we used Spra-
gue–Dawley rats as the animal model. The device was implanted into a 
full-thickness wound healing rat model [38]. As shown in Fig. 4a and 
S13, ePatch was directly applied onto the wound and connected to a 
Pulse Width Modulation (PWM) generator. The EF generation device 
was portable, wireless, small, and light-weighted (the average area was 
~18 cm2 and weight was ~15 g). It did not affect the physical activities 
of rats. In addition, the ePatch was soft and stretchable, thus providing a 
tight and conformed contact with the curved back of the rat without 
creating a gap between the wound and the electrode. Wounds were 

imaged at days 4 and 7, and the wound closure rate was compared to the 
original size of the wound (Fig. 4b and c). The control and ePatch groups 
showed no significant wound recovery on day 4. But in the ePatch w/EF 
group, the circular wound was closed in the vertical direction, and only a 
small wound portion remained. Similar to the in vitro migration assay 
where wound closure was facilitated only in the ePatch w/EF group. 
This rapid wound healing tendency was maintained throughout the 
experimental period (Day 7), and only a linear wound bed was observed 
in the ePatch w/EF treated group. In addition, the control group and the 
ePatch groups have round to wrinkle wound margins remained due to 
the irregular regeneration process, whereas the ePatch w/EF group has a 
wound margin that is almost linear. The wound area (%) remained were 

Fig. 3. (a) Schematic for testing cell 
behavior alterations in response to EF. NIH 
3T3 fibroblast cells were treated with EF, 
and cells growing in the dish without EF 
were used as control. (b) Microscopic images 
of the scratch assay. Cells were stimulated 
with or without EF. (c) Cell migration dis-
tances at different time points after per-
forming the scratch assay. (d) LIVE/DEAD 
staining of NIH 3T3 cells and quantification 
of cell angles in ePatch (upper) and ePatch 
w/EF groups (bottom) after applying EF for 
24 h. Cells were aligned in lines indicated by 
the yellow arrows. The direction of the EF is 
also shown. Cell angles in ePatch and ePatch 
w/EF treated groups were quantitatively 
analyzed. (e) Cell proliferation was assessed 
by CCK-8 assay. (f) The secretion of EGF was 
monitored at different time points after 
applying EF. TGF-β (g) and VEGF-A (h) ex-
pressions in ePatch and ePatch w/EF groups 
were tested by ELISA. Scale bars represent 
100 μm for (b) and 50 μm for (d). n = 3, data 
represent mean ± SD, *p < 0.05, **p < 0.01.   
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Fig. 4. (a) Photograph of the ePatch applied on the back of a Sprague–Dawley rat. (b) Optical images of wounds and residual wound areas at days 4 and 7 in different 
groups. (c) Analysis of wound areas remained open on days 4 and 7. (d) H&E and MT stainings of tissue sections of the wounds and adjacent skin areas (scale bar = 1 
mm). (e–f) Analysis of the healing process, including re-epithelization percentage and MET length. Immunofluorescence observation (g) and quantification (h) of 
CD31 and α-SMA staining (scale bar = 100 μm). CD31 and α-SMA both indicated increased angiogenesis. (i) Quantification of CD79a and CD3 positive signals, 
biomarkers of B and T cells, respectively, at the wound beds in different groups. *p < 0.05 and **p < 0.01, compared with control group. #p < 0.05 and ##p < 0.01, 
compared with ePatch group. n = 4, data represent mean ± SD. 
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57.9 ± 3.3% and 31.4 ± 7.5% on days 4 and 7, respectively, in the 
control group; 57.1 ± 4.0% and 28.6 ± 4.6% in the ePatch group; 25.7 
± 1.3% and 9.8 ± 4.5% in the ePatch w/EF group (Fig. 4c). It was 
notable that the wound in ePatch w/EF group was almost closed on day 
4, while half of the wound remain unhealing in the control and ePatch 
group. These results indicated that ePatch w/EF not only improved 
wound regeneration but also minimized scarring and induced direc-
tional regeneration. 

