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Objective: Large full-thickness skin wounds pose significant challenges, particularly in achieving scar-free healing and the
regeneration of skin appendages. This study introduces a portable approach for promoting scarless healing and skin appendage
regeneration by utilizing low-intensity pulsed ultrasound (LIPUS) activated piezoelectric electrospun membranes to modulate the local
electrical environment.

Methods: Dopamine-modified polyvinylidene fluoride (DA/PVDF) nanomembranes were fabricated via electrospinning, followed by
piezoelectric characterization under varying LIPUS stimulation. Cell adhesion was examined using SEM and laser confocal microscopy to
assess surface interactions. Cell proliferation and migration were further analyzed using the CCK-8 assay and Transwell migration assay,
respectively. Finally, the effects of DA/PVDF membranes on full-thickness skin defect healing were tested in a mouse model. The healing
process was documented with photographs, and functional skin regeneration was evaluated through histological analysis.

Results: The DA/PVDF nanomembranes had an average diameter of 732 + 232 nm and generated a voltage of 450 mV under LIPUS
stimulation, a 1.28-fold increase compared to PVDF membranes alone. In vitro, LIPUS-activated membranes enhanced cell adhesion
and proliferation, resulting in a 1.14-fold increase in cell growth over three days. The transwell migration assays showed 244.67 + 7.85
migrated cells. In vivo, the DA/PVDF+LIPUS group exhibited significantly higher wound healing rates, with improved epidermal
regeneration, collagen fiber deposition and remodeling, and enhanced blood vessel and skin appendage formation.

Conclusion: DA modification enhances the piezoelectric properties of PVDF membranes, boosting cell adhesion and promoting
dermal and vascular regeneration. LIPUS-generated mechanical waves effectively stimulate membrane deformation, producing
a localized electrical microenvironment that mimics the natural bioelectric field of skin and accelerates functional wound healing.

Keywords: piezoelectric materials, dopamine, low-intensity pulsed ultrasound, skin wound healing, skin appendage regeneration

Introduction

The skin, as the body’s largest organ, exhibits heightened susceptibility and vulnerability to external threats.' Skin wound
repair constitutes an intricate and continuously dynamic process, encompassing hemostasis, inflammation, proliferation,
and remodeling.? Various wound dressings have been developed to treat different wound types, categorized by forms like
gauze, hydrogels, and foams.” > Nevertheless, contemporary wound dressings primarily prioritize reducing infection and
rehydrating tissue, thereby creating a passive healing environment. A passive healing environment often proves
challenging to re-regulate given the dynamic nature of the healing process once the wound dressing has been
applied.®” Therefore, there is still an urgent need for the development of more effective and real-time controllable

treatments that promote skin regeneration.
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Inspired by the endogenous electric fields generated during skin injury in living organisms, Electrical Stimulation
(ES) therapy has garnered much attention in recent years for its safety, simplicity, and controllability.® ES has shown
potential in enhancing all phases of wound healing, improving cell behavior by promoting glial cell and fibroblast
proliferation and differentiation.” However, current clinical ES devices rely on external electrodes and wires, making
them costly, cumbersome, and unsuitable for home use. Therefore, a non-invasive, wireless system capable of real-time
modulation of cell behavior is needed for effective and convenient wound healing.

Piezoelectric materials, which generate localized electrical stimulation through self-deformation, offer a promising
solution for tissue repair independent of external power sources.'® Among these materials, Polyvinylidene fluoride (PVDF)
has gained significant attention in wound management due to its biocompatibility, flexibility, and cost-effectiveness.!’ To
address potential depolarization and improve the super hydrophobicity of PVDF, various chemically and biologically active
molecules have been used for modification.'*'? For instance, Du et al developed a wound dressing combining hydrogel (PDA-
PAAm) and PVDF nanofibers, where body-induced piezoelectricity accelerated full-thickness skin wound healing, reducing
closure time by about 33%.'? Fu reported a polyacrylonitrile/poly (vinylidene fluoride) (PAN-PVDF) hydrogel as
a biomimetic skin substitute, where dipolar interactions between PVDF and PAN enhanced the electroactive B-phase,
improving the piezoelectric effect.'* Dopamine (DA), a molecule structurally similar to mussel adhesion proteins, has been
used to modify material surfaces, enhancing hydrophilicity and biocompatibility.'* ' Recent study have shown that DA could
enhance and stabilize piezoelectric properties of PVDF by promoting B-phase formation.'” Despite advancements, PVDF
membranes in wound sites often lack sufficient mechanical stimulation and deformation, leading to suboptimal piezoelectric
effects and inadequate wound healing. Additionally, the application of these membranes in wound healing has not been
thoroughly explored. FDA-approved since 1994, Low-Intensity Pulsed Ultrasound (LIPUS) has shown promising results in
healing soft tissues and is well-suited for home-based rehabilitation.'® ' LIPUS presents a versatile solution by delivering
mechanical waves that stimulate piezoelectric materials, creating localized electrical fields at the wound site.?

