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Introduction: Deep, second- and third-degree burn injuries may lead to irreversible damage to the traumatized tissue and to 
coagulation or thrombosis of the microvessels, further compromising wound healing. Engineered, morphologically gradient drug- 
eluting nanofiber dressings promote wound healing by mimicking tissue structure and providing sustained drug delivery, which is 
particularly beneficial for wound management.
Methods: This study exploited a resorbable, radially aligned nanofiber dressing that provides the sustained gradient release of 
metformin at the wound site using a pin-ring electrospinning technique and a differential membrane-thickness approach.
Results: The experimental results suggested that the electrospun nanofibrous dressings exhibited uniform and radially oriented fiber 
distributions. In vitro, these dressings offered an extended release of metformin for 30 d. The incorporation of water-soluble metformin 
significantly enhanced the hydrophilicity of the nanofiber membranes. Moreover, the in vivo burn-wound-healing model of rats 
showed that the radially aligned gradient metformin-eluting poly(lactic-co-glycolic acid) (PLGA) nanofibers exhibited significantly 
superior healing capability compared to the pristine PLGA, metformin-eluting, and control dressings. Histological images showed that 
the mesh/nanofibers produced no adverse effects.
Conclusion: The findings in this study emphasize the potential of resorbable, radially aligned nanofiber dressings as advanced wound 
care solutions, offering broad applicability and meaningful clinical impact.
Keywords: wound dressings, radially aligned membranes, gradient metformin release, nanofibers, needle-ring electrospinning

Introduction
Skin, a part of the integumentary system, is the largest organ in the human body and defends us from microorganisms and 
maintains body temperature and body fluid. However, physical injury, surgery, or an underlying medical condition can 
cause disruptions in the continuity of skin or underlying tissues and subsequent wound formation. Burns are one of the 
most common physical injuries to the skin and can be caused by flames, scalds, chemicals, or electricity. A global 
analytic study found that there were nearly 9 million new burn injury cases in 2019 in the worldwide.1 In addition to an 
annual mortality approximating 180,000 according to the world health organization, an average total healthcare cost of 
approximately 88000 US dollars for burn patients was reported in a systemic review.2 To manage these burn wounds of 
varying degrees, topical medicine treatments and special dressings were used with both clinical and socioeconomical 
outcomes. First-degree, superficial, burn injuries usually heal by themselves but severe, second- or third-degree burns 
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may lead to irreversible damage to the traumatized tissue and coagulation or thrombosis of the microvessels. During burn 
injury, many small blood vessels may coagulate or form clots directly due to the heat, leading to subsequent tissue 
hypoxia, dehydration, and loss of nutrition sources. This further results in compromised, wound healing and increased 
infection risk.

Burn-wound healing is a dynamic and complex procedure consisting of multiple phases; each phase is composed of 
a series of cellular and molecular events. Burn-wound healing typically involves four overlapping phases: hemostasis, 
inflammation, proliferation, and remodeling.3 The hemostasis phase involves the immediate response to the injury, 
wherein blood vessels constrict to minimize blood loss, followed by blood clot formation to seal the wound. In the 
inflammation phase, immune cells infiltrate the wound to remove debris, pathogens, and damaged tissues. In the 
proliferation phase, new tissues are generated, and the wound closes gradually as granulation tissues are formed and 
collagen is synthesized. Finally, in the remodeling phase, the newly formed tissues undergo maturation and remodeling to 
restore strength and functionality to the affected area.4

Effective wound management is essential to facilitate the healing process and prevent complications such as 
infections and delayed healing.5–10 Dressings play a critical role in wound care by creating a conducive environment 
for optimal, wound healing.11 Among the various dressing designs explored previously, a notable concept is that of the 
radial alignment of the dressing fibers.12 In this approach, the alignment of the dressing fibers mimics the natural, 
extracellular matrix (ECM), promoting superior cell adhesion and the proliferation of human-adipose-derived mesench-
ymal stem cells that are crucial for wound healing. Shin et al13 reported that radially patterned polycaprolactone 
nanofibers (fabricated using a modified electrospinning method) exhibit mechanical properties similar to those of 
conventional fibers and possess enhanced biological functionality. The radial alignment of the dressing fibers expedites 
cellular migration from the wound edge toward the center, surpassing the pace of random deposition and facilitating 
faster, tissue regeneration.

