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Background: Diabetic foot ulcers (DFUs) are often associated with persistent inflammatory response, impaired macrophage 
polarization, and slow vascular regeneration. Existing treatments cannot be adapted to wounds and do not achieve the desired 
therapeutic effects. The high porosity of biomaterials induces more M2 macrophages, while the natural compound kaempferol inhibits 
the expression of matrix metalloproteinase 9 (MMP9) and thus inhibits the associated inflammatory and immunological responses.
Methods: portable electrospinning dressings (PEDs) were prepared from the spinning solution using a portable electrospinning 
device. The material properties of PEDs were examined by scanning electron microscope, contact angle tester and WVTR-C3. Then, 
the in vitro biocompatibility of the dressings was evaluated using NIH3T3 cells. The in vivo wound healing efficacy of the dressings 
was analyzed in the diabetic wound model rats. Histological and immunofluorescence staining were performed to determine the status 
of epithelization, collagen deposition, MMP9 expression, macrophage polarization, inflammation response and angiogenesis.
Results: Material science experiments have shown that the dressing has optimal fiber micromorphology and good water vapor 
transport properties (WVTR: 4.88 kg m−2 24h−1); in vivo, diabetic wound experiments have shown that the high porosity and 
pharmacological effects of PED4 can mutually promote the rapid healing of diabetic wounds (healed 95.9% on day 15), facilitate the 
transformation of macrophages from M1-type to M2-type and regulate the expression of MMP9.
Conclusion: Portable electrospinning dressings equipped with kaempferol not only better fit irregular wounds, but also promote 
wound healing through MMP9 and macrophage polarization. Thus, PEDs show great promise for advancing research of personalized 
diabetic wound healing.
Keywords: portable electrospinning, kaempferol, MMP9, macrophage immunomodulation, inflammatory exudate, neovascularization

Introduction
Diabetic foot ulcers (DFUs) impact 19%–34% of the estimated 537 million individuals with diabetes worldwide.1 DFUs 
are known to cause long-term pain, impair movement, significantly reduce the quality of life, and impose a substantial 
psychological load.2 The economic toll of treating DFUs has been estimated to range between $9 billion and $13 billion 
annually, thus presenting a significant financial burden.3 The conventional approach for treating DFUs involves wound 
debridement with antibiotics to address infections, but this method is often ineffective.2 The ineffectiveness of the 
treatment may stem from immunomodulatory dysfunction in patients with diabetes, leading to diminished conversion of 
the macrophage M1 phenotype to the M2 phenotype or the over-polarization of M1 macrophages.4,5 Additionally, it 
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could be associated with elevated activity levels of some matrix metalloproteinases (MMPs), with heightened Matrix 
Metalloproteinase-9 (MMP9) expression hindering proper extracellular matrix (ECM) formation and slowing down the 
transition from the proliferative phase of the wound to the remodeling phase.6,7 The collective impact of these factors 
results in an extended inflammatory duration in diabetic wounds, an overabundance of inflammatory factors like tumor 
necrosis factor-α (TNF-α), interleukin (IL)- 1β, and IL-6, diminished collagen deposition, and reduced 
neovascularization.8,9 In the clinical application of DFU therapy, traditional dressings such as gauze and cotton mainly 
cover and protect wounds, resulting in the inability to achieve the desired therapeutic clinical outcomes of DFUs. 
Consequently, developing novel dressings to achieve effective DFU treatment is urgently needed.

Recently, various biomaterials have been developed for treating chronic wounds, including sponges,10 hydrogels,11 