In this study, we developed a novel strategy for skin wound healing by combining LIPUS with piezoelectric electrospun
membranes. The mechanical waves generated by LIPUS effectively stimulate membrane deformation, which in turn generates
sufficient electrical current. This LIPUS-activated membrane creates a localized electrical microenvironment, mimicking
a bioelectric field of skin that promotes wound healing. In vitro assays showed that DA/PVDF membranes, especially when
stimulated by LIPUS, significantly improved cell adhesion compared to conventional PVDF. Moreover, LIPUS-activated DA/
PVDF membranes accelerated cell proliferation and migration, facilitating faster wound healing. In vivo experiments using
a mouse model confirmed the efficacy of LIPUS-activated DA/PVDF membranes in promoting full-thickness skin wound
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regeneration. Histological analysis at day 14 revealed superior angiogenesis and skin appendage formation in the DA/PVDF +
LIPUS group compared to other treatments. Notably, this group showed a well-organized dermis with minimal excessive
collagen deposition, indicating effective tissue remodeling. These findings demonstrate the potential of LIPUS-activated DA/
PVDF membranes for advancing wound healing therapies. By combining the benefits of piezoelectric materials and LIPUS, our
approach offers a promising strategy for improving skin regeneration and tissue repair.

Materials and Methods

Reagents and Materials

PVDF powder (MW = 5.34 kDa), Dopamine hydrochloride (DA 98%) as purchased by McLean Biochemicals Ltd. Inc. Acetone
(99.5%), N,N-dimethylformamide (DMF, 99.8%), were purchased from Aladdin. The Low-Intensity Pulsed Ultrasound (LIPUS)
was transmitted through coupling gel (Jinya Inc., China). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), and PBS were obtained from Gibco (Grand Island, USA). Rhodamine and 4’,6-diamino-2-phenylindole were purchased
from Solabio (Beijing, China). All chemicals are of analytical purity and can be used without further purification.

Cell Culture
Murine fibroblast cell line 1L.929 (American Type Culture Collection, ATCC, Rockville, MD, US) was maintained in DMEM
supplemented with FBS (10%) and penicillin-streptomycin (1%) at 37°C in a humidified incubator containing 5% carbon dioxide.

The Preparation of Piezoelectric DA/PVDF Nanofiber Membranes
The preparation of DA/PVDF nanofiber membranes and PVDF nanofiber membranes is shown schematically in
Figure la, Video S1 and Video S2. DA and PVDF were mixed at different weight fractions. The mixture was dissolved
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Figure | Characterization of the DA/PVDF membrane. (a) Microstructure of PVDF and DA/PVDF membranes. (b) Diameter distribution of PVDF nanofiber membranes
and DA/PVDF nanofiber membranes. (c) FTIR spectra of PVDF nanofiber membranes and DA/PVDF nanofiber membranes with 1.0 wt% DA loading content. (d) XRD
spectra of PVDF nanofiber membranes and DA/PVDF nanofiber membranes with 1.0 wt% DA loading content. (e) The water contact angle (WCA) of PYDF and DA/PVDF
membrane. (f) Quantitative contact angle data of PYDF and DA/PVDF membranes. (g) Typical tensile stress—strain curves of PYDF and DA/PVDF membranes.
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in 3:7 (w/w) acetone/N, N-dimethylformamide (DMF) solvent and sonicated for 90 min, followed by stirring with
a magnetic stirrer using a polygonal magnetic stir bar at 500 rpm for 12 h. A homogenized DA/PVDF solution with
a concentration of 15 wt% was obtained. We injected the mixed solution into a syringe with a distance of 15 cm between
the spinneret and the collector. The electrostatic spinning process was conducted using a high direct current voltage of 18
kV with a solution flow speed at 1 mL/h at room temperature and 35% humidity. The prepared DA/PVDF nanofiber
membranes were dried 2 weeks at room temperature. In the in vitro cell culture assay, the cell membranes were irradiated
under UV light for 30 min and then sterilized in 75% ethanol solution for 30 min.

Characterization

The chemical composition was assessed by Fourier transform infrared spectroscopy (FT-IR, Bruker Vertex 80v,
Germany). In order to investigate the effect of dopamine on the properties of electrospun PVDF nanofiber membranes,
we performed XRD analysis (XRD, Rigaku D/max 2550PC, Japan). Scanning electron microscopy (SEM, JSM-6700F,
USA) was used to observe the fiber morphology of DA/PVDF nanofiber membranes. The water contact angle (WCA) of
all samples was measured with Data Physics (OCA20, German).

Electrical Output Measurements

The PVDF and DA/PVDF nanofiber membranes were cut to the desired dimensions of 2.0x2.0 cm?. The membranes
were sandwiched with a pair of electrodes, and then wrapped in polyimide tap. To measure the output produced by the
membranes under LIPUS stimulation, the device was placed under a LIPUS probe. LIPUS was generated using a digital
ultrasound device (Sonicator 740, Mettler Electronics, USA) with a probe diameter of 35 mm, a frequency of 1 MHz, and
a pulse duration of 1.4 ms. The applied power intensities were ranged from 0.0 W/cm? to 1.0 W/em? (ie, 0.2 W/em?, 0.4
W/em?, 0.6 W/em?, 0.8 W/em?, and 1.0 W/ecm?). The electric outputs (voltages) generated from the membranes were
obtained using a potentiostat (CHI660E, China). Furthermore, alterations in the real-time electrical signals of DA/PVDF
nanofiber membranes that applied to mouse dorsal skin wounds (defect of 1 square centimeter wound in the center of the
mouse back), in response to LIPUS intervention were quantified through measurements with the PowerLab 26T
(ADInstruments, AU).