To further confirm the efficacy of ePatch in wound regeneration and 
tissue remodeling processes, we conducted Hematoxylin & Eosin (H&E) 

and Masson’s Trichrome (MT) stainings of wound tissues (Fig. 4d–f). 
Low magnification histological analysis revealed that ePatch w/EF 
improved epidermal tissue migration in the wound bed compared to the 
other groups. The ePatch w/EF group showed faster wound regeneration 
throughout the experimental period compared to the other groups 
(Fig. 4b). In the MT staining, collagen proliferation and migration were 
prominent at day 4 in the ePatch w/EF group. On day 7, most of the 
dermal layer was remodeled to normal skin in the ePatch w/EF group 
with the regeneration of hair adnexa and deposition of collagen. The 
ePatch w/EF treated group demonstrated significantly more re- 

Fig. 5. (a) Fluorescent microscope imaging of BacLight LIVE/DEAD stained E. coli and S. aureus that have been cultured under different conditions for 2 h (scale bar 
= 100 μm). The green fluorescence stained intact cell membrane of bacteria, while the red fluorescence marked bacteria with damaged cell membrane. (b) Flow 
cytometry analysis of E. coli and S. aureus cultured under different conditions for 2 h. The gate showed bacteria with damaged cell membrane, and the numbers next 
to the gate indicated their percentages. (c) Photograph of E. coli- and S. aureus-infected mice skin wounds at different time points after bacterial inoculation (scale bar 
= 4 mm). (d) Quantitive analysis of the remaining wound area in each group (n = 3). (e) Quantitative analysis of MET length for different groups. (f) Representative 
H&E staining analysis at the wound sites (scale bar = 100 μm). (g) Quantification of inflammatory cells for different groups. *p < 0.05, **p < 0.01, and **p < 0.001, 
n = 3, compared with Tegaderm group. #p < 0.05 and ##p < 0.01, compared with ePatch group, data represent mean ± SD. 
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epithelialization (55.6 ± 7.6%, n = 4) than the other groups on day 4 
(Control, 33.8 ± 3.1%; ePatch, 34.0 ± 2.9%) (Fig. 4d and e). Further-
more, the migrating epidermal tongue (MET) length of ePatch w/EF 
group was also significantly higher than that of the other groups (ePatch 
w/EF, 1.52 ± 0.3 mm; Control, 0.90 ± 0.3 mm; ePatch, 1.14 ± 0.2 mm) 
(Fig. 4f). 

Finally, we verified angiogenesis and inflammatory cell infiltration 
in vivo using CD31/α-smooth muscle actin (α-SMA) (Fig. 4g and h) and 
CD3/CD79α (Fig. 4i and S14) immunofluorescence staining. At day 4, 
regions with angiogenesis, indicated by the CD31 positive (red) and 
α-SMA positive (green) tissues in immunofluorescence staining, were 
found to be more significantly enhanced in the ePatch w/EF group than 
the other groups. The percentages of CD31 or α-SMA positive areas were 
the highest in the ePatch w/EF group, as was the other wound healing 
indexes (wound area reduction%, re-epithelialization%, MET length), 
indicating an increased level of vessel formation at the early stage of 
healing (Fig. 4h) [71,72]. As a result of double immunofluorescence 
staining of the T-cell marker CD3 (red fluorescence) and B-cell marker 
CD79α (green fluorescence), ePatch w/EF was found to have less 
inflammation infiltration than the other groups at day 7 (Fig. 4i). These 
results indicated that the ePatch w/EF group passed the inflammation 
phase faster than the other groups, transitioning quickly to the migra-
tion and remodeling phases. In particular, for the ePatch w/EF group, 
the infiltration of T-cell and B-cell decreased by 79.5% and 55.4%, 
respectively, compared to the control group. 