nanoparticles,12 and others. Electrostatic spinning, which involves electrostatic forces to create fibrous membranes from 
polymer solutions or molten states, has emerged as a promising approach. This technique produces a fibrous membrane 
with high porosity and good pore interconnectivity, which creates a microenvironment conducive to cellular response and 
wound healing, inducing more M2 macrophages.13,14 Portable electrospinning filaments, a novel electrospinning filament 
variant, can rapidly produce films with strong adhesion to uneven tissues. Portable electrospinning devices are light-
weight and portable, allowing personalized dressing preparation tailored to specific wounds.15–17 The efficient natural 
drug loading capability of electrospinning dressings has garnered significant attention in wound dressing research.18 For 
instance, Zhou et al prepared a self-pumping dressing incorporating gastrodin through double-layer electrospinning to 
alleviate inflammation by draining wound exudates.19 Yue et al developed a multifunctional portable electrostatic 
spinning device to directly apply antimicrobial fiber membranes with suitable breathability and mechanical properties 
to the human skin.20 Similarly, Zhao et al utilized a portable melt electrospinning device to expediently generate 
nanofiber membranes, such as those made from polycaprolactone, on wound surfaces.21 However, these studies have 
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limitations, including the absence of in vivo experiments to assess therapeutic efficacy, potential risks of burns to the 
wound or surrounding skin, and the complexity and lengthiness of dressing preparation procedures.

This study, kaempferol was selected as a natural compound component of the dressing. Kaempferol is a naturally 
occurring flavonoid recognized for its positive effects on human health, including anti-inflammatory, antioxidant, anti- 
diabetic, and atherosclerotic properties.22–24 Prior studies have demonstrated that kaempferol could reduce MMP9 activity 
and protein levels by modulating signaling pathways, facilitating macrophage phenotype polarization, and decreasing 
proinflammatory cytokine expression.25–27 Moreover, kaempferol inhibits the Mitogen-activated protein kinases 
(MAPKs)/ nuclear factor-κB (NF-κB) signaling pathway, suppresses the production of inflammatory factors such as IL- 
1β, and effectively alleviates the intensity of inflammatory response.28 Therefore, we used portable electrospinning 
technology loaded with kaempferol to design dressings that can be used for individualized and timely treatment of irregular 
wounds.

Based on the above theory, we designed a portable electrospinning dressing (PED) and a PED loaded with kaempferol 
(PED4) (Scheme 1). PED4 integrates physical barriers against external microorganisms, promotes macrophage polariza-
tion, inhibits MMP9 expression, and reduces the expression of inflammatory factors. When interacting with diabetic 
wounds, PED4 enhanced the inhibitory action of kaempferol on MMP9 and simultaneously directed the immunomodu-
latory response of macrophages, promoting their M1 to the M2 phenotype transition. This regulation of the inflammatory 
response in DFUs facilitated vascular regeneration. The effectiveness of PED4 in wound treatment was validated in 
a diabetic rat wound model. Immunostaining analysis confirmed its ability to regulate MMP9, modulate macrophages, 
and promote neovascularization.

Materials and Methods
Materials
Polyvinyl butyral (PVB, Mowital® B75H) was procured from Kuraray (Tokyo, Japan). Pluronic F-127 (PF-127) was 
obtained from Sigma Aldrich (Shanghai, China). Ethanol (AR, 99.98%) was obtained from Guanghua Sci-Tech 
(Guangdong, China). Kaempferol was bought from Macklin (Shanghai, China). BacLight LIVE/DEAD cell viability 
kits were obtained from Molecular Probes (Eugene, Oregon, USA). Primary antibodies for TNF-α, IL-1β, IL-6, and IL- 
10, cluster of differentiation 31 (CD31), and vascular endothelial growth factor (VEGF) were procured from BIOSS 
BioTech Co. Ltd (Beijing, China). NIH/3T3 cells were provided by Solarbio Ltd. (Beijing, China).

Preparation of the PED
First, 5% (w/v) PVB, 1% (w/v) kaempferol, and varying concentrations of PF-127 (0, 10%, 15%, and 20% (w/v)) were 
dissolved in ethanol and stirred uniformly to obtain four spinning solutions. The PED was prepared from the above- 
mixed spinning solution using portable electrospinning equipment (HED-03, Huizhi Electric spinning, China). The 
specific parameters were as follows: 2 mL of mixed spinning solution; 21 G needle; DC voltage: 15 kV; spinning 
distance: 10–15 cm; propulsion speed: 10 mL h–1.

Then, 5% (w/v) PVB, 1% (w/v) kaempferol, and 15% (w/v) PF-127 were dissolved in ethanol and uniformly stirred 
to obtain a kaempferol spinning solution. PED4 was prepared from the above-mixed spinning solution using portable 
electrospinning equipment (HED-03, Huizhi Electric spinning, China). The specific parameters were as follows: 2 mL of 
spinning solution; 21 G needle; DC voltage: 15 kV; spinning distance: 10–15 cm; propulsion speed: 10 mL h–1. The 
abbreviations for PED are demonstrated in Table 1.