Cell Attachment and Morphology

L929 cells were inoculated onto PVDF and DA/PVDF nanofiber membranes, followed by stimulation with LIPUS. After
24 hours, the morphology of the cells on the membrane surfaces was examined using scanning electron microscopy
(SEM; JSM-6700F, USA) and fluorescence microscopy (DP74, OLYMPUS, China). In this study, different membranes
of 2 mm diameter were added to each well of a 12-well plate at a cell density of 5x10* cells per well. After 24 hours of
culture in complete medium, the membranes were fixed in 4% paraformaldehyde for 30 minutes at 37°C. After three
washes with PBS, the cytoskeleton was stained with rhodamine (Solabio, China) for 30 min and 4’,6-diamino-
2-phenylindole (Solabio, China) for 5 min at 37°C. Finally, after three washes with PBS to remove the stain, the
morphology of the cells on the membrane surfaces was examined using fluorescence microscopy (DP74, OLYMPUS,
China) and scanning electron microscopy (SEM; JSM-6700F, USA). Furthermore, to assess the adhesion of the
membranes to cells at wound sites in mice under LIPUS stimulation (1.0 W/cm?, 5 min), PVDF and DA/PVDF nanofiber
membranes (1.0 x 1.0 cm?) were implanted into the dorsal skin. Following a 24-hour incubation period, the samples were
retrieved and subjected to SEM imaging.

Evaluation of Cell Viability on DA/PVDF Nanofiber Membranes by CCK8 Assay

Using 12-well polystyrene plates (TCPs), the L929 fibroblast cell line was inoculated on PVDF or DA/PVDF nanofiber
membranes and cells cultured on bare TCPs were used as a control (5 x 10* cells per well). After inoculation, the cells
were incubated in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (P-S, Gibco) at 37°C for 24 h, 48 h, and 72 h. In this experiment, the LIPUS ultrasound probe
was attached to the bottom of the culture plate and an ultrasound gel coating was applied between the probe and the
culture plate. The objective was to facilitate the penetration of ultrasound into the TCPs, thereby inducing deformation of
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nanofiber membranes and generating electrical stimulation. The parameters of LIPUS ultrasound stimulation were set as
follows: 5 min per day, using different power intensities (ie, 0.2 W/em?, 0.4 W/em?, 0.6 W/em?, 0.8 W/em?, 1.0 W/em?).
The LIPUS frequency was 1 MHz and the pulse duration was 1.4 ms. At 24 h, 48 h, and 72 h time points, the medium
was aspirated and replaced with 500 pL of fresh medium and 50 pL of Cell Counting Kit-8 (CCK-8) (NCM Biotech,
China) solution, and incubated for 2 h at 37°C. Finally, the solution was transferred to a 96-well plate (100 pL per well)
and the absorbance value at 450 nm was determined using an enzyme labeler (SynergyHT, BioTek, USA). The relative
cell viability was calculated as follows:

At — Ab

A4C—Abx 100

Cellviabillity (%) =

In this experiment, A¢ represents the absorbance of experimental groups, 4b represents the absorbance of blank groups,
and Ac represents the absorbance of control groups.

Trans-Well Assay

Fibroblast migration was assessed by the scratch assay. L929 cells were inoculated at a density of 5x10 cells per well
(500 pL/well, 24-well TCP) in low-nutrient medium (1% fetal bovine serum in DMEM) incubated overnight at 37°C.
After cell attachment, the cell layer was scratched with a pipette tip. Then, a circular PVDF nanofiber mat (diameter: ~
1 cm) was immersed into the supernatant and the nanofiber membranes were vibrated using LIPUS (1 MHz, 0.2-1.0 W/
cm?, 1.4 ms pulse duration).

In order to gain further insight into the effects of PVDF and DA/PVDF nanofiber membranes on cell migration, The
trans-well method was employed under LIPUS ultrasound at 1.0 W/cm?. Cells were inoculated into the upper chamber of
a 12-well Trans-well plate (pore size: 8) and starved of serum in 500 pL serum-free medium for 24 h. PVDF nanofiber
membranes and DA/PVDF nanofiber membranes were placed at the bottom of the lower chamber, and the bottom of the
plate was coated with gel to facilitate ultrasound penetration. After 5 minutes of LIPUS stimulation, the plates were
incubated for 24 h at 37°C and 5% carbon dioxide. After 24 hours, the upper chamber was removed, and the top cells
were gently wiped away with a cotton swab. The cells were fixed with 4% paraformaldehyde at 37°C for 30 min and
washed three times with PBS. Finally, the cells were stained with 5% crystal violet solution.