2.5. Verification of antibacterial efficiency of ePatch in vitro and in vivo 

Silver nanocomposite has been reported to have a broad antibacte-
rial spectrum, which is essential for a wound-healing patch [73]. To test 
the antibacterial capability of ePatch, both gram-negative and 
gram-positive bacteria Escherichia coli (E. coli) and Staphylococcus aureus 
(S. aureus) were cultured on the electrode side of the ePatch (Fig. 5 and 
S15). Bacteria were also cultured on glass slides (control) or Tegaderm. 
Tegarderm, serving as the negative control, has polyurethane-based 
adhesive for stable interfacing with irregular wound surfaces [74]. 
Tegarderm is a widely used air-permeable and water-proof dressing for 
wound care. It can protect the wound but does not have antibacterial 
properties. After electrical stimulation for 2 h, the LIVE/DEAD BacLight 
staining assay was conducted to investigate short-term antibacterial 
efficacy. Green fluorescence was detected in bacteria with intact cell 
membrane, demonstrating cell viability. Red fluorescence from propi-
dium iodide (PI) and reduced green fluorescence from SYTO 9 marked 
bacteria with damaged cell membrane. It was observed that the ePatch 
caused significant damage to both E. coli and S. aureus (Fig. 5a) after 2 h 
of incubation, and flow cytometry results were consistent with this 
observation (Fig. 5b). After a 2 h incubation period with our electrodes, 
in the groups of ePatch and ePatch w/EF, the percentages of PI-positive 
E. coli were increased to 15.1% and 18.5%, respectively, indicating the 
presence of cellular injury. The percentage of SYTO 9-negative S. aureus 
increased after being incubated with the ePatch (control 2.54%, Tega-
derm 1.81%, ePatch 19.5%, and ePatch w/EF 19.3%). These results 
showed that the proposed electrodes could efficiently inhibit bacterial 
growth in a very short time frame. The similar results between ePatch 
w/EF and ePatch groups indicated that the antibacterial efficacy was 
mostly exerted by the electrodes rather than EF. We also tested the 
long-term antibacterial properties of the ePatch by culturing E. coli and 
S. aureus under four different conditions (control, Tegaderm, ePatch, 
and ePatch w/EF) for 18 h, separately. E. coli and S. aureus were then 
sprayed on LB agar plates and incubated at 37 ◦C overnight. As pre-
sented in Fig. S16, no bacterial colony was formed in groups treated with 
ePatch, demonstrating the long-term antibacterial capabilities of ePatch. 

In vivo antibacterial efficacy of the ePatch was further evaluated in an 
infected wound model. Full-thickness wounds with a diameter of 6 mm 
were created in the back of C57/BL6 mice (Fig. 5c). Mixed E. coli and 
S. aureus were sprayed on the wound bed. Since AgNW, instead of EF, is 

the main antibacterial component in the ePatch, the wounds were 
directly covered by ePatch without EF stimulations (ePatch group). In 
control groups, Tegaderm was applied to prevent further bacterial 
contamination from the surrounding environment. The wounds were 
imaged after 1 and 2 days. Visible infection was observed in the Tega-
derm group, while wounds in the ePatch group were free from observ-
able infection. Wound areas in the ePatch group were significantly 
smaller (42.04 ± 4.65% on day 2, n = 3) than the Tegaderm group 
(68.67 ± 5.21% on day 2; n = 3) (Fig. 5d). MET length also showed a 
similar trend: the ePatch group has a longer MET migration than the 
Tegaderm group (Fig. 5e). To better observe bacteria growth in the 
wound, wound exudates after patch treatment (days 1 and 2) were 
directly cultured on petri dishes (Fig. S17). The ePatch group generated 
significantly less bacterial colonies than the Tegaderm group. After 2 
days of ePatch application, bacteria in wound exudate were almost 
undetectable, indicating excellent antibacterial efficacy. Staining of the 
cultured bacteria from wound exudates confirmed the presence of E. coli 
and S. aureus in both groups at day 1 (Fig. S18a). The infected wound 
tissue showed less bacteria in the ePatch group on day 2 (Fig. S18b). 
Then, we assessed inflammatory cell infiltrations in the wounds (Fig. 5f 
and g). The inflammatory cell densities decreased in the ePatch groups, 
indicating that inflammation can be mitigated by the ePatch along with 
inhibited bacteria growth (Fig. 5g). 

Taken together, the in vitro and in vivo studies confirmed that the 
ePatch w/EF could be used to improve wound healing through enhanced 
cell migration and increased angiogenesis. It is worth noting that, even 
in the group applied with ePatch, the wound healing rate was elevated 
with inhibited immune response compared with the control group. We 
also demonstrated its capability of preventing gram-positive and nega-
tive bacterial infections in vitro and in vivo. These findings suggest that 
the ePatch can be directly used for wound healing treatment with good 
biocompatibility. 

