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Purpose: The purpose of this study is to develop an innovative solution for chronic wounds in high-mobility areas, such as joints,
where conventional treatments are hindered by passive healing mechanisms and the need for immobilization. By designing a micro-
electro-Nanofiber dressing composed of piezoelectric polyvinylidene fluoride (PVDF) integrated with antimicrobial silver nanoparti-
cles (AgNPs), this research aims to address the dual challenges of promoting effective wound healing and maintaining joint mobility.
Methods: Herein, we developed a novel micro-electro-Nanofiber dressing using electrospinning technology, incorporating polyvi-
nylidene fluoride (PVDF) with silver nanoparticles (AgNPs). The optimized PVDF-AgNPs Nanofiber dressings exhibited strong
piezoelectric effects suitable for joint wounds.

Results: In vitro experiments demonstrated that the dressing effectively promoted fibroblast migration and collagen synthesis. In vivo,
the dressing exhibited a trend of rapid healing in infected wounds within 12 days while modulating macrophage differentiation toward
the anti-inflammatory M2 phenotype. Additionally, the incorporation of antimicrobial nanosilver effectively controlled local infections,
further facilitating the healing process.

Conclusion: To sum up, by harnessing the piezoelectric effect to stimulate endogenous healing mechanisms without restricting joint
mobility, the developed PVDF-AgNPs Nanofiber dressings represent a transformative approach for the treatment of wounds in highly
mobile body areas.
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Introduction

When chronic wounds are located in areas with high mobility, such as joints, the continuous mechanical stretching of the
wounds will result in a perpetual cycle of healing, disruption, and re-healing, which delays recovery and may even lead
to complications such as hypertrophic scarring.' This type of wound healing presents a particularly challenging clinical
problem. To address this issue, current wound healing models recommend limiting activity at the injury site to prevent
delays in healing caused by surrounding tissue tension.* However, prolonged local immobilization can lead to complica-
tions for patients, including muscle atrophy, limited joint mobility, and even thrombosis and pressure ulcers, ultimately
resulting in local scarring, tissue contraction, and decreased bone density.””’ Therefore, it is crucial in clinical treatment
to develop a therapeutic approach that promotes wound healing at joint sites without restricting joint mobility, thus
accelerating the patient’s recovery of autonomous activity, reducing complications, and restoring social capabilities.
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To address both the healing and mobility needs of joint wounds, various dressings such as elastic hydrogels, anti-

12 or high-viscosity hydrogel dressings are typically employed.>'® For example, alginate-based

wrinkle hydrogels,
helical fibers incorporated into polyacrylamide/gelatin (PAM-Gel) create hydrogel dressings with high elastic mechanical
properties that effectively adapt to the movement of joint wounds.” Additionally, the combination of electrospinning
technology and water-induced self-assembly methods has been used to produce biomimetic conductive dressings with
arranged wrinkles. For instance, y-PGA/PEG-NH2 hydrogels not only form covalent amide bonds with biological tissue
surfaces to achieve strong wet adhesion but also establish a stable chemical crosslinking network within the volumetric
hydrogel to resist deformation.® Despite these advancements, the aforementioned joint wound healing dressings are
passive and do not actively stimulate endogenous cells for wound healing and the healing cycle still requires improve-
ment. To further overcome these challenges, various kinds of physiotherapy have been developed, including but not
limited to electricity, ultrasound, heat and magnetic field, etc. Among these eclectric has been proven efficient in
regulating cell proliferation and migration, reducing inflammation, and accelerating wound bed closure.'™'® Besides,
due to the urgent demands for personalized and point-of-care programs, portable self-powered devices have been
proposed, providing new insights for promoting wound healing through electrical stimulation. In addition, because
piezoelectric materials can generate electric fields even under small mechanical deformation, they hold great potential to
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be used as a self-powered dressing for joint healing without a subsidiary.'**® However, current research on creating joint
wound repair materials using the spontaneous discharge properties of piezoelectric materials is virtually non-existent.

To bridge these gaps, this study introduces a novel piezoelectric dressing concept that integrates the spontaneous
discharge properties of piezoelectric materials with antimicrobial functionality and personalized adaptability. Unlike
conventional joint wound dressings, our approach leverages electrospinning technology to fabricate micro-electro-
Nanofiber dressings composed of polyvinylidene fluoride (PVDF) and silver nanoparticles (AgNPs), creating a flexible
and highly responsive material capable of promoting wound healing in high-mobility regions. Piezoelectric materials,
such as PVDF, stand out due to their unique ability to generate an electric field under mechanical deformation, promoting
cellular activities such as proliferation, migration, and collagen synthesis. Compared to other piezoelectric materials,
PVDF offers a combination of high flexibility, excellent biocompatibility, and processability, making it particularly
suitable for dynamic wound environments like joints. Silver nanoparticles (AgNPs) have long been recognized for their
potent antimicrobial properties, effectively controlling infections without the risk of antibiotic resistance. When inte-
grated with PVDF, AgNPs not only enhance the antimicrobial efficacy of the dressing but also contribute to the material’s
overall mechanical stability. This dual-functional synergy is challenging to achieve with conventional materials like
hydrogels or elastomers.By precisely controlling process parameters such as PVDF concentration, Ag/PVDF mass ratio,
and solution flow rate, we have further optimized the conditions to create the most suitable joint wound piezoelectric
dressings. Both in vitro and in vivo studies confirm that these Nanofiber dressings are highly biocompatible, promoting
fibroblast migration, collagen deposition, and re-epithelialization, thus significantly accelerating wound healing. The
addition of nanosilver provides potent antimicrobial protection, effectively controlling local wound infections and
promoting the healing of infectious wounds. In vivo experiments show that PVDF-AgNPs dressings facilitate a rapid
healing trend of infected wounds within 12 days while regulating macrophage differentiation in skin tissues towards the
anti-inflammatory M2 phenotype. Overall, these PVDF-AgNPs Nanofiber dressings can serve as personalized “energy
skin” for highly active joint wounds, balancing high mobility and healing promotion, and opening up their clinical
application prospects in modern wound treatment.