Characterization
The surface characteristics of the PED dressings were examined using scanning electron microscopy (SEM; Phenom Pro, 
Thermo Fisher Scientific, USA). The dynamic wettability of the PED dressings was evaluated using a contact angle tester 
(DSA30, KRÜSS, Germany). The 150 mg of PED2 and PED4 fiber membranes were weighed, and each sample was 
immersed in 25 mL of PBS buffer solution (PH = 7.2–7.4). The suspension was stored in a 37 °C water bath for 
6 h. 3.0 mL of solution was taken out from the dissolution medium, and the absorbance was detected by a UV-visible 
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Scheme 1 Preparation method and schematic diagram of the action of PED4. PED4 contains PVB, PF-127, and kaempferol. PED4 inhibits MMP9 expression and promotes 
macrophage polarization.
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spectrophotometer (UV-1780, SHIMADZU). The water vapor transmission rates (WVTR) of the gauze and PED 
dressings were tested using a WVTR-C3 (SYSTESTER, China). The temperature was maintained at 36 ± 0.5 °C, 
while the relative humidity was controlled at 60% ± 1%.9

Cytotoxicity Analysis
The biocompatibility of the dressing was assessed by measuring NIH/3T3 fibroblast proliferation on days 1, 3, and 5 using the 
Cell Counting Kit-8 (CCK8), and by evaluating cell survival with the live/dead cell staining. NIH/3T3 cells were treated with 
different materials such as gauze, PED0, PED2, and PED4. On days 1, 3, and 5, the optical density (OD) values at 450 nm 
were measured. Subsequently, a live/dead staining assay was performed to evaluate the biocompatibility of various materials. 
Gauze, PED0, PED2, and PED4 were introduced into 24-well culture plates and incubated with NIH/3T3 fibroblasts for 
24 hours. Subsequently, the cells were treated with calcein AM and PI working solutions in a dark environment.19

Evaluation of Wound Healing in Rats with Total Skin Defects
Fifteen specific pathogen-free (SPF) male Sprague-Dawley rats were selected for the study. After fasting, rats were 
induced to establish a type I diabetes model by intraperitoneal injection of streptozotocin (STZ, 50 mg/kg) in sodium 
citrate solution. Three days later, the non-modeled rats were re-dosed until all rats successfully established the 
diabetes model. Fifteen type I diabetic rats were randomly divided into five groups: control, gauze, PED0, PED2, 
and PED4. The control group received no treatment; the remaining groups changed their corresponding dressing every 
three days. During this procedure, the wounds of diabetic rats in each group were recorded at 0, 3, 6, 9, 12, and 15 
days.

Wound residual area (%) = [W (0, 3, 6, 9, 12, 15)/W (0)] × 100%, where W (0) and W (0, 3, 6, 9, 12, 15) respectively 
represent the wound area of diabetic rats on days 0, 3, 6, 9, 12 and 15.29

All animal experimentation was performed within an SPF environment. All animal procedures received approval 
from the Laboratory Animal Ethics Committee at Jilin University (Changchun, China, Approval No. KT202303027). 
These experiments adhered to the guidelines established by the National Institutes of Health concerning the care and use 
of experimental animals and complying with international ethical standards.

Pathological-Histological and Immunofluorescent Staining
On day 15 of the animal experiment, 15 rats were euthanized, and the skin tissues were immediately extracted 
from the center of the wounds. The tissues were then embedded in paraffin and sliced into sections measuring 
5 μm in thickness. Then, histological analysis was performed with hematoxylin and eosin (H&E) and Masson 
trichrome staining (MT). Immunofluorescence staining was performed utilizing different antibodies, and sections 
were incubated with rabbit anti-rat primary antibodies (MMP9, TNF-α, IL-1β, IL-6, IL-10, CD31, VEGF, CD86, 
CD206) and goat anti-rabbit secondary antibodies, respectively.12,30 Finally, fluorescent images captured by 
confocal microscopy were analyzed and illustrated and analyzed using the ImageJ software.