3. Conclusion 

In summary, we have developed a flexible ePatch based on 
conductive hydrogel for accelerated wound healing. Conductive AgNW 
used in the hydrogel conferred antibacterial properties to the ePatch. 
Moreover, clinically used alginate hydrogel endowed the ePatch with 
good biocompatibility and printability. The double-crosslinked network 
enhanced the mechanical strength of the conductive hydrogel. By 
delivering EF to the wound, our ePatch was shown to boost the 
expression of growth factors by NIH 3T3 fibroblast cells, and the ePatch 
also lead to their enhanced proliferation and migration. Our in vivo 
model revealed that the ePatch could reduce wound healing time to 7 
days, which was supposed to be 20 days if there was no treatment [75, 
76]. The promoted tissue remodeling outcome suggested a reduced 
degree of scar tissue formation. Compared to other AgNW-based wear-
able electric devices that are interfacing with healthy skin and/or rely on 
intricate fabrication processes [77–80], our ePatch can exploit 
double-crosslinked network to achieve high stability in wound envi-
ronment and efficiency in accelerating wound healing. Our portable 
ePatch holds great promise to lower adverse impact from foreign im-
plants as well, offering a new approach to assist wound treatment. 
Further optimization of this platform would benefit multidisciplinary 
research for various relevant diseases. 

4. Materials and methods 

4.1. Materials 

Polyvinylpyrrolidone (PVP360, Mw ≈ 360,000 g mol− 1), silver ni-
trate, sodium chloride, sodium alginate (A2033, medium viscosity), 2- 
Aminoethyl methacrylate hydrochloride (AEMA, 900,652), poly-
dimethylsiloxane (PHR1518, PDMS) and calcium chloride (C1016) were 
purchased from Sigma-Aldrich. Fibronectin and polyimide tapes were 
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supplied by Thermofisher Scientific. 

4.2. Synthesis of the silver nanowire 

AgNW was synthesized by reducing silver nitrate according to pre-
vious report. Briefly, 1 g of polyvinylpyrrolidone was mixed with 14 mg 
sodium chloride in 20 mL ethylene glycerol for 10 min. After heating in a 
160 ◦C oil bath for 20 min, 10 mL 0.14 M silver nitrate was added very 
slowly at a speed of 10 mL h− 1 using a syringe pump. The reaction was 
continued for an additional 30 min at 160 ◦C when the mixture turned 
greyish-green in color. The mixture was washed twice with acetone and 
three times with deionized water for purification. AgNW suspension was 
concentrated to 100 mg mL− 1 (10 w/v%), which was approximately the 
maximum concentration of AgNW to maintain stability. 

4.3. Synthesis of MA-Alginate 

To modify alginate with AEMA, 100 mM MES buffer with pH = 6.5 
was prepared. After dissolving 1 g sodium alginate in 100 mL MES buffer 
at 40 ◦C, 390 mg N-hydroxysuccinimide (NHS) and 840 mg -ethyl-3-(3- 
dimethylaminopropyl) carbodiimide (EDC) were sequentially added. 
The pH was adjusted to 8 and 672 mg of AEMA was added in 5 min. The 
mixture was allowed to further be mixed for 24 h at 40 ◦C. The mixture 
was then washed twice and dried under vacuum overnight. After that, 
the mixture was dialyzed for 3 days to remove residual NHS and EDC. It 
was then lyophilized. The sample was prepared at a concentration of 10 
mg mL− 1 in deuterium oxide for NMR to evaluate methacrylation. 3 w/v 
% MAA was chosen based on solubility. 

4.4. Preparation of conductive inks and electrodes 

The electrodes were patterned by printing on different substrates, 
such as glass slides and silicone sheets (CVS, USA). Masks for electrodes 
were prepared by laser cutting of tapes. Substrates were treated with 
oxygen plasma for 2 min (Plasma Etch, USA). We prepared inks with 
three different formulas (AgNWs and MAA in a weight ratio of 0:1 (3% 
w/v MAA), 10:3 (10% w/v AgNW, 3% w/v MAA), 20:3 (10% w/v 
AgNW, 1.5% w/v MAA), and 50:3 (10% w/v AgNW, 0.6% w/v MAA)) to 
find the optimal formulation. All prepared inks were then deposited on 
the masks above the substrates. Excessive ink was carefully removed by 
a glass slide, and the masks were detached from substrates. The opti-
mized conductive ink (10:3) was chosen based on viscosity and shear- 
thinning properties as mentioned in the result section. The patterned 
ink was crosslinked with UV at an intensity of 6.9 mW cm− 2 for 3 min. 
Then, the ink was soaked in 0.5 M calcium chloride solution for 10 min 
to generate a double-crosslinked network. 