Material and Methods

Materials and Equipment

Materials

Polyvinylidene fluoride (PVDF) was purchased from Bidepharm (Shanghai, China). N, N-Dimethylformamide (DMF,
ACS spectroscopic grade, > 99.8%) was acquired from Aladdin (Shanghai, China). Silver nanoparticles (AgNPs, >
99.99%) powder was obtained from HUZHENG. Nitric acid (CMOS grade) was sourced from China National
Pharmaceutical Group Chemical Reagent Co., Ltd. Human dermal fibroblasts (HDF, Shanghai Yubo Biotechnology
Co., Ltd., YB-ATCC-9221, Shanghai, China) used in this study were obtained from American Type Culture Collection
(ATCC), passage numbers ranging from P5 to P6. Ethanol, crystal violet, glutaraldehyde, phosphate-buffered saline
(PBS, PH 7.2), fetal bovine serum (FBS, 10%), and the Cell Counting Kit-8 (CCK-8) were all obtained from Merck
Sigma-Aldrich (Shanghai, China). Paraffin embedding medium was purchased from China National Pharmaceutical
Group Chemical Reagent Co., Ltd (Shanghai, China). BD Falcon 24-well tissue culture plates were obtained from Fisher
Scientific (Shanghai, China). Rainin pipette tips (I mL) were sourced from Mettler-Toledo (Shanghai, China). PP
centrifuge tubes were acquired from CNW and ANPEL Laboratory Technologies (Shanghai, China) Inc. Anti-CD206
antibody was purchased from SantaCruz (Shanghai, China). Rat TNF-alpha ELISA Kit (ab236712), Rat IFN-gamma
ELISA Kit (ab239425), Rat IL-6 ELISA Kit (ab234570), Rat IL-10 ELISA Kit (ab214566), Anti-CD68 antibody
(ab283654), Anti-CD86 antibody (ab238468), and Anti-Mannose Receptor antibody (ab64693) were all obtained from
Abcam (Shanghai, China).

Equipment

Electrospinning machine (Laboratory of the School of Materials Science and Engineering, Shanghai Jiao Tong
University, Shanghai, China). Scanning Electron Microscope (SEM, Sirion 200) was sourced from FEI NanoPorts
(Shanghai, China). ATR-FTIR (Nicolet 6700) was obtained from Thermo Scientific (Shanghai, China). X-ray
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Diffraction (XRD, D8 DaVinci) was purchased from Bruker (Shanghai, China). Differential Scanning Calorimetry (DSC,
Q20) was sourced from TA Instruments (Dongguan, China). Atomic Force Microscopes (AFM, MFP-3D) were obtained
from Oxford Instruments and AFM (FastScan Bio) from Bruker (Shanghai, China). The graphite digestion furnace
(DigiPREP LS) was sourced from SCE SCIENCE. Inductively Coupled Plasma Optical Emission Spectroscopy (ICAP
7600) was obtained from Thermo Fisher (Analysis and Testing Center of Shanghai Jiao Tong University, Shanghai,
China). Fluorescence microscopy observations were conducted using a Soptop ICX 41 from Sunny Optical Technology
Co., Ltd. (Hong Kong, China). Transmission Electron Microscope/Energy Dispersive Spectroscopy (TEM-EDS) was
sourced from JEOL JEM F200 and Tecnai G2 F30 (Laboratory of the School of Materials Science and Engineering,
Shanghai Jiao Tong University, Shanghai, China).

Methods

Electrospinning Design and Preparation of Fiber Dressings

The preparation process involves material dissolution and electrospinning (Table 1). PVDF powder and DMF are
measured, creating a 12% w/v PVDF/DMF solution in a beaker, stirred at 60°C with a water bath magnetic stirrer
until fully dissolved. For silver incorporation, AgNP powder is dissolved in 1 mL of DMF and added to the PVDF
solution, stirring until a homogeneous mixture is achieved, maintaining the PVDF/DMF mass fraction.To minimize
variable influences, we standardized the electrospinning machine’s environment and parameters. The needle distance was
selected based on fixed endpoints for synchronized rotation, enhancing efficiency. To maximize fiber polarization, we
applied the device’s maximum voltage. The “heating” fan was activated approximately 2 hours prior to electrospinning to
stabilize system operation. Literature indicates higher rotation speeds produce more orderly fiber arrangements;*'* thus,
we chose a high rotation speed for material collection and fixation. PVDF provides piezoelectric performance, while
AgNPs function as the primary antibacterial agent and boost piezoelectric properties, yielding PVDF-AgNP nanofiber
dressings with superior piezoelectric and antibacterial qualities.”> A needleless syringe is used to slowly withdraw the
solution, preventing bubbles. An 18-gauge syringe needle, fixed to the positive electrode, serves as the spinneret, with
a grounded collector roller 12 cm away, rotating at 1500 rpm. A soft surface rotor, positioned 10 cm from the metal
needle, collects PVDF-AgNPs piezoelectric nanofibers at a uniform speed. Before electrospinning, proper solution flow
through the conduit is confirmed to prevent electrical leakage. For safety, the voltage is set to +19.87 kV and —1.93 kV

(Figure S1).

Characterization of Fiber Dressings

To identify the three common phases of PVDF (a, B, v), we employed ATR-FTIR, XRD, and DSC for comprehensive
evaluation and optimal formulation selection. The purpose of ATR-FTIR analysis was to identify the characteristic
vibrational modes of PVDF phases, particularly the B-phase, which is critical for piezoelectric properties. XRD was used
to confirm the crystalline phases and quantify the B-phase fraction, while DSC provided thermal characterization to
evaluate phase transitions and crystallinity. AFM measured displacement and electric potential for piezoelectric

Table | Parameter Settings are Outlined in Table |, Including PVDF Concentration, Silver Amount, Flow Rate,
Temperature, and Humidity

Group | Concentration (wt%) | Mass Ratio of Ag/lPVDF | Flow Rate (mL/h) | Temperature (°C) | Humidity (%)

| 12 0 0.6 32.6-34.2 10-13

2 12 0.05/6 0.6 32.3-35.1 10-15

3 12 0.176 0.6 32.7-33.3 10-12

4 12 0.2/6 0.6 31.8-34.3 10-14

5 12 0.4/6 0.6 31.8-32.7 11-13

6 12 0.8/6 0.6 31.0-32.3 12-15

774 https: International Journal of Nanomedicine 2025:20


https://www.dovepress.com/get_supplementary_file.php?f=506489.docx

Liu et al

characterization, providing insights into the material’s electrical responsiveness. Scanning Electron Microscopy (SEM)
observed film morphology to analyze fiber uniformity and structure, and ImageJ quantified fiber diameter distribution to
ensure consistency and optimize electrospinning parameters.