Table 1 Abbreviation for PED with Different Contents of PF- 
127

Portable Electrospinning Dressing (PED) Abbreviations

PVB Kaempferol PF-127

5% 0% 0% PED0

5% 0% 10% PED1

5% 0% 15% PED2

5% 0% 20% PED3

5% 1% 15% PED4
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Statistical Analysis
The results are expressed as mean ± standard deviation (n = 3). A single asterisk (*) represents p < 0.05, while a double 
asterisk (**) signifies p < 0.01 compared to the control group. Furthermore, P < 0.05 for gauze/PED0 group comparisons, 
gauze/PED2 group comparisons, and gauze/PED4 group comparisons are denoted by # (well signs), ∆ (triangles), and ◇ 
(diamonds), respectively.

Results and Discussion
Preparation of the PED
To improve the conformability of wound dressings to irregularly shaped wounds, a portable electrospinning device was 
used to perform in situ electrospinning at the wound site to prepare wound dressings to protect the wound while 
promoting wound healing. Compared with the traditional desktop electrospinning machine, the portable electrospinning 
device is small, lightweight, and flexible (Figure S1). When a portable electrospinning device was used to prepare an 
electrospinning dressing, the aluminum foil changed from a bright silver color (reflective) before spinning to a white 
color (non-reflective) after spinning (Figure 1a and b). In the electrospinning process, the droplet was stretched into 
ultrafine nanofibers using a 15 kV DC voltage, followed by rapid solvent evaporation and final deposition on an 
aluminum foil (Video S1). Among them, the nanofibers are visible (Figure 1c).

Characterization of PED
To evaluate the dynamic apparent contact angle of the PED dressings containing different PF-127 contents, the contact 
angles of the PED dressings were tested using a contact angle tester. As depicted in Figure 2a, PED0 of pure PVB 
without PF-127 exhibits hydrophobicity due to the hydrophobicity of PVB and, therefore, does not absorb liquid. When 
the PF-127 content in the PED was 10% and 15%, the contact angles of PED1 and PED2 exhibited excellent 
hydrophobicity (Figure 2b and c). Although the contact angle of PED1 was reduced to 0° at only 0.64 s, its spinning 
process kept dripping liquid, leading to poor spinning effects. Its SEM characterization illustrated that most of the fibers 
were in a state of being dissolved into one (Figure S2). However, when the PF-127 content of PED3 reached 20%, the 
contact angle of PED3 slowly decreased. The contact angle of the PED3 dressing reduced from 61.2° to 46.6° in 4.56 
s (Figure 2d and Video S2). This is because too much PF-127 caused the fibers to become coarser and more wrinkled 
(Figure S3), which increased the roughness and density of the fibers; thus, the fibers absorbed liquid very slowly. 
Therefore, although it took 4.96 s for the water contact angle of PED2 to drop to 0°, the nanofibers in PED2 prepared 
using the portable electrospinning devices were uniform and displayed optimal morphology (Figure 3 and Figure S4).

Therefore, kaempferol was added to PED2 to obtain the kaempferol-loaded PED4. The water contact angle of PED4 
decreased to 18.0° in 4.96 s, which was an improvement compared to that of PED2, due to the hydrophobic properties of 
the added kaempferol (Figure 2e, f and Video S3). PED4 showed kaempferol UV absorption peaks at wavelengths of 
267.8 nm and 371.0 nm, and the rapid release of kaempferol in PED4 turned the solution into yellow (Figure S5).

WVTR testing exhibited that the WVTR of the gauze group (9.40 kg m–2 24h–1) was the highest (Figure 2g). 
However, the WVTR of PED2 without kaempferol (4.85 kg m–2 24h–1) and PED4 with kaempferol (4.88 kg m–2 24h–1) 
were similar. Thus, adding kaempferol had little effect on WVTR. The WVTR of PED2 and PED4 allowed the 

Figure 1 Process demonstration images of portable electrospinning. (a) State of the aluminum foil before electrospinning. (b) State of aluminum foil after electrospinning. 
(c) Demonstration of nanofibers during electrospinning.
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evaporation and accumulation of wound water to be effectively maintained at a state suitable for wound healing. As 
a result, PED2 and PED4 possessed excellent water vapor transmission properties.