4.5. SEM imaging 

For ePatch imaging, it was lyophilized and mounted on specimen 
holders with carbon adhesive tapes. It was sputtered with Au before 
imaging. For AgNW imaging, AgNW was dispersed in ethanol at a con-
centration of 1 w/v%. AgNW was dropped onto the carbon tapes on 
specimen holders and directly imaged after ethanol evaporation. All 
SEM images were collected from a Tescan Vega-3. 

4.6. Rheology test 

Rheological behaviors of different ink formulas (AgNWs:MAA w/v of 
0:1, 10:3, 20:3, and 50:3) were measured by the Anton-Paar rheometer 
(MCR 302, Austria) at 25 ◦C with an 8 mm cone plate system and a 1 mm 
gap. The stress sweep test was run at a frequency of 1 Hz with oscillation 
stress of 0.1–100 Pa. 

4.7. Stability test 

Printed lines with a length of 1 cm and a width of 1 mm were pre-
pared. To test the conductivity in an aqueous environment, we used a 
multimeter to measure the resistance of the printed lines before and after 
soaking them in DPBS for 1, 2, 3, 4, 5, and 6 days, respectively. To 
analyze the swelling ratio, 200 μL of the optimized conductive ink or the 
control group (calcium alginate, 1.5% w/v) were added in round PDMS 
molds with a diameter of 1 cm. After crosslinking ionically and chemi-
cally, all prepared hydrogel discs were lyophilized and weighed. The 
swelling ratio was calculated as: Swelling ratio = (Weight after soaking – 
Weight before soaking)/Weight before soaking × 100%. To evaluate the 
release of silver, we mixed AgNW with pure alginate or MAA with a ratio 
of 10:3 (10% w/v AgNW, 3% w/v pure alginate or MAA). The conduc-
tive inks were printed as lines with a length of 1 cm and a width of 1 mm. 
Photographs were taken after soaking the printed lines in deionized 
water for 12 and 24 h. SWF was prepared according to a previous report 
[81]. Briefly, 5.8 g sodium chloride, 3.4 g sodium hydrogen carbonate, 
0.3 g potassium chloride, 0.3 g calcium chloride, 33.0 g bovine albumin, 
and 100 μL 30% hydrogen peroxide were dissolved in 1000 mL deion-
ized water. 

4.8. Stretchability test 

To test the stretchability of ePatch, we mounted the whole ePatch on 
an Instron 300 LX. Resistances of the electrode were measured by a 
multimeter under different stresses (0%, 5%, 10%, 15%, 20%, and 25%) 

4.9. Compressive test 

Hydrogels (500 μL) were injected in round disc molds with a diam-
eter of 1 cm and crosslinked with different approaches (UV 3 min/Ionic 
10 min, UV 1.5 min/Ionic 10 min, UV 3 min, and Ionic 10 min). Then the 
hydrogels were mounted on an Instron 300 LX. The compressive strain 
was applied with a speed of 20%/min. 

4.10. Electric stimulation 

In all in vitro and in vivo experiments, the EF applied in the ePatch w/ 
EF group was continuous and in a parameter of 10 Hz with 1 ms pulse 
width. 