Vitro Experiments

Silver Release and Antibacterial Testing: We assessed antibacterial stability and silver release by placing five materials in
sterile broth (10 mL, 36°C) with 60 pg/mL silver ion concentration. At set intervals, 3 mL samples were extracted and
replaced to maintain agitation. For antibacterial assays, Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
solutions (10° cells) were prepared, and five material masses were added according to silver ion concentration, with
a control group. Samples at 0 h, 2 h, 4 h, and 12 h were analyzed by ICP-OES (iCAP 7600), and SEM/TEM-EDS
observed bacterial morphology after 12 h.

Cell Biocompatibility Evaluation: Fiber dressings were UV-sterilized, immersed in cell culture medium, and extracts
incubated with HDF cells for 24 and 48 hours. Cell viability was measured using the CCK-8 assay. Cytotoxicity was
evaluated through live/dead cell staining and observed under fluorescence microscopy. Fluorescence microscopy was
conducted using a Soptop ICX 41 (Sunny Optical Technology Co., Ltd)., with excitation/emission wavelengths set at
494/517 nm for Calcein-AM and 535/617 nm for PI. Images were observed and captured at 10x and 20% magnifications.
Fluorescence intensity was quantified using ImageJ software to ensure result accuracy.

Scratch Wound Healing Assay: HDF cells in DMEM with 10% FBS were scratched to create a cross-hatch wound
pattern in a 24-well plate. Wells were treated with extracts from fiber dressings, and materials were placed over wells. Pull
tests were conducted every 2 hours over 24 hours to observe cell migration and proliferation, with six repetitions per group.

In vivo Experiments

Establishment of S. aureus-Infected Skin Defect Model in Rats and Wound Healing Observation: Animal experiments
were approved by the Animal Protection Committee of the Ninth People’s Hospital, Shanghai Jiao Tong University
(Approval: SHO9H-2019-A704-1). All procedures were conducted in strict accordance with the National Institutes of
Health (NIH) Guide for the Care and Use of Animals in laboratory experiments.

A clinical S. aureus isolate was cultured, and 8—10-week-old male Sprague-Dawley rats were housed under controlled
conditions. After a 10-day acclimation period, the rats’ backs were shaved, and full-thickness skin wounds were created.
The wounds were infected with S. aureus and treated in the following four groups: Gauze (control group); Gauze with
AgNPs; PVDF fiber dressing; PVDF-AgNPs dressing. Wound healing was monitored by measuring closure rates and
capturing images up to Day 12. The healing rate was calculated using the formula:

(S — 8t)/S x 100%.

HE Staining: Skin samples were fixed, deparaffinized, and stained using hematoxylin-eosin (HE) to assess cell nuclei and
tissue structure.

Masson Staining: Tissues were deparaffinized and stained with Masson’s trichrome to analyze collagen distribution.

Immunofluorescence Analysis: CD68, CD86, and CD206 co-staining immunofiuorescence was performed as follows:
sections were deparaffinized, underwent antigen retrieval, and were incubated with primary and secondary antibodies, followed
by DAPI staining for fluorescence microscopy using a Soptop ICX 41 (Sunny Optical Technology Co., Ltd). The excitation/
emission wavelengths were set at 488/517 nm for Alexa Fluor 488 (green fluorescence), 594/617 nm for Alexa Fluor 594 (red
fluorescence), and 358/461 nm for DAPI (blue fluorescence). Fluorescence intensity was quantified using ImageJ software.

ELISA Analysis: On Days 3, 6, 9, and 12, skin tissue homogenates were centrifuged, and the supernatants were
collected for analysis. Samples were prepared in enzyme-labeled plates, incubated, and absorbance was measured at 450
nm. Statistical analysis was performed afterward.

Statistical Analysis
All data are presented as mean =+ standard deviation (SD), and statistical significance was calculated using GraphPad
Prism 9.0 (Graph-Pad Software, CA, USA). The #-test or analysis of variance (ANOVA) was used to determine statistical
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significance. A P-value of less than 0.05 was considered significant. The results of significant differences were indicated
as follows: ns: no statistical difference; *: P < 0.05; **: P < 0.01; ***: P < (0.005; ****. P < 0.001.

Results

Electrospinning Design, Preparation, and Characterization of Fiber Dressings
Considering the molecular weight and the constraints of the electrospinning machine, we chose 12 wt% and a flow rate of
0.6 mL/h for further studies.*'** Additionally, the amount of AgNPs added to the system can alter the sample’s conductivity,
interaction forces with dipoles, as well as biocompatibility and antibacterial effects. We set five mass ratios of AgNPs to
PVDF: 0.05/6, 0.1/6, 0.2/6, 0.4/6, and 0.8/6 to identify suitable ranges for antibacterial effects and biocompatibility.

We used SEM to characterize the morphology of PVDF-AgNPs fiber surfaces, as SEM is highly sensitive to changes
in shape and height. Additionally, the arrangement of the fiber materials can be visually observed at different magnifica-
tions: lower magnification shows the overall condition of the sample, while higher magnification provides more details.
With the help of ImagelJ, we measured the fiber diameter and determined the size distribution.