To further evaluate the effect of varying PF-127 concentrations on the microscopic morphology of portable electrospinning, 
the fiber diameters of PED0 to PED3 gradually coarsened with increasing PF-127 content. However, the fiber diameter 
distribution could not be accurately measured because the fibers dissolved together in PED1 and the relatively irregular 
morphology of the fibers with multiple folds in PED3. The mean fiber diameters of PED2 (2.37 μm) and PED4 (2.28 μm) 
were similar, indicating that the addition of kaempferol had a non-significant influence on the fiber diameter of PED. In short, 

Figure 2 Characterization of PED dressings with different PF-127 contents. (a–e) Contact angle images of the dynamic variation for PED0 (a), PED1 (b), PED2 (c), PED3 
(d), and PED4 (e). (f) Dynamic variation curves of contact angles for PED0, PED1, PED2, PED3, and PED4. (g) WVTR of different dressings.
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PED2 and PED4 exhibited optimal fiber micromorphology when the PF-127 content was 15%. Therefore, PED2 and PED4 were 
selected for subsequent experiments, including in vitro cytocompatibility and in vivo wound healing, to compare their diabetic 
wound healing effects further.

Cytocompatibility and Cytotoxicity Tests
Excellent biocompatibility is essential for the use of electrospun filaments in biological dressings.31 To assess the 
cytocompatibility of various dressing groups (gauze, PED0, PED2, and PED4), we utilized NIH/3T3 fibroblasts, 
which are typical for tissue healing. In the proliferation assay, after contacting the cells with gauze, PED0, PED2, and 
PED4 dressings for 1, 3, and 5 days, the OD values of different groups exceeded 90% of those of the control group, 
suggesting that the electrospun dressings and their components exhibited non-cytotoxicity and excellent biocompatibility 
(Figure 4). Similarly, the results of the live/dead cell staining experiments depicted that most cells in all electrospun 
groups maintained their viability (green) and displayed a spindle-shaped morphology, with only a minimal number of 
dead cells (red) (Figure 4a). These findings support the conclusion that the tested dressings had a non-significant impact 
on cell proliferation across all groups, confirming their exceptional cytocompatibility for potential application in wound 
healing.

Diabetic Wound Healing Assessment and Histological Analysis
To assess the influence of different electrospinning dressings on wound healing in vivo, we constructed a model of total 
skin defects in type I diabetic rats. Optical images and ratios depicting the wound appearance and residual wound bed 
area were captured at various time points for the control, gauze, PED0, PED2, and PED4 groups (Figure 5a-c). The gauze 
group exhibited a marginal improvement in therapeutic efficacy compared to the control group. The PED0 group 
demonstrated efficacy levels similar to gauze, likely due to its reduced water vapor transmission properties. This 
phenomenon can be attributed to the extended inflammatory phase during the acute stage of wound healing, which 
leads to the accumulation of inflammatory mediators and disrupts immune responses. Contrarily, the PED2 and PED4 
groups demonstrated enhanced therapeutic effects owing to the modulation of the PF-127 ratio in the dressings, thereby 
improving water vapor transmission. Incorporating kaempferol in the PED4 group resulted in a pronounced healing 
trajectory across all stages of wound healing, particularly during the initial phase (Figure 5c), which is the same as the 

Figure 3 SEM images and fiber diameter distribution of PED dressings. (a–c) SEM images and fiber diameter distribution of PED0 (a), PED2 (b), and PED4 (c).
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results of a previous study.32 This enhancement is attributed to the natural flavonol kaempferol, which hinders the NF-κB 
signaling pathway, suppresses inflammatory factor expression, and influences macrophage polarization.27,33

The quality of the regenerated wound tissue was analyzed using H&E and MT staining results (Figure 5d-f). Neither 
epithelial nor granulation tissue regeneration was evident in the control group, and an unclear trend in wound healing was 
observed. In contrast, dressing-treated wounds in the PED2 and PED4 groups exhibited a significant shortening of the 
wound length (orange dashed vertical line), significant regeneration of epidermal and dermal tissues (purple dashed line), 
a clear tendency toward epithelial healing, a considerable amount of neoplastic granulation tissue (black arrows), and the 
emergence of a capillary lumen structure (green arrows), which suggests that diabetic wounds treated in both groups were 
in an active proliferative stage. Notably, in the PED4 group, almost the dermis and epithelial layer were reconstructed 
with clear distinction, and skin appendages close to normal epithelial tissue could also be seen (Figure 5d). Therefore, 
adding kaempferol to the dressings in the PED4 group may improve the wound-healing environment by modulating the 
immune environment and inflammatory factors.