4.11. Cell culture and proliferation test 

NIH 3T3 fibroblasts (ATCC, CRL-1658) were cultured in Dulbecco’s 
modified eagle medium (DMEM, Gibco, USA) supplemented with 10% 
bovine serum (BS, Gibco, USA) and 1% penicillin-streptomycin (Gibico, 
USA). 15 mm × 20 mm bottomless PDMS wells were assembled on the 
electrodes and sealed with half-cured PDMS to form cell culture cham-
bers. The ePatch was then coated with Polyimide tapes with a thickness 
of 2 μm to enable cell adherence for migration and proliferation tests. 
The wells were incubated with 10 μg mL− 1 fibronectin at 37 ◦C for 1 h 
and washed once with DPBS. We then seeded 1 × 105 cells with 2 mL 
media per well to achieve a cell density of approximately 400 cells/ 
mm2. After 12 h, EF was applied for cell viability and proliferation test. 
Cell viability was assessed by LIVE/DEAD Viability/Cytotoxicity kit 
(Invitrogen, USA) using protocols provided by the manufacturer. After 
incubating for 30 min, they were washed with DPBS. Cell proliferation 
was measured by CCK-8 (Cell counting kit-8) assay (Fisher Scientific, 
USA) and quantified by plate reader. For cell migration test, a confluent 
cell monolayer is required [82]. We performed a scratch assay with EF 
applied 2 days after cell seeding. 

4.12. Biocompatibility test 

To test the biocompatibility of MAA, we sprayed 1.5 w/v% MAA into 
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6-well plates with a volume of 200 μL/well. After crosslinking MAA as 
previously stated, we seeded 1 × 105 NIH 3T3 fibroblasts per well as well 
as 3 mL cell culture medium. Cells in the control group were directly 
cultured in untreated 6-well plates. CCK-8 assay was performed 4, 12, 
24, and 48 h after culturing the cells. 

4.13. Cell orientation analysis 

To quantify the cell alignment along with the EF, we defined that for 
n cells, the orientation can be characterized as the average of cos2θ =

∑n

i=1

cos2θi
n , where the θi was the angle between the cell longest axis and EF. 

Thus, for cells that aligned perpendicular or parallel to EF, they will hold 
an orientation approximate to 1 or -1, respectively. While for randomly 
distributed cells, the orientation is near zero. For better visualization, 
cells were stained with LIVE/DEAD Viability/Cytotoxicity assay (Invi-
trogen, USA) based on protocols provided by the manufacturer before 
imaging. 

4.14. ELISA assay 

For TGF-β, VEGF-A, EGF ELISA tests (Invitrogen, USA), samples were 
collected from cell culture supernatant at various time points. For the 
pro-collagen ELISA test (Abcam, USA), samples were collected after 
lysing the cells. All ELISA tests were performed according to protocols 
recommended by vendors. The absorbance at 450 nm was measured by 
microplate readers. 

4.15. Bacteria preparation 

Escherichia coli (E. coli, ATCC BAA-2471) and Staphylococcus aureus 
(S. aureus, ATCC 29213) were used to analyze the antibacterial capa-
bilities of ePatch in vitro and in vivo. Both bacteria were cultured in 
tryptic soy broth (TSB) medium at 37 ◦C. They were then diluted with 
DPBS and sprayed on LB Broth with agar plates (Sigma, USA) and 
cultured at 37 ◦C overnight for photograph. 

4.16. Bacterial LIVE/DEAD assay 

1 mL 1 × 107 CFU mL− 1 bacterial suspension were cultured in 15 
mm × 20 mm PDMS wells that were assembled with different substrates 
(glass slides, Tegaderm (3 M, USA), ePatch, or ePatch w/EF). The EF 
applied were the same as previously specified. After 2 h, we collected all 
the bacteria suspensions and centrifuged them. LIVE/DEAD BacLight 
bacterial viability kit (Thermofisher Scientific, USA) was used according 
to the protocol provided by the vendor. Microscopy (Zeiss, Germany) 
was then used to detect fluorescence. Flow cytometry was performed 
after cell staining. The samples were run on a BD FACSAria (BD Bio-
sciences, USA) and data was processed and analyzed with FlowJo 
(FlowJo, USA). 

4.17. In vivo therapeutic test 

All animal experiments conducted were under protocols approved by 
the University of California, Los Angeles Animal Research Committee 
(UCLA ARC# 2018-003-01E). Purchased from Charles River Labora-
tories (CA, USA), twenty-four seven-week-old, Sprague-Dawley male 
rats with an average weight of 250–300 g were kept in a certified animal 
facility. Under general inhalable anesthesia (1.5% isoflurane in 100% 
O2), a biopsy punch (Miltex, York, PA, USA) with a diameter of 8 mm 
was employed to make full-thickness excisional wounds on the middle of 
the back of the rats. Full-thickness skin, separated by Metzenbaum 
scissors, was cut off along the incision. Then, the wound was covered 
with experimental materials. 6 V 10 Hz pulsed EF with 1 ms width was 
applied continuously to the wound site. In total, 24 rats were divided 