In vivo Animals Test

Six-week-old female ICR mice (20 g) were used for wound healing experiments. Seventy-five ICR mice were randomly
divided into 5 groups: the blank control group, the fibrin glue group, the LIPUS group, the DA/PVDF groups and the DA/
PVDF+LIPUS group (n = 15). Mice were anesthetized with 4% w/v chloral hydrate (0.1 mL/10g) and then the dorsal hair of
each mouse was removed using an electric razor, and 1.0 cm x 1.0 cm square full-thickness skin defects were made on the
backs of the mice after they were cleaned with 75% alcohol for each mouse. All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory Animals of Changchun Institute of Applied Chemistry
Chinese Academy of Sciences and approved by Institutional Animal Care and Use Committee of Changchun Institute of
Applied Chemistry Chinese Academy of Sciences (Permit Number: 20210016). The blank control, commercial control and
experimental groups were washed with saline, 0 wrapped in gauze and secured with 3M tape. In the LIPUS group and DA/
PVDF+LIPUS group, LIPUS treatment was administered once a day at a power intensity of 1.0 W/cm? for a total of
5 minutes. Digital photographs of the wounds at different time points were obtained and the size of the wounds at different
days (0, 3, 7, and 14) was measured using Image J software. The relative wound healing area was calculated:

t
Relative wound healing area (%) = 0 % 100

where A0 and At are the wound areas of 0 d and x d (x = 3, 7 and 14) after treatment, respectively.

On days 3, 7 and 14 following treatment, histopathological analysis was conducted on the skin tissue surrounding the
wound of the different groups. Furthermore, histopathological analysis was conducted on the major organs, including the
heart, liver, spleen, lungs, and kidneys, on the 14th day post treatment. Tissue samples were collected and fixed in 4%
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formaldehyde. The tissues were subjected to hematoxylin and eosin (H&E) or Masson trichrome staining, after which the
sections were observed under a microscope (DP73, Olympus, Tokyo, Japan).

Statistical Analysis

Quantitative data were expressed as mean + standard deviation (SD). One-way analysis of variance (ANOVA) was
performed using GraphPad Prism software to analyze the statistical differences between the control and treatment groups,
and p-values less than 0.05 were considered statistically significant in the analysis (*P < 0.05, **P < 0.01, ***P < 0.001,
*EEEP < (0.0001).

Results and Discussion

Preparation and characterization of the DA/PVDF Nanofiber Membrane

DA/PVDF nanofiber membranes were prepared by the electrospinning method as shown in Scheme 1. Scanning electron
microscopy (SEM) images illustrated morphological differences between PVDF nanofiber membranes before and after
incorporating DA molecules (1.0 wt%) (Figure 1a). The fiber diameters ranged from nanometers to micrometers, with the
dimensional span increasing upon the addition of DA molecules. After incorporating DA, the diameter distribution of the
DA/PVDF nanofibers was approximately 732 + 232 nm, compared to 712.34 + 163.42 nm for pristine PVDF nanofibers
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(Figure 1b). Notably, the DA/PVDF nanofiber membranes exhibited a higher proportion of small-diameter fibers. This
increase in small fibers may be attributed to enhanced electrostatic repulsion induced by dopamine, which produces
a “twitching effect” during the electrospinning process, leading to the formation of small nanofibers.”*** Additionally,
transmission electron microscopy (TEM) images revealed distinct phase separation within DA/PVDF nanofibers and
provided evidence of a “twitching effect” occurring during the electrospinning process (Figure S1).

The chemical structures of the nanofibers were further analyzed using FTIR and XRD spectroscopy (Figure 1c and d).
As shown in Figure lc, both PVDF and DA/PVDF nanofiber membranes exhibit a distinct peak at 840 cm™,
corresponding to the polar B-phase. Notably, the 1.0 wt% DA/PVDF nanofiber membranes exhibited the most pro-
nounced characteristic peak. In contrast, the characteristic peaks associated with the nonpolar a-phase (eg, 763 cm™! and
796 cm™!) were not prominently observed in either nanofiber membrane, which might due to the structural modifications
induced by the electrospinning process.>>*® During the electrospinning process, the high-voltage electric field induces
polarization of PVDF, promoting the formation of the polarized B-phase. XRD measurements were performed in the 10° -
40° range at an angle of 20 as shown in Figure 1d. The absence of the characteristic a-phase peak at 26.6° (021) in both
PVDF and DA/PVDF nanofibers may be also attributed to the high-voltage electric field applied during the electrospin-
ning process. At 20.6°, there is a more prominent characteristic peak of B-phase in DA/PVDF compared to PVDF (110/
200), which suggests that the B-phase of DA/PVDF is more crystalline. Moreover, in comparison to PVDF, DA/PVDF
exhibits a weaker shoulder peak at 18.6° (202), which provides further evidence of a higher degree of transition from the
a-phase to the B-phase and a lower degree of excess of the y-phase in DA/PVDF. DA can act as a nucleating agent and
promote PVDF crystallization, thereby leading to an increase in the formation of the piezoelectric B-phase.