Collagen is the main ingredient of the ECM, which dynamically anchors the cellular components of the tissue.34 MT 
staining (collagen: blue, myofibrils: red), as depicted in Figure 5d and f, indicates the arrangement and composition of 
these fibers. The control group had the lowest collagen content during trauma. In comparison to the control group, the 
gauze and PED0 groups showed a slight tendency to promote wound healing. Contrarily, the PED2 and PED4 groups 
exhibited a darker blue color and denser arrangement of collagen fibers than the other groups, which suggests that the 

Figure 4 Effect of different portable electrospun dressings on proliferation and viability of NIH/3T3 cells. (a) Effect of different dressings on viable/dead staining of NIH/3T3 
cells. (b) Effect of different dressings on NIH/3T3 cell proliferation (n = 3). (c) Analysis of NIH/3T3 cell viability after culture with different dressings (n = 3) (* indicates p < 
0.05 compared with the control group; # indicates p < 0.05 compared with PED0 group; Δ indicates p < 0.05 compared with PED2 group; ◇ indicates p < 0.05 compared 
with PED4 group).
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dressing used in these groups could enhance collagen deposition. This improvement in collagen deposition may be 
attributed to the ability of electrospinning to mimic the ECM structure, creating a conducive environment for cell growth 
and facilitating collagen deposition.16 Specifically, the collagen fibers in the PED4 group exhibited a greater density and 
a more organized arrangement., implying that kaempferol, a dressing component, might have played a role in forming 
a physical barrier through collagen deposition. Kaempferol potentially influenced immune cell function and suppressed 
inflammation, leading to the observed effects on collagen organization.35

Evaluation of MMP9 Regulation
Studies have demonstrated that MMP9 contributes negatively to the inflammatory phase of wound healing. MMP9 
upregulation is responsible for the difficulty in healing diabetic wounds in mice, making it a potential target for 
inflammatory therapies.6,36,37 In this experiment, we found that the control group had the highest MMP9 fluorescence 
intensity, indicating that MMP9 was expressed in large quantities (Figure 6a and c). The gauze and PED0 groups 
exhibited a slight decrease in MMP9 expression, with no difference between groups. This trend aligns with the findings 

Figure 5 Effect of varying portable electrospinning dressings on wound healing. (a) Images of wound healing over time for different dressing treatments. (b) Composite 
image of area changes of diabetic wound healing. (c) Analysis of residual wound area in diabetic rats (n = 3). (d) H&E and MT staining images of wound sections. The orange 
dashed vertical line indicates the boundary of the wound epidermis; the red dashed line denotes the limit of the granulation tissue; the yellow arrow outlines the granulation 
tissue thickness; the purple dashed line represents the epidermal margin; the black arrow highlights neovascularization and the green arrow points to the skin appendages. 
(e) Examination of the length of diabetic wounds stained with H&E (n = 3). (f) Assessment of collagen content of diabetic wounds using MT staining (n = 3) (* indicates p < 
0.05 compared with the control group; # indicates p < 0.05 compared with PED0 group; Δ indicates p < 0.05 compared with PED2 group; ◇ indicates p < 0.05 compared 
with PED4 group).
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Figure 6 Effects of various portable electrospinning dressings wound MMP9 and macrophage polarization type I diabetic rats. (a) Immunofluorescence microscopy images of 
MMP9 expression. (b) Immunofluorescence microscopy images of CD86 (M1 macrophage, red) expression and CD206 (M2 macrophage, green) expression. (c-e) Mean 
fluorescence intensity of individual fields of view for MMP9, CD86, and CD206 (n = 3) (* indicates p < 0.05 compared with the control group; # indicates p < 0.05 compared 
with PED0 group; Δ indicates p < 0.05 compared with PED2 group; ◇ indicates p < 0.05 compared with PED4 group).