into three groups randomly. The wound in the group with injury only (n 
= 4 each for days 4 and 7, control) was covered by medical-grade self- 
adhesive tapes (3 M, Northridge, CA, USA). In the ePatch (n = 4 each for 
days 4 and 7) or ePatch w/EF groups (n = 4 each for days 4 and 7), the 
wounds were covered with the electrode patch. For the ePatch w/EF 
group, the electrode patch was connected to the PWM generator. Rats 
were sacrificed using carbon dioxide for evaluating wound healing 4 and 
7 days post-operation. 

4.18. Histology evaluation 

On days 0, 4, and 7, digital photographs of each wound were 
captured to analyze the wound contraction rate. ImageJ (National 
Institute of Health, USA) was used to assess the wound by observing the 
margin of the wound. The wound area (%) was calculated with the 
formula: 100% × (wound area at day 0 – wound area remaining 
wound)/(wound area at day 0). Immersed in a 10% formalin buffer 
(Leica Biosystems, USA), the wound tissue with surrounding un-
wounded skin was fixed. The samples then underwent a general pro-
cedure (dehydration, clearing, and embedding) for histopathological 
analysis. Paraffin sections with 4-μm thickness were processed with H&E 
stain. Histology images were collected on a Zeiss Axio Observer 5 
inverted microscope (Carl Zeiss Microscopy, LLC, White Plains, NY, 
USA). AmScope image analysis software (AmScope, USA) was used to 
analyze quantitative data. The re-epithelialization percentage (%) was 
measured in the H&E-stained sections (n = 4). The re-epithelialization 
percentage was calculated as the following: re-epithelialization (%) =
(epithelium coverage length/wound bed width) × 100%. 

4.19. Immunofluorescence staining 

Serial tissue sections were processed according to the standard 
immunofluorescence staining procedures, including deparaffinization, 
antigen-retrieval (citrated buffer, heat-induced), permeabilization 
(0.3% Triton PBST), and antigen blocking (goat serum, Cell Signaling 
Technology, USA). Then, as-prepared sections were incubated with an-
tibodies, including mouse monoclonal α-SMA primary antibody (1:200; 
Novus Biologicals, USA), rabbit polyclonal CD31 primary antibody 
(1:200; Abcam, UK), rabbit monoclonal CD3 primary antibody (1:200; 
Abcam, UK), and mouse monoclonal CD79A primary antibody (1:200; 
Santa Cruz Biotechnology, USA). Then the sections were PBST-washed 
twice and incubated with secondary antibodies (goat anti-mouse Alexa 
488, donkey anti-rabbit Alexa 555, ThermoFisher) at room temperature 
before counterstaining with DAPI. Fluorescent images were captured via 
Zeiss Axio Observer 5 Inverted Phase Contrast Fluorescent Microscope. 
Fluorescence intensity was analyzed and calculated using Image J (n =
4/group). 

4.20. Infected wound model creation 

E. coli and S. aureus suspension with an initial density of 2 × 108 

CFU/mL were prepared and mixed with a ratio of 1:1 for inoculation. 
Twelve C57BL/6 mice were purchased and acclimatized for one week 
before the experiments. Following anesthesia by 1.5% isoflurane in 
100% O2, a biopsy punch with a diameter of 6 mm was used to create a 
full-thickness round wound on the dorsal face of the mouse. 100 μL of 
the bacterial suspension was sprayed on each wound surface for inoc-
ulation. Sterile swabs were used to harvest bacteria from wound exu-
dates and draw a circle (diameter = 1 cm) on the surface of LB agar 
plates for bacterial culture. Three mice were used in each group. 

4.21. Statistical analysis 

Data analysis was all performed by using GraphPad Prism (Graphpad 
Software Inc., USA). The values represent the mean ± SD from three or 
more independent experiments. The statistical significance of 
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differences was assessed by Bonferroni posthoc paired comparisons tests 
and one-way ANOVA in histological evaluation. Otherwise, two-way 
ANOVA was employed. *p < 0.05, **p < 0.01, and ***p < 0.001 were 
considered statistically significant. 
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