As shown in Figure 1A, PVDF-AgNPs fibers electrospun from 12 wt% PVDF at a flow rate of 0.6 mL/h, with varying
mass ratios of AgNPs/PVDEF: Pure (pure PVDF film), 0.05/6, 0.1/6, 0.2/6, 0.4/6, and 0.8/6. The Pure group showed lower
conductivity due to lack of silver nanoparticles, leading to uneven spin and beaded fiber. In contrast, the fibers in silver-
containing films were relatively uniform in diameter, with a reduced number of beads. The diameter distribution patterns
of silver-containing films were different, but the ranges were similar. Furthermore, the increased in silver content was
independent of fiber diameter. The average fiber diameters for the groups Pure (pure PVDF film), 0.05/6, 0.1/6, 0.2/6,
0.4/6, and 0.8/6 were collected and showed in Figure 1Bi—1Bvii (pure: 127.61+65.40 um; 0.05/6: 178.94+56.70 pm; 0.1/
6: 167.25478.42 um; 0.2/6: 164.94+75.75 um; 0.4/6: 131.09+55.33 pum; 0.8/6: 214.89+96.37 um), respectively. The fiber
diameter distribution primarily ranged from 50 to 100 nm, with fiber quantity decreasing as the diameter increased.
Comparing Figure 1Bvii, we found that the average diameters for AgNPs/PVDF ratios of 0.1/6 and 0.2/6 were similar,
while the sample with a mass ratio of 0.8/6 exhibited a larger average diameter, consistent with the relationship between
average diameter and dispersion. However, the fiber diameter distribution for 0.1/6 was uneven, with the greatest
variance in fiber diameters and lower precision; the distributions for 0.05/6 and 0.2/6 were more uniform (Figure
S2a), with approximately 80% of fiber diameters at 200 nm. Previous literature indicates that the diameter of PVDF
electrospun fibers gradually decreases with increasing applied voltage,?' yet the relationship between fiber diameter and
piezoelectric properties after adding AgNPs requires further validation. Additionally, we observed AgNPs extracted from
the silver-containing fiber dressing leachate, which were fixed with electron microscopy fixative and analyzed using
transmission electron microscopy/energy dispersive spectroscopy (TEM-EDS). The results revealed that some silver
nanoparticles were aggregated while others remained dispersed, with aggregated particle sizes ranging from 9 to 24 nm
in diameter (Figure 1Bviii, Figure 1C and Figure S2b).

Good piezoelectric performance is a critical prerequisite for the therapeutic efficacy of these self-powered fiber
dressings. Based on morphological results, we can discuss the relationship between diameter, AgNPs/PVDF ratio, and
piezoelectric performance. From Figure 2A, we obtained characteristic spectral bands for the three crystalline phases of
six samples with different silver contents from the ATR-FTIR spectra showing specific vibrational states. The band at
840 cm-1 is designated as the characteristic band of the B phase.”> *® According to an established equation,” we
calculated the  phase fraction (F(B), as shown in Table 2). For 12 wt% PVDF at a flow rate of 0.6 mL/h, the relative
intensities of peaks corresponding to the o and y phases decreased with the addition of AgNPs, while the proportion of
the B phase increased with the silver content. Thus, we conclude that the addition of silver can promote the formation of
the P phase. According to Figure 2B, the characteristic peak of the six groups from the XRD patterns were obtained,
where the silver-containing materials exhibited almost identical XRD profiles. The strongest and unique peak was located
at 20 = 20.80, suggesting similar phase content in the five silver-containing samples. The o phase has no characteristic
peak at 18.3, indicating that its proportion in the system is small. Compared to the typical non-polar XRD pattern of pure
PVDF, the diffraction patterns of silver-containing samples resemble the polar § phase. Thus, adding silver to electrospun
PVDF-based materials promoted the formation of the electrically active f phase, and the disappearance of the peak at
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Figure | SEM and diameter statistics of each group of fiber dressings and precipitated silver nanoparticles. (A) SEM images of Pure (pure PVDF film), 0.05/6, 0.1/6, 0.2/6, 0.4/
6, and 0.8/6. (B) Quantitative analysis of fiber spinning diameters for each group (i—viii) and quantitative analysis of precipitated silver nanoparticle sizes (h). (C) SEM image of
precipitated silver nanoparticles.

18.3 facilitated the transition from o to B phase, which enhanced the piezoelectric effect. The DSC thermal analysis
(Figure 2C) showed similar curves for all groups, indicating that adding silver had no influence on peak shifts. The
butterfly-shaped hysteresis-voltage curves for all materials were shown in Figure 2D, whose amplitudes were varied with
the voltage, indicating the existence of piezoelectric effect. Silver-containing PVDF exhibited a more symmetrical shape
and size around the crossing points, attributed to enhanced electrical conductivity that dissipated the built-in electric field.

These curves showed small amplitudes and weak piezoelectricity when the silver content is below 0.2/6, while those
above 0.2/6 became more symmetrical, confirming that increased silver content leads to aggregation. That aligned with
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Figure 2 Phase structure characterization and piezoelectric effect of each group of fiber dressings. (A) ATR-FTIR results for Pure (pure PVDF film), 0.05/6, 0.1/6, 0.2/6, 0.4/
6, and 0.8/6. (B) XRD characterization results for each group of fiber dressings. (C) DSC characterization results for each group of fiber dressings. (D) PFM verification of
the piezoelectric effect of each group (i—vi) of fiber dressings. (E) Output performance of electrical signals from each group of fiber dressings. (F and G) Output voltage
performance of fiber dressings wetted in PBS solution at pH 6.06.

the trend of P phase fraction and enhanced piezoelectricity. Bending tests further validated the impact of AgNPs content,
the maximum output voltage ranked from highest to lowest as follows (Figure 2E): Pure > 0.05/6 > 0.1/6 > 0.2/6 > 0.4/6
> (.8/6. This is due to an increase in the electrical conductivity of the silver nanoparticles resulting in a decrease in output
(Vmax values: Pure: 201.3; 0.05/6: 201.0; 0.1/6: 197.0; 0.2/6: 191.5; 0.4/6: 134.7; 0.8/6: 37.4).23 When the AgNPs/
PVDF ratio was 0.4/6 and 0.8/6, excessive silver leads to significant leakage current.

Then, considering that the materials may encounter moist conditions, such as exudates. The corresponding exudate tests
was thus carried out to simulate potential challenges. A PBS solution was used at pH 6.06 to wet the materials, followed by
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Table 2 Fractions of B Phase, Melting Enthalpy, Melting Point, and Crystallinity for Each

Group
Group | F(B) (%) | Melting Enthalpy (J/g) | Melting Point (°C) | Crystallinity (%)
Pure 70.7 52.1 155.3 51.9
0.05/6 80.4 48.8 156.3 48.1
0.1/6 81.0 47.6 155.7 46.9
0.2/6 86.4 44.9 155.3 44.0
0.4/6 87.1 42.7 153.3 41.8
0.8/6 874 386 146.9 37.8

conducting voltage testing. For the 0.2/6 group, the output voltage significantly decreased after wetting, showing reduced
stability compared to the dry film. The same parameters measured post-wetting indicated a voltage drop, due to the PBS
solution restricting the deformation and piezoelectric response of the PVDF fibers (Figures 2F and 2G). Nevertheless, the

achievable piezoelectric strength remains sufficient to promote cell migration for wound healing.**-'

In vitro Experiments
The electrospun fiber mats exhibit suitable flexibility, excellent electrical performance, and lightweight texture. Before using
them as materials to promote wound healing, their antibacterial properties and biocompatibility were further explored.