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S501370                                                                                                                                                                                                                                                                                                                                                                                                   1111

Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



of the animal experiments above, indicating the significance of MMP9 in regulating wound healing. The mean 
fluorescence intensity declined in the PED2 and PED4 groups, with the lowest intensity observed in the PED4 group 
(Figure 6a). This suggests that kaempferol effectively suppressed the expression of MMP9, while PF-127 may have 
influenced the mechanical strength of the dressings, also inhibiting the expression of MMP9.38 Furthermore, the SEM 
results of PED indicated that PF-127 altered the surface morphology of PED2 and PED4, which may also affect protein 
expression.39 This result was also in line with the previous results of HE and MT staining, and the PED4 group presented 
the best wound healing trend and status. These results imply that kaempferol may suppress the NF-κB signaling pathway, 
leading to MMP9 downregulation, thereby mitigating inflammation and promoting avoidance of the apoptosis 
pathway.28,40 Additionally, the study indicates that the combination of kaempferol and electrospinning material displays 
remarkable compatibility, with the electrospinning dressing serving as an effective vehicle for the wound-healing 
properties of kaempferol.

Evaluation of Immune and Inflammation Regulation
M1 phenotypic macrophages play a critical role in the initial inflammatory stage of wound healing by protecting the 
wound from pathogens. As wound healing progresses, macrophage activation into the M2 phenotype becomes crucial in 

Figure 7 Effect of portable electrospinning dressings on wound inflammatory factors in type I diabetic rats. (a-b) Immunofluorescence microscopy images of TNF-α and IL- 
1β. (c-d) Mean fluorescence intensity of individual fields of view for TNF-α and IL-1β (n = 3) (* indicates p < 0.05 compared with the control group; # indicates p < 0.05 
compared with PED0 group; Δ indicates p < 0.05 compared with PED2 group; ◇ indicates p < 0.05 compared with PED4 group).
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accelerating the end of the inflammatory phase and promoting cell proliferation, angiogenesis, and inflammatory factor 
levels. This study assessed the polarization of macrophages in different treatment groups using CD86 and CD206 
immunofluorescence staining (Figure 6b, d and e). Both PED2 and PED4 groups showed decreased CD86 fluorescence 
and increased CD206 fluorescence. Remarkably, in the PED4 group, the trend of transition of M1 to M2 phenotype was 
the most pronounced, which is consistent with the results of staining analyses of H&E, MT, and MMP9, suggesting that 
the high porosity of the electrospun materials and MMP9 inhibition jointly regulated the phenotypic shift of 
macrophages.14,36 Meanwhile, the PED4 group’s good vapor permeability properties loaded with 1% kaempferol played 
a synergistic effect in inhibiting interferon-γ-dependent immune metabolic pathways to improve the local immune 
regulatory function, promoting the transition of most M1 to M2 phenotypes, and maintaining immune microenviron-
mental homeostasis.27,33,41

During the inflammatory phase in diabetic wounds, impaired immune regulatory mechanisms, such as TNF-α, IL-1β, 
and IL-6, release excessive proinflammatory cytokines. This overabundance of cytokines initiates a robust inflammatory 
response, which hinders the normal wound healing.42 As depicted in Figure 7, 8a and c, the control, gauze, and PED0 
groups had higher release of proinflammatory factors, suggesting that excessive proinflammatory factors still existed 
around the wounds, which is unfavorable for diabetic wound healing in rats. However, the treatment with PED2 and 

Figure 8 Effect of portable electrospinning dressings on wound inflammatory factors in type I diabetic rats. (a-b) Immunofluorescence microscopy images of IL-6 and IL-10 
expression. (c-d) Mean fluorescence intensity of individual fields of view for IL-6 and IL-10 (n = 3) (* indicates P < 0.05 compared with the control group; # indicates P < 0.05 
compared with PED0 group; Δ indicates P < 0.05 compared with PED2 group; ◇ indicates P < 0.05 compared with PED4 group).
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PED4 dressings led to an obvious decrease in the fluorescence intensities of TNF-α, IL-1β, and IL-6. Consistent with 
prior research, kaempferol has been repeatedly demonstrated to engage in stable molecular interactions with MMP9.43,44 

Therefore, The PED4 group illustrated the most significant changes, consistent with the previous results of MMP9 
regulation, indicating that kaempferol inhibits MMP9 expression and exerts an anti-inflammatory effect by decreasing 
anti-inflammatory factor expression.