As shown in Figure le and f, the hydrophilicity of PVDF nanofiber membranes were significantly enhanced following
DA modification, as evidenced by a reduction in the contact angle from 138.2 + 1.3° to 88.4 + 1.9°. This increased
hydrophilicity will promote cell anchoring, adhesion, and stretching, which may also facilitate the deformation of the
electrospun film due to enhanced cellular stress stretching. This, in turn, could stimulate the generation of electrical
currents. Furthermore, the yield strength of the DA/PVDF nanofiber membranes improved compared to the PVDF
nanofiber membranes (Figure 1g), indicating the recovery of toughness in the DA/PVDF nanofiber membranes. The yield
strength and toughness of the material are closely related to its piezoelectric properties. Higher mechanical strength and
toughness means that DA/PVDF is able to generate electrical signals more consistently under mechanical stresses.*’
Additionally, Higher yield strength and toughness can provide a stable mechanical microenvironment for cells, which
contributes to cell attachment and functionalization.”®

Electric Outputs of the DA/PVDF Nanofiber Membranes Under LIPUS Stimulation

The electrical output of DA/PVDF piezoelectric membranes driven by Low-Intensity Pulsed Ultrasound (LIPUS) was
investigated across a range of power intensities from 0.0 to 1.0 W/cm?. As shown in Figure 2a, PVDF nanofiber
membranes produced a maximum output voltage of approximately 350 mV in response to LIPUS stimulation at 1.0 W/
cm? with a pulse duration of 1.4 ms. Upon the addition of 1.0% DA, a notable increase in the maximum voltage output of
the DA/PVDF nanofiber membranes were observed under identical LIPUS conditions, reaching approximately 450 mV.
This represents a 1.28-fold enhancement compared to the PVDF nanofiber membranes alone, indicating that DA
significantly augments the piezoelectric response of the membranes to ultrasonic stimulation. The local electrical output
of DA/PVDF nanofiber membranes placed on mouse skin under LIPUS stimulation at 1.0 W/ecm? was further investi-
gated. Under LIPUS stimulation (1.0 W/cm?, 1 MHz), the piezoelectric nanofiber membranes exhibited localized real-
time voltages averaging 45.90 = 36.20 (Figure 2b and Video S3). The results indicate that DA/PVDF piezoelectric
membranes have the potential to create a microenvironment with an electrical potential comparable to a transepithelial
potential (TEP) of the skin (10-60 mV),* and thus show promise for restoring electrical signals at wound sites under
ultrasound stimulation. Furthermore, the influence of varying LIPUS intensities on the output characteristics of DA/
PVDF piezoelectric membranes in vitro was also investigated (Figure 2c). The results also revealed a significant increase
in the electrical output of the piezoelectric membranes as LIPUS power intensity increased from 0.0 to 1.0 W/ecm?. In
conclusion, these results demonstrate that DA-modified PVDF piezoelectric membranes exhibit significantly enhanced
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Figure 2 Electrical output properties of DA/PVDF membranes under LIPUS stimulation. (a) The output voltage generated by the PVDF piezoelectric membrane and the
DA/PVDF piezoelectric membrane in response to LIPUS stimulation at a power density of 1.0 W/cm?. (b) The output voltage generated by the DA/PVDF membrane,
activated by LIPUS ultrasound. (c) The output voltage of the DA/PVDF piezoelectric membrane under LIPUS ultrasonic stimulation with varying power intensities.

piezoelectric properties in response to LIPUS stimulation, suggesting its potential utility in activating piezoelectric
properties of electrospun nanofiber membranes for restoring electrophysiology of skin wound.

Cell Adhesion on DA/PVDF Nanofiber Membranes Both in vitro and in vivo Under LIPUS

The adhesive properties of wound dressings play a critical role in wound management, as they facilitate the maintenance
of a moist microenvironment, which is essential for optimal cell proliferation, enhanced collagen synthesis, and efficient
tissue repair.>*>" In order to detect cell adhesion features, PVDF and DA/PVDF nanofiber membranes were prepared into
circular samples as shown in Figure 3a. The original PVDF nanofiber membranes were shown white in color and tended
to be brownish-yellow in color after dopamine modification. After 24 hours of culture, laser confocal imaging of 1L929
cells on PVDF and DA/PVDF nanofiber membranes, with or without LIPUS (1.0 W/cm?) stimulation, revealed that DA/
PVDF membranes significantly enhanced cell adhesion, which was further improved by LIPUS stimulation (Figure 3b).
In contrast, the PVDF nanofiber membranes had much less cells adhesion, which is attribute to the superhydrophobic
PVDF. The results demonstrated that DA-modification significantly enhance the hydrophilicity and thus promote cell
adhesion. In addition, the results also indicated that LIPUS could promote cell adhesion, which may due the activation of
fibronectin-dependent signaling.>? In addition, SEM images of the morphology of 1929 cells on these nanofiber
membranes under similar conditions were shown in Figure 3c, highlighting extensive cell adhesion and an elongated,
stretched morphology forming a continuous cell layer, particularly on DA/PVDF nanofiber membranes with LIPUS.
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Figure 3 Cell adhesion to electrospun PVYDF nanofiber membranes and DA/PVDF nanofiber membranes. (a) Physical drawings of electrospun PVDF nanofiber membrane
and electrospun DA/PVDF nanofiber membrane. (b) Laser confocal images of L929 cells inoculated on PYDF nanofiber membranes and DA/PVDF nanofiber membranes and
cultured for 24 hours after LIPUS stimulation with and without 1.0 W/cm? (scale bar = 100 um). (c) SEM images of L929 cells inoculated on PVDF nanofiber membranes and
DA/PVDF nanofiber membranes and cultured for 24 h after LIPUS stimulation with and without 1.0 W/cm? (scale bar = 10 ym). (d) SEM images of PVDF and DA/PVDF
piezoelectric membranes immobilized on the dorsal skin of mice after 24 hours of stimulation without and with LIPUS (1.0 W/cm?) (scale bar = 4 pm).