The antibacterial action and efficacy depend on the nanoparticle size, the PVDF/AgNPs mass ratio, and the spinning
process. To select the most suitable material, the antibacterial characteristics of each group against E. coli and S. aureus
were further investigated. As shown in Figures 3A and 3B, OD value decreased and bacterial concentration decreased
with the increase of silver content, indicating better antibacterial effect. The pure, 0.05/6, and 0.1/6 groups demonstrated
poor antibacterial performance and were excluded. Figures 3C and 3D exhibited the effects of the materials on S. aureus
and E. coli, respectively. Compared with the control group, nanoparticles silver obviously facilitated the disruption of
bacterial biofilms; when bacteria contacted the material, silver nanoparticles tended to aggregate and disrupt the biofilm
structure.®” The antibacterial effect was more pronounced against to S. aureus, which may be attributed to the structural
differences between Gram-positive and Gram-negative bacteria.*®

The cumulative release method with equal volume was used to observe the silver ion release capability. The
maximum release capacity of nanoparticles silver in the materials was simulated by quantitatively taking out the leachate
at observation points and adding PBS to maintain a constant volume. Clinically, fiber dressings are primarily used on
damaged wounds, where local wound exudate generally only wets the material. Therefore, this cumulative release test
was selected to evaluate the total amount of silver nanoparticles released under extreme conditions. As previously
mentioned, the mass ratio of the two materials used in the PVDF-AgNPs fiber dressing affects the fiber performance,
structural characterization, and piezoelectric properties, thus resulting in differences in silver nanoparticle release
capability. The cumulative release curves derived from leachates of different groups were analyzed using iCAP7600
(Figure 3E), showing significant variations in silver release rates among different mass ratios. The 0.05/6, 0.1/6, and 0.2/6
groups exhibited stable silver release with no significant detachment from the fiber dressings, while the 0.4/6 and 0.8/6
groups showed significantly higher releases, especially 0.8/6. This confirms our earlier findings that the high silver
content in the 0.4/6 and 0.8/6 groups leads to instability and current leakage. Additionally, while a rapid release rate is
beneficial for early-stage antibacterial effects, it is detrimental to wound healing and increases the risk of residual
nanoparticles entering the body.

Based on prior stability tests for evaluations of antibacterial capabilities and silver ions, the 0.2/6 mass ratio material
was ultimately selected as the representative for further studies in the PVDF-AgNPs group (Figure S3 and Figure S4a, b).

To assess the material’s impact on cell proliferation, Human Dermal Fibroblasts (HDF) were seeded in 96-well plates and
treated with leachate from each group for 4, 16, and 24 hours. Cell viability was measured using the CCK-8 kit. The
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Figure 3 In Vitro Experiments of Electrospun Fiber Dressings. (A and B) The antibacterial effects of the fiber dressings against S. aureus and E. coli were explored through
the OD values of the leachate from the materials. (C and D) SEM images of S. aureus and E. coli after exposure to the fiber dressings (yellow arrows indicate areas of
bacterial biofilm disruption). (E) Nanoparticle silver release curves for Pure (pure PYDF membrane), 0.05/6, 0.1/6, 0.2/6, 0.4/6, and 0.8/6 groups. (F) CCK-8 cytotoxicity
assay for the control group, AgNPs, PVDF, and materials group (using 0.2/6 as an example). (G and H) Live & Dead staining tests for Human Dermal Fibroblasts (HDF)
cultured in leachate from the control group, AgNPs, PYDF, and materials group (using 0.2/6 as an example) for 12 and 24 hours, scale bar = 50 um, and quantification of HDF
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Notes: Data are presented as mean + SD (n = 3), *P < 0.05, ** P < 0.0, ¥**P < 0.005, ***P < 0.001.

Abbreviation: ns, not significant.

780 https: International Journal of Nanomedicine 2025:20



Liu et al

results indicated that the control group, PVDF, and PVDF-AgNPs (0.2/6 group as an example) had minimal effects on
cell proliferation, while the AgNPs group exhibited significant inhibitory effects on cell viability (Figure 3F). To further
confirm material toxicity and evaluate cell proliferation, Figure 3G showed that the control group exhibited many live
cells with almost no dead cells. The PVDF and PVDF-AgNPs groups exhibited abundant overlapping live cells and a few
red-stained dead cells. In contrast, the AgNPs group displayed a significantly lower density of live cells, and cell
proliferation activity was lower than that of the other three groups (Figure 3H). These results indicated that high
concentrations of AgNPs can damage cells and inhibit cell growth (Figure S4c), which was consistent with the CCK-8
assessment. Cell migration capability is crucial in wound remodeling and mediating wound regeneration.** The effect of
the fiber dressings on fibroblast migration was evaluated through scratch assays. As observed in Figures 31 and 3J, both
the PVDF and PVDF-AgNPs groups nearly completely healed within 24 hours, with no statistical difference between the
two groups. Moreover, there have less remaining area compared to the control and AgNPs groups. This can be attributed
to the electrospun fiber dressings effectively releasing conductive elements from the culture medium in the plates to the
cells, promoting their migration.

In vivo Experiment

Before the in vivo experiment, the tensile strength of PVDF-AgNPs and PVDF dressings was been investigated. As
shown in Figure S5, the tensile strength of PVDF is 54.2 MPa, whereas that of PVDF-AgNPs is slightly higher at 66.7
MPa. Additionally, the elongation at break for PVDF is 151.4%, while PVDF-AgNPs exhibit a slightly lower elongation
at break of 148.5%. To determine whether the PVDF-AgNPs piezoelectric antibacterial nanofiber dressing affects wound
healing, an infectious wound rat model was constructed. The rats were randomly divided into four groups (Figure 4A),
and a 2 cm full-thickness skin defect was created on their backs (Figure 4B), followed by the application of a S. aureus
suspension. On days 0, 3, 6, 9, and 12, the wounds were covered with gauze (Ctrl group), gauze with AgNPs solution
(AgNPs group), PVDF film, or PVDF-AgNPs dressing. Meanwhile, the images were recorded, and samples were taken.