Anti-inflammatory factors are also essential to inflammatory regulation, such as IL-10, which contributes to wound 
healing. In both the PED2 and PED4 groups, the IL-10 fluorescence intensity was lower than the control, gauze, and 
PED0 groups, indicating excellent regulation of anti-inflammatory factors (Figure 8b and d). The lowest release of IL-10 
was found in the group treated with kaempferol. The combination of electrospinning with kaempferol has been 
demonstrated to control inflammation to a certain extent, improve the local microenvironment, and accelerate wound 
healing.

Neovascularization Evaluation
Neovascularization is key to diabetic wound repair and plays a critical role in wound healing by promoting cellular 
immune migration, increasing nutrient and oxygen supply, and regulating scar formation.45,46 VEGF and CD31 are 
common markers of endothelial cells indicative of neointimal formation. Compared with the control, gauze, and PED0 
groups, VEGF and CD31 fluorescence intensities were significantly enhanced in the PED2 and PED4 groups (Figure 9). 
It may be related to the longer inflammatory period and immune disorders in diabetic wounds, as well as the persistent 

Figure 9 Effect of portable electrospun dressings on wound neovascularization in type I diabetic rats. (a-b) Immunofluorescence microscopy images of VEGF and CD31 
expression. (c-d) Mean fluorescence intensity of individual fields of view for VEGF and CD31 (n=3) (* indicates p < 0.05 compared with the control group; # indicates p < 
0.05 compared with PED0 group; Δ indicates p < 0.05 compared with PED2 group; ◇ indicates p < 0.05 compared with PED4 group).

https://doi.org/10.2147/IJN.S501370                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 1114

Li et al                                                                                                                                                                                

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



elevation of pro-inflammatory factors in the first three groups. Furthermore, the vapor permeability properties of PED2 
and PED4 dressings promoted the neovascularization of wounds in both groups, improving the local microenvironment 
and resulting in a shorter time to enter the proliferative phase of the diabetic wounds. The PED4 group containing 
kaempferol had the most pronounced angiogenesis, and the number of official lumens and structural morphology was 
more pronounced, indicating that the blood supply to the wounds was superior to that of the other groups, suggesting that 
kaempferol was more effective in ameliorating inflammation and promoting neointimal formation and fusion. Thus, 
PED4 effectively corrects imbalances in wound immunomodulation, reduces inflammation, and promotes neovascular-
ization and collagen deposition, ultimately leading to optimal DFU healing.

Conclusion
In conclusion, the combination of kaempferol and portable electrospinning resulted in the development of a novel 
electrospinning fiber, PED4, which exhibited immunomodulatory effects and quickly conformed to the shape of the 
wound within minutes. PED4 depicted excellent vapor permeability properties, effectively regulating water evaporation 
from wounds while ensuring breathability. In vitro compatibility experiments demonstrated the good biocompatibility of 
gauze, PED0, PED2, and PED4. Furthermore, in vivo wound healing experiments in diabetic rats confirmed that PED4 
promoted wound healing by enhancing skin appendage formation, collagen deposition, and extracellular matrix remodel-
ing. Immunofluorescence assessment revealed the synergistic effects of PED4 vapor permeability and the anti- 
inflammatory and immunomodulatory properties of kaempferol. This led to the inhibition of MMP9, M2 macrophage 
polarization, improvement of the local inflammatory microenvironment by downregulating proinflammatory cytokines 
(TNF-α, IL-1β, and IL-6), upregulation of anti-inflammatory cytokines (IL-10), and facilitation of neovascularization 
regeneration, resulting in improved healing of diabetic wounds. However, portable electrospinning is limited by the 
choice of materials. In the future, the diversity of materials needs to be further explored and improved. In summary, this 
innovative approach combining natural extracts with portable electrospinning has significant implications for enhancing 
the management of chronic wounds in clinical practice.
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