These findings demonstrate that both dopamine modification and LIPUS stimulation significantly enhance cell adhesion
on PVDF nanofiber membranes, exhibiting a superimposed effect.

To verify the real situation of cells adhesion on DA/PVDF nanofiber membranes under LIPUS stimulation at the
wound site, the PVDF nanofiber membranes and DA/PVDF nanofiber membranes were applied to mouse dorsal skin
wounds (defect of 1 square centimeter wound in the center of the mouse back), and the nanofiber membranes were
stimulated using LIPUS (1.0 W/cm?, 5 min/24h). After 24 hours, the collected nanofiber membranes were evaluated by
SEM, the results showed significant blood cell aggregation on the DA/PVDF nanofiber membranes, especially in the
LIPUS-stimulated group, indicating enhanced cell recruitment (Figure 3d). Particularly, this effect will promote clot
formation which could contributes to the initiation of damage repair.’”> Thus, DA modification of PVDF nanofiber
membranes greatly improved cell adhesion, promoted clot formation, benefits further augmented by LIPUS stimulation,

making this combination promising for wound healing applications.
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DA/PVDF Nanofiber Membranes Promotes Cell Proliferation and Migration Under LIPUS

Herein, we investigated the effects of various ultrasound parameters on cell proliferation of 1929 fibroblasts inoculated
onto DA/PVDF nanofiber membrane in 24-well plates for 3 consecutive days using the CCK-8 assay.** After 1 day of
incubation, there was no significant difference in the proliferative activity of the groups of cells between LIPUS-treated
and untreated groups as shown in Figure S2. In contrast, after 2 days of incubation, the proliferation of cells on DA/
PVDF showed an increase under LIPUS compared to PVDF groups as shown in Figure S3. Notably, the TCP control
groups (tissue culture polystyrene) displayed higher proliferative activity than PVDF alone. This implied that the
significantly increased hydrophilic character after modification of DA was critical for cell proliferation. As illustrated
in Figure 4a, after 3 days of incubation, cell viability on both PVDF nanofiber membranes and DA/PVDF nanofiber
membranes without LIPUS (0 W/cm?) was higher compared to the control group. Notably, the DA/PVDF group showed
significantly enhanced cell viability compared to the PVDF nanofiber membranes and TCP groups. Upon adjusting the
LIPUS power to 0.2 W/em?, 0.6 W/em?, and 0.8 W/cm?, the cell viability on the DA/PVDF nanofiber membranes
increased relative to the TCPs control group. Overall, the DA/PVDF nanofiber membranes plus LIPUS stimulation
showed an increased effects on cell proliferation compared to other groups, particularly under high power sonication (1.0
W/em?). As shown in Figure 4b, after 3 days of incubation, when the LIPUS power intensity was adjusted to 1.0 W/cm?,
the cell viability on the DA/PVDF nanofiber membrane was 1.14 times higher than that of the TCP control groups (P <
0.001). These results showed that the DA/PVDF piezoelectric nanofiber membranes plus LIPUS stimulation can
efficiently generate electrical stimulation on fibroblasts and promoting cell proliferation.

In addition, transwell experiments were performed to investigate cell migration behavior under LIPUS
stimulation.>>>® The results further revealed the combinatorial benefits of DA/PVDF and LIPUS (Figure 4c and d).
Under 1.0 W/em? LIPUS, DA/PVDF membranes facilitated 244.67 + 7.85 migrated cells/field, significantly surpassing
both PVDF (198.33 £ 6.94, **P<0.01) and TCP controls (198.33 + 14.72, **P<0.01). In addition, even without LIPUS,
DA/PVDF promoted migration (214.33 + 13.81 vs 177 £ 9.90 for PVDF, P<0.05), potentially attributable to DA-
mediated integrin activation via surface-bound catechol motifs.’” Collectively, our results indicate that the combination
of DA/PVDF nanofiber membranes with LIPUS synergistically enhances fibroblast proliferation and migration via dual
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Figure 4 1929 fibroblast viability and migration on piezoelectric membranes under LIPUS stimulation. (a) Cell viability percentages measured by the CCK-8 assay across
different groups and power intensities. (b) Cell viability on day 3 for PYDF and DA/PVDF membranes under 0 W/cm? and 1.0 W/cm? power intensities. (c) Quantitative
analysis of transwell experiments. (d) Microscopic images showing cell migration at 24 hours under different power intensities and treatment conditions. (n = 3, scale bar =
500 um). Asterisks indicated statistically significant differences (*P < 0.05, **P < 0.0/, ****P < 0.0001).
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mechanisms. These include piezoelectric-driven electrical stimulation under ultrasound exposure and DA-induced
enhancements in hydrophilicity and biochemical signaling.