On day 12, the wound healing area percentages for the Ctrl group, AgNPs group, PVDF group, and PVDF-AgNPs
group were 39.44 + 12.74%, 67.09 + 9.99%, 69.52 £ 6.26%, and 93.57 + 5.07% (Figure 4C and 4D), respectively. The
wounds in the rats treated with PVDF-AgNPs dressings (Figure S6a) were closed significantly faster, and the wounds
appeared elongated. Moreover, purulent exudate, local redness, swelling, and other inflammatory symptoms were
relatively mild (Figure S6b). This is because the movement of the rat’s back primarily involves vertical bending in the
direction parallel to the spine, leading to a unidirectional electric field that promotes the directional migration of cells and
signaling molecules due to electrotaxis.®® Electrical stimulation also contributed to wound contraction (Figure 4E),
causing a narrowing of the overall wound width (Figure 4F and 4G). This suggested that we can intervene in the direction
of the electric current to relieve tension in areas with high local tension. Furthermore, the other groups exhibited
significantly slower wound healing rate.

Histological evaluation further revealed the therapeutic effect of the self-powered fiber membrane by elucidating the
healing process of regenerating tissues. Histological analysis on skin sections from each group of rats were performed
using HE staining Masson staining, and CD68 immunofluorescence staining to obtain more detailed insights related to
skin regeneration. As the largest functional structure in the human body, the performance of blood vessels, collagen, and
inflammatory cells is typically used to assess the maturity of tissue regeneration and the newly formed skin structure.**’

As shown in Figure 5Ai, the formation of new blood vessels in all groups were observed. The PVDF and PVDF-
AgNPs groups exhibited significant epithelial crawling, high coverage, thicker tissue, and a curved epithelial migration
path. In the later stages, more distinct fibrous structures and angiogenesis were showed. Additionally, collagen fibers are
another indicator of the maturity of the newly formed skin. According to Figure 5Aii, collagen deposition increased over
time in all groups. On day 12, the collagen deposition in the blue-stained areas of the materials containing PVDF was
noticeably thicker compared to the other groups, with the PVDF-AgNPs group showing interlaced, blue-stained collagen
and red-stained fibrous structures, primarily located in the upper dermis near the material.

Macrophages, essential immune cells, play a key role in immune responses due to their plasticity and function as
either pro-inflammatory or anti-inflammatory agents. Macrophage infiltration and activation are often involved in wound
healing.*® Using CD68 immunofluorescence staining, a classic macrophage marker, we found that inflammatory
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Figure 4 The effect of PVDF-AgNPs on infected wound healing and re-epithelialization. (A and B) Schematic of the establishment of the S. aureus infection wound model,
with observations and sampling conducted on days 0, 3, 6, 9, and 12. (C) Representative images of rat wounds on days 0, 6, 9, and 12 following treatments with gauze (Ctrl
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images of wounds from each group on day 12. Scale bar: 2 mm. The black arrow indicates the width of the wound.

Notes: Data are presented as mean + SD (n = 5), *P < 0.05, **P < 0.01, ***P < 0.001.

Abbreviation: ns, not significant.

infiltration was most severe on days 6 and 9, with widespread fluorescence staining. The two groups containing AgNPs
exhibited less inflammatory cell infiltration and milder inflammation (Figure SAiii).

The immune microenvironment in wounds plays a crucial role in preventing pathogen invasion and tissue regenera-
tion. Under the stimulation of interferon-y (IFN-y) and tumor necrosis factor-o. (TNF-a), M1 macrophages dominate the
early stages of wound healing, producing pro-inflammatory mediators such as interleukin-6 (IL-6) to promote the initial
inflammatory response. In contrast, M2 macrophages secrete interleukin-10 (IL-10) through polarization, which reduces
inflammation, promotes collagen deposition and enhances tissue repair.>®* Quantitative analysis of inflammatory
factors in the skin of each group of rats via enzyme-linked immunosorbent assay (ELISA) revealed that the levels of pro-
inflammatory factors TNF-a and IL-6 in the PVDF-AgNPs group (315.13 + 75.97 pg/mL and 179.78 + 41.01 pg/mL,
respectively) were significantly lower than those in the PVDF group (1414.54 + 142.16 pg/mL and 336.84 + 52.29 pg/
mL, respectively) (Figure 5B). Additionally, the anti-inflammatory factor IL-10 secreted by M2 macrophages was higher
in the PVDF-AgNPs group (371.00 + 32.37 pg/mL) compared to the Ctrl and PVDF groups (225.71 + 25.49 pg/mL),
indicating that the addition of AgNPs effectively enhanced the anti-inflammatory capability of the material. Although the
IFN-y level in the PVDF-AgNPs group (103.47 + 13.89 pg/mL) was lower than in the Ctrl group (145.82 + 12.27 pg/mL)
(Figure S6c¢), there was no significant difference between the PVDF-AgNPs (124.41 + 15.29 pg/mL) and PVDF groups.
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Figure 5 Histological presentation of wound healing on days 3, 6, 9, and 12. (A) i: HE-stained images of the newly formed skin tissue, scale bar 200 pm; ii: Masson-stained
images of the newly formed skin tissue, scale bar 100 pm; iii: CD68 immunofluorescence-stained images of the newly formed skin tissue, scale bar 200 um. (B) Quantitative
analysis of the expression levels of TNF-q, IL-6, and IL-10 on day 12 of wound healing.

Notes: Data are presented as mean + SD (n = 5), *P < 0.05, ****P < 0.001.

Abbreviation: ns, not significant.