In vivo Wound Healing Behaviors of DA/PVDF Under LIPUS

The classification of skin defects is dependent on the depth of injury. These defects can be categorized as epidermal skin
wounds, superficial partial-thickness skin wounds, deep partial-thickness skin wounds, and full-thickness skin wounds.*® In
order to investigate the potential efficacy of the DA/PVDF under the stimulation of LIPUS (1.0 W/cm?) in promoting wound
healing, we conducted repair tests on full-thickness skin defects in mice. Full-thickness skin wounds (1 x 1 cm?) were created
on the dorsal skin of each mouse. The experimental groups were designated as follows: Control, Fibrin, LIPUS, DA/PVDF,
and DA/PVDF + LIPUS groups. The control group consisted of mice in which the full-thickness skin wounds were not treated.
The specific treatment protocol is depicted schematically in Figure 5a. On days 0, 3, 7 and 14 the wound healing process was
observed and recorded using a camera. The representative image, depicted in Figure 5b, presents the results of this data set,
which has been subjected to a wound contraction simulation (Figure 5d). By the third day, all experimental groups displayed
an absence of visible erythema and edema, alongside a notable extension and proliferation of epidermal tissue into the central
region of the wound. By day 14, wounds treated with DA/PVDF + LIPUS had largely healed, in contrast to the other groups

N
1.0 W/em?
5 min/day
- .
- ~
- ~
- ~
AT BT 8~
P “ - P ~ P [
-
- SN

(@)

Full.- thickness Tissue harvest Euth;lliz ation
skin wound
| | S
Cd
Day 0 Day 3,7, 14 Day 14
(b) ()
Control Fibrin LIPUS — Control — Fibrin — LIPUS
— DA/PVDF DA/PVDF+LIPUS
<>
z
a
a****
—r—r-rr-r-r-r-rrrrrrr
L¢] 0 5 10 15
= Time (day)
(=
Control LIPUS
B R day 0
Es E s d
l; 2 10] . 8 101 . B day3
= =
s s £ s 0 day7
= Al Il day 14
Di (mm) Distance (mm)
Fibrin DA/PVDF DA/PVDF+LIPUS
Y E g’
5, E 1] E15 E 1]
3 3 @
a z°5 z 5 z°5
a 2, a
T 10 15 20 3 10 15 20 " 3 10 15 2
Distance (mm) Distance (mm) Distance (mm)

Figure 5 Repair of full-thickness skin wounds in mice by LIPUS responsive piezoelectric DA/PVDF nanofiber membranes. (a) Schematic diagram of creating full-thickness
skin wounds in mice and applying LIPUS stimulation. (b) Photographs of the wounds exposed to different treatments (scale bar = | cm). (c) Quantitative analyzation of the
remaining area of skin defects. (d) Corresponding wound marks. Asterisks indicated statistically significant differences (****P < 0.0001).
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where significant residual wound areas remained. Furthermore, the DA/PVDF + LIPUS group exhibited no visible scarring at
the wound site, in stark contrast to the observable scarring present in the other experimental cohorts. To further evaluate the
rate of wound healing, the remaining area of skin defects were quantitatively analyzed. As shown in Figure Sc, the defective
area of each group decreased with time. On day 3, the wound healing rates of the Control group, Fibrin group, LIPUS, DA/
PVDF group, and DA/PVDF+LIPUS group treatments were 23%, 39%, 50%, 60%, and 68%, respectively. The wound
healing rate of the DA/PVDF+LIPUS group treatments reached 85% on day 7, which was significantly higher than that of the
other groups. After 14 days of treatment, the visible wounds defects were still evident and covered by scabs in the Control
group, Fibrin group, LIPUS group, and DA/PVDF group (healing rate is less than 80%), whereas the wounds in the DA/PVDF
+LIPUS group were almost completely closed (healing rate is more than 95%). In addition, there was no visible scarring or
elevation in the DA/PVDF+LIPUS group, and the color of the newly regenerated skin was similar to that of the adjacent
normal tissue (Figure S5c). By analyzing the quantitative wound healing data (Figure 5b) and the trauma trajectories
(Figure 5d), it can be seen that DA/PVDF + LIPUS is more effective in promoting wound healing compared to the other
groups. These results suggest that the utilization of LIPUS (1.0 W/cm?) responsive DA/PVDF piezoelectric films on wounds
could significantly expedite the healing process.

To histological evaluate the reconstruction of the tissue in the wound, skin samples were collected on days 3, 7,
and 14. Then, they were subjected to histological examination, using both H&E and Masson trichrome staining.
Epidermal defects were observed on day 3, and all wounds exhibited mild acute inflammation, with macrophages and
fibroblasts accumulating at the wound site. It is noteworthy that the inflammatory cell infiltration was markedly
reduced in the DA/PVDF+LIPUS group (Figure S4). On day 7, the wound site treated in DA/PVDF group, DA/PVDF
+LIPUS group had a complete epidermis, which was not observed in the blank group, commercial dressing group, and
LIPUS group (Figure S5). On day 14, complete epidermal tissue is formed and granulation tissue disappears in all
groups (Figure 6a). Figure 6¢ shows the quantitative analysis of wound length on day 14. A statistically significant
difference was observed between the DA/PVDF+LIPUS group and the blank group, with wound healing lengths of
0.25 £ 0.09 mm and 3.61 + 0.37 mm, respectively. More importantly, the number of follicular structures (27.33 + 4.5)
and blood vessels (27.33 + 5.1) formed in the DA/PVDF+LIPUS group was superior to the other groups, demonstrat-
ing the regeneration of normally functioning skin tissue (Figure 6d and e).