This may be attributed to the intrinsic ability of the piezoelectric material to enhance the local immune response and
regulate IFN-y levels.**

In chronic wounds, where the conversion from pro-inflammatory to anti-inflammatory macrophages and tissue repair
is impaired, inducing macrophages with beneficial phenotypes is crucial for wound treatment.*®*>*¢ The classic M1
marker (CD86) and M2 marker was used (CD206) for immunofluorescence co—staining.39 As shown in Figure 6A and
6B, the total number of macrophages on days 3, 6, and 12 in the PVDF-AgNPs groups was (11.56 = 1.22%, 7.52 +£2.29%
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Notes: Data are presented as mean * SD (n = 5), *P < 0.05.

Abbreviation: ns, not significant.

and 8.77 + 0.68%, respectively) lower to the control group (32.13 + 3.75%, 31.88 + 1.46% and 17.22 + 2.48%,
respectively). Furthermore, it could be observed that the proportion of M1 macrophages in the PVDF-AgNPs groups
was lower than that in the Ctrl and PVDF groups on day 6 (0.93 + 0.10%, 8.52 + 0.42% and 4.61 £+ 1.07%, respectively)
(Figure 6C). On day 12, the M1/M2 ratio in the PVDF-AgNPs (0.85 £+ 0.57), PVDF (4.00 £+ 0.55), and AgNPs groups
(0.88 = 0.43) was lower than in the Ctrl group (33.02 + 4.65) (Figure 6C). This demonstrates that both PVDF and
AgNPs, as well as their mixed electrospun material in the PVDF-AgNPs Nanofiber dressing, can reduce the
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inflammatory response by modulating macrophage activation.*’*® Ultimately, PVDF-AgNPs can accelerate the wound
healing process in the rat model through their combined effects.

The results indicate that the PVDF-AgNPs self-powered Nanofiber dressing, as a treatment dressing for infected
wounds, can continuously achieve good immunomodulatory effects after injury. It reduces the proportion of M1
macrophages in newly regenerated skin tissue, modulates the M1/M2 macrophage ratio within the microenvironment,
and activates M2 macrophages, thereby facilitating fibroblast migration, enhancing collagen secretion, and promoting the
healing of infected wounds.

Discussion

The electrospinning process and the addition of AgNPs significantly impacted the morphology and properties of the
PVDF nanofiber dressings. Choosing a 12 wt% PVDF concentration and a flow rate of 0.6 mL/h proved effective for
generating consistent nanofiber structures.”' The different Ag/PVDF mass ratios allowed us to explore how silver content
influences fiber conductivity, biocompatibility, and antibacterial performance, demonstrating the importance of optimiz-
ing these parameters for desirable dressing properties.

SEM analysis revealed that pure PVDF fibers exhibited lower conductivity, leading to uneven spinning and bead
formation, whereas silver-containing fibers showed a more uniform morphology with fewer beads. This suggests that the
inclusion of AgNPs improves the electrospinning process by enhancing conductivity, resulting in more consistent fiber
structures. The similar diameter distribution across different Ag/PVDF ratios indicates that silver content does not
directly influence fiber diameter, although it impacts uniformity and structure.The ATR-FTIR and XRD analyses
confirmed the formation of the electrically active B phase with increased AgNP content, aligning with existing studies
indicating that the B phase contributes to enhanced piezoelectric properties in PVDF materials.”®> The addition of AgNPs
appeared to facilitate the transition from the a to P phase, which is essential for achieving good piezoelectric
performance. This transition is particularly relevant for self-powered dressing applications, as the B phase is known to
enhance the piezoelectric effect, potentially contributing to improved therapeutic outcomes in wound healing.
Piezoelectric measurements showed that Ag/PVDF ratios above 0.2/6 led to higher electrical conductivity, which in
turn decreased the piezoelectric output due to current leakage. This indicates an optimal AgNP content, as excessive
silver negatively affects piezoelectric efficiency. Bending tests further supported this, with the 0.2/6 group displaying
sufficient output for cell migration, a critical factor for wound healing. The drop in piezoelectric output under moist
conditions (PBS solution) suggests that while AgNP-enhanced PVDF fibers are stable in dry environments, their
performance may be challenged in wet conditions. However, even with this decrease, the piezoelectric output remained
adequate to promote cellular activity, which is beneficial for wound healing applications.'* The crystallinity and p phase
fraction data further reinforce that the addition of AgNPs enhances the piezoelectric properties by promoting 3 phase
formation. However, as shown in the DSC and piezoelectric testing, higher AgNP content (0.4/6 and 0.8/6) leads to
a decrease in stability, which is possibly due to the aggregation of silver particles that interferes with the material’s
structural integrity. The findings suggest that while silver content enhances piezoelectric and antibacterial properties, it
requires careful balance to avoid compromising the mechanical and electrical stability of the dressing.

The results indicate that the optimal Ag/PVDF ratio lies around 0.2/6, balancing conductivity, piezoelectric output,
and stability in moist environments. Future studies could explore ways to improve the moisture resistance of these
dressings while maintaining the therapeutic benefits of piezoelectric stimulation and antibacterial efficacy, furthering their
potential for clinical wound care applications.

The in vitro experiments confirmed that PVDF-AgNPs fiber mats exhibit promising antibacterial and biocompatibility
properties, making them suitable candidates for wound healing applications. The flexibility, electrical performance, and light-
weight nature of these electrospun fibers are advantageous traits that align with the requirements for effective wound dressings.

The antibacterial efficacy of the PVDF-AgNPs fibers was influenced by the silver nanoparticle size, PVDF/AgNPs
mass ratio, and spinning process parameters. The observed reduction in OD values and bacterial concentrations with
increased silver content indicates that higher AgNPs content enhances antibacterial effectiveness, particularly against
S. aureus. The more pronounced antibacterial effect on S. aureus compared to E. coli can be attributed to structural
differences between Gram-positive and Gram-negative bacteria, as Gram-positive bacteria like S. aureus are generally
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more susceptible to silver due to their thicker peptidoglycan layer, which facilitates silver ion penetration.”'> The
cumulative release study highlighted the impact of silver content on the stability and release characteristics of the
dressings. While groups with lower silver content (0.05/6, 0.1/6, and 0.2/6) exhibited stable and controlled silver release,
higher silver concentrations (0.4/6 and 0.8/6) led to significant increases in release rates, potentially compromising
dressing stability. Although a rapid initial release of silver can be beneficial for early-stage antibacterial action, excessive
release may inhibit wound healing and increase the risk of nanoparticle accumulation within the body. These findings
align with the previous observations of instability and current leakage in the higher silver content groups, further
suggesting that a balanced Ag/PVDF ratio is critical for optimizing dressing performance.The biocompatibility assess-
ments indicated that the PVDF-AgNPs (0.2/6) group had minimal cytotoxic effects on Human Dermal Fibroblasts
(HDFs), as evidenced by both the CCK-8 assays and live/dead staining results. In contrast, high concentrations of AgNPs
significantly inhibited cell viability, indicating that while silver is beneficial in controlled amounts, excessive exposure
can be cytotoxic. These results suggest that the 0.2/6 PVDF-AgNPs ratio offers an optimal balance, providing
antibacterial benefits without compromising cell viability.The scratch assays demonstrated that the PVDF-AgNPs
dressing effectively promotes fibroblast migration, which is crucial for wound healing. The ability of these dressings
to facilitate near-complete wound closure within 24 hours highlights their potential role in wound remodeling and
regeneration. The conductive properties of the PVDF-AgNPs dressing likely contribute to this effect by enhancing
cellular migration, thus aiding in the healing process.

In summary, the in vitro findings support the selection of the 0.2/6 PVDF-AgNPs ratio as an optimal formulation for
wound dressing applications. This composition offers a favorable balance of antibacterial efficacy, controlled silver
release, and biocompatibility, making it a promising candidate for further in vivo evaluation in wound care settings.

The in vivo experiments using an infected wound model in rats demonstrated that PVDF-AgNPs piezoelectric
antibacterial nanofiber dressings significantly promote wound healing by modulating both wound contraction and the
immune response. Compared with existing AgNP-loaded dressings,*’ our PVDF-AgNP dressing shares the advantages of
excellent antibacterial and anti-inflammatory properties. However, our dressing further demonstrates superior perfor-
mance through its piezoelectric stimulation, which promotes fibroblast migration and tissue regeneration more effec-
tively. In addition, our design optimizes silver release to balance antibacterial efficacy and cytotoxicity, addressing a key
limitation of many existing dressings. The PVDF-AgNPs dressing achieved faster wound closure compared to the control
and other treatment groups, with marked reduction in inflammatory symptoms such as purulent exudate, redness, and
swelling. This rapid wound healing effect can be attributed to the directional electric field generated by the piezoelectric
properties of the PVDF-AgNPs, which facilitates the electrotactic migration of cells and signaling molecules, thereby
enhancing wound contraction and re-epithelialization.

Histological analysis further corroborated the therapeutic effects of the PVDF-AgNPs dressing by revealing enhanced
collagen deposition, angiogenesis, and epithelial migration in the treated wounds. The newly formed skin in the PVDF-
AgNPs group showed well-organized fibrous structures and significant collagen accumulation, particularly in the upper
dermis, which is crucial for restoring skin integrity. The enhanced collagen deposition and angiogenesis suggest that the
PVDF-AgNPs dressing not only supports faster wound closure but also contributes to the maturation and stability of the
regenerating tissue.Macrophage modulation was a key factor in the observed healing process. The PVDF-AgNPs
dressing demonstrated an ability to regulate macrophage polarization, shifting the balance from pro-inflammatory M1
macrophages to anti-inflammatory M2 macrophages. This shift was evidenced by the lower levels of pro-inflammatory
cytokines (TNF-a and IL-6) and higher levels of the anti-inflammatory cytokine IL-10 in the PVDF-AgNPs group. By
reducing M1 macrophage activity and promoting M2 macrophage activation, the PVDF-AgNPs dressing creates
a favorable immune microenvironment that supports tissue repair and reduces excessive inflammation, which is critical
for healing infected wounds.The immunomodulatory effects of the PVDF-AgNPs dressing were further supported by the
lower M1/M2 macrophage ratio and reduced overall macrophage infiltration in the treated wounds. The reduction in M1
macrophage markers (CD86) and the increase in M2 markers (CD206) indicate that the PVDF-AgNPs dressing
effectively shifts the immune response from a pro-inflammatory to a reparative state, which is essential for chronic
wound healing. This immune modulation, combined with the antibacterial properties of AgNPs, enables the PVDF-
AgNPs dressing to combat infection while promoting a healing-favorable microenvironment.
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The findings emphasize the role of AgNP content in optimizing the piezoelectric, antibacterial, and biocompatibility
properties of PVDF-AgNPs dressings. The identified 0.2/6 ratio demonstrates a balance of these attributes, resulting in
enhanced cellular responses and wound healing performance. Future studies should further investigate strategies to

50-53

improve the moisture resistance and mechanical stability of these dressings, as well as validate their performance in

larger-scale preclinical and clinical models.

Conclusion

In this study, a micro-electro nanofiber dressing based on PVDF-AgNPs using electrospinning technology was success-
fully developed. By precisely controlling process parameters such as PVDF concentration, Ag/PVDF mass ratio, and
solution flow rate, we further optimized the values. These fiber membranes exhibited excellent piezoelectric performance
and significant antibacterial effects. The optimized PVDF-AgNPs dressing featured a uniform nanofiber structure and
remarkable piezoelectric properties. In vitro and in vivo studies confirmed that these nanofiber dressings possess good
biocompatibility, promoting fibroblast migration, collagen deposition, and re-epithelialization, thus significantly accel-
erating wound healing. The addition of nanosilver further provided antibacterial protection, effectively controlling local
wound infections and promoting the healing of infected wounds. However, this study also highlights several challenges
and limitations that must be addressed in future research. Firstly, the moisture sensitivity of the piezoelectric properties
under wet or highly exudative wound conditions presents a challenge to maintaining the dressing’s optimal performance,
particularly in wounds with excessive exudates. Secondly, the long-term safety and stability of PVDF-AgNPs nanofiber
dressings in clinical applications require further exploration, as prolonged exposure to nanosilver could potentially lead
to cytotoxicity or environmental concerns. This PVDF-AgNPs Nanofiber dressing could serve as a personalized “energy
skin” for wound applications, addressing both infection control and wound healing, opening up its potential for clinical
applications in modern wound care. Future studies should focus on improving the mechanical and moisture resistance
properties of these dressings while ensuring their long-term safety and therapeutic benefits.
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