During the remodeling phase of wound healing, type III collagen fibers are initially deposited and then
remodeled to type 1.°>° Masson trichrome staining showed that the control group had fewer collagen fibers in the
early stage of wound healing (Figure S6). It is noteworthy that in the later stages of wound healing (14 days), as
collagen fibers deposition increased, the collagen fibers in the DA/PVDF+LIPUS group exhibited a more ordered
and regular arrangement, in contrast to the irregular spiral shape observed in the control group (Figure 6b and Figure
S7). A notable phenomenon was observed during an in-depth investigation into the wound healing effects of DA/
PVDF+LIPUS composites. The treatment group demonstrated a trend of reduced of type I collagen deposition at the
wound site, with a value of 37.20 + 2.80 (Figure 6f). This finding is closely related to the intrinsic dynamics of
wound healing. The synthesis and deposition of collagen fibers normally increases dramatically in the early stages of
the process, a process that is essential to support and stabilize the newly formed tissue.*® However, during the
remodeling phase, as the wound heals into the subsequent stages of the healing process, the synthesis and
degradation of collagen is gradually balanced to prevent unwanted scarring due to excessive collagen
deposition.*! It can be posited that the DA/PVDF+LIPUS group commenced the remodeling phase of wound
healing at an earlier stage than the control group and the other experimental groups. In addition, H&E staining of
the major organs of the mice in the figure showed no significant difference between the groups, indicating that all
treated strategies had no apparent toxicity (Figure S8). In conclusion, the above results demonstrate that DA/PVDF
+LIPUS can promote re-epithelialization of skin wounds in mice, promote collagen formation and remodeling, as
well as promote vascular and dermal appendage regeneration. LIPUS responsive DA/PVDF offer a new promising

strategy for full-thickness skin wound healing.

5704 https: International Journal of Nanomedicine 2025:20


https://www.dovepress.com/article/supplementary_file/496921/496921-Supplementary-Figures-1-8.docx
https://www.dovepress.com/article/supplementary_file/496921/496921-Supplementary-Figures-1-8.docx
https://www.dovepress.com/article/supplementary_file/496921/496921-Supplementary-Figures-1-8.docx
https://www.dovepress.com/article/supplementary_file/496921/496921-Supplementary-Figures-1-8.docx
https://www.dovepress.com/article/supplementary_file/496921/496921-Supplementary-Figures-1-8.docx
https://www.dovepress.com/article/supplementary_file/496921/496921-Supplementary-Figures-1-8.docx

Zhang et al

() Control Fibrin LIPUS DA/PVDF DA/PVDF+LIPUS

~~
=
<
v— I'mm
N’ —
=
]
=
200 pm Ca e ZOOJm 200 um 200 um 20%11’1
A
1.mm I'mm T-mm T-mm 1. mm
—

Masson’s trichrome (14d)

~
(]
~
n

(d) (e) ()

5 — L 40 — 40 — S 60
= ok ko % b alololol 1 —trr g
= o= L | - o=
E 4 = 30 S 30 k=
- S @ 3 404
= 3 =1 2 A 2
o0 s s =
g = 204 S 204 =
= 2+ S 2 2
T 5 £ £ 204
g = 104 5 10 5
e =
0 | s | a o S
v v U v
> N O IS ©® NS SO S & S &SI ®
& &S T K &S E KO IO
& T F &S S T FHFES R RO R R R
F§F K & FF
& & & Ry
S X R ~
9 9 Q 9

Figure 6 Histological analysis of wound healing at 14 days. (a) H&E staining of skin wounds tissue after treatment. (b) Masson trichrome stain images of skin wound tissue
after treatment. The second row is an enlarged image of the dotted box in the first row. (c) Quantification of size of the defect area in each group. (d) The number of new
hair follicles that are formed in the repaired skin defects. (e) The number of new vessels that are formed in the repaired skin defects. (f) Statistical quantification of collagen
in Masson trichrome stained images analyzed using ImageJ. Asterisks indicated statistically significant differences (***P < 0.001, ****P < 0.0001).

Conclusion

This study presents a novel strategy to enhance wound healing using dopamine-modified polyvinylidene fluoride (DA/
PVDF) nanofiber membranes combined with Low-Intensity Pulsed Ultrasound (LIPUS) stimulation. The DA modifica-
tion promoted the formation of the piezoelectric f-phase in PVDF, enhancing its piezoelectric properties and electrical
output under LIPUS. These properties, combined with LIPUS, significantly improved cell adhesion, proliferation, and
migration in vitro. In vivo experiments on full-thickness skin defects in mice demonstrated that the DA/PVDF nanofiber
membranes, coupled with LIPUS, accelerated wound healing, improved tissue reconstruction, and enabled scar-free
healing with skin appendage regeneration. This approach offers a promising strategy for regenerating fully functional
skin tissue. Further studies are needed to understand the mechanism of piezoelectric-induced regeneration of skin
appendages.
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