Drug-loaded resorbable dressings significantly advance wound care by offering the targeted delivery of therapeutic agents 
directly to the wound site.14 Such dressings provide a protective barrier against external contaminants and deliver medications 
or bioactive compounds that can promote healing and prevent infection. Furthermore, these drug-loaded dressings enable the 
sustained release of therapeutic agents, ensuring prolonged exposure to the wound bed while minimizing systemic side effects. 
In addition, the versatility of drug-loaded dressings allows customization based on specific wound needs; thus, they are 
a valuable tool in modern, wound-management strategies.15–17 These dressings also possess the required flexibility to facilitate 
surface applications. Finally, the dressings are resorbable after fulfilling their function and exhibit biocompatibility to ensure 
that the degradation process of the material does not contribute to tissue irritation.18–20

Metformin belongs to a class of drugs named biguanides, which influence the amount of glucose produced by the 
liver and improve the insulin sensitivity in the cells.21,22 This medication is typically prescribed to treat type-2 diabetes. 
When metformin is integrated into dressings, it can target cytokines to augment wound healing by specifically addressing 
pro-inflammatory cytokines, such as interleukin-1β (Il-1β) and tumor necrosis factor-α (TNF-α), thus limiting their 
expression. This anti-inflammatory mechanism and its angiogenic potential accelerate wound healing, especially during 
the initial stages. Understanding how metformin modulates cytokine responses is pivotal for developing effective wound 
dressings. To this end, Liao et al23 employed a dressing with a “sandwich-like” structure of electrostatically spun 
nanofiber, which comprised the hydrophobic material as an outer layer and metformin as an inner layer, for wound 
dressing. The protracted release time of metformin is instrumental in promoting the healing of diabetic wounds. Building 
on this premise, the gradient release of a delivered drug is expected to serve as a guided cue for cell migration, thereby 
enhancing wound healing. Although the literature on this subject is limited, it presents a promising avenue for innovation 
in wound dressing. Though topical metformin use has been proposed in chronic, diabetic wounds, there were few reports 
on the efficacy of topical metformin on burn wounds. The major challenge of acute, burn-wound treatment was the 
deteriorated-tissue microenvironment—ECM loss, severe inflammatory reaction, angiogenesis impairment, and infection. 
Shi et al found that metformin could reduce dermal thickness, deposition of collagen I, as well as mRNA expression of 
IL1β and CC chemokine ligand 2 (CCL2) in burn wounds on rats in vivo.24 However, further evaluation of the wound- 
healing process and clinical-dressing design based on the drug effect are necessary. A recent article reported that 
a hydrogel containing metformin hydrochloride was applied on burn wounds with promising results.25
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In this study, we exploited a resorbable, radially aligned nanofibrous dressing made of poly(lactic-co-glycolic acid) 
(PLGA),26,27 which provides both sustained and gradient release of metformin at the burn wound site. This was achieved 
using a pin-ring electrospinning technique and a differential membrane thickness approach. The tensile properties of the 
developed nanofibrous membranes were evaluated. The morphologies of the drug-incorporated nanofibers were char-
acterized using a stereomicroscope and scanning electron microscopy (SEM). Furthermore, the in vitro release profiles of 
metformin, from the nanofibers, were assessed using high-performance liquid chromatography (HPLC). Finally, the 
in vivo efficacy of nanofibrous dressings in burn-wound repair was assessed using histological assays on a rat model.

Materials and Methods
Materials
The nanofiber material, PLGA with a LA:GA of 50:50 and a molecular weight of 33 kDa, was sourced from Sigma- 
Aldrich, MO, USA. The solvent, hexafluoroisopropanol (HFIP), and metformin were also acquired from Sigma-Aldrich.

Fabrication of Radially Aligned Gradient-Metformin-Eluting Membrane
A radially aligned, nanofibrous membrane was fabricated using the pin-ring electrospinning device shown in Figure 1A, 
which comprises a high-voltage generator, syringe pump, and collector. The collector comprises a metallic ring (ring 
electrode) with a diameter of 3.5 cm and a metallic pin (point electrode). In total, 1,400 mg of PLGA was dissolved in 
5 mL of HFIP. The solution was then electrospun into radially aligned nanofibers. The delivery speed of the solution was 
0.7 mL/h, and the applied voltage was 17 kV. The distance between the syringe and the collector was 15 cm.

The gradient-metformin-eluting nanofibers were prepared taking a differential membrane thickness approach; the 
PLGA and metformin were mixed with HFIP in various weight ratios of 4:1, 6:1, 7:1, 8:1, and 10:1. The compositions of 
the metformin-loaded nanofibers are listed in Table 1.

Subsequently, the solutions were electrospun using the device in Figure 1B, which comprises a high-voltage 
generator, syringe pump, and plate collector. The delivery speed of the mixture was set to 0.8 mL/h, with an applied 
voltage of 17 kV, and a distance of 15 cm between the spinning nozzle and the collection plate. Three plastic templates 
with hole diameters of 1.5, 2.5, and 3.5 cm were positioned approximately 5 mm in front of the plate collector to achieve 
a gradient distribution of metformin throughout the nanofibrous membranes. Following three consecutive electrospinning 
processes using templates of varying hole sizes, a circular membrane with three zones (inner, middle, and outer diameters 
of 1.5, 2.5, and 3.5 mm, respectively) was obtained. Three types of metformin-eluting nanofibrous membranes with 
different PLGA/metformin ratios (4:1, 6:1, and 8:1 for the inner zone; 4:1, 7:1, and 10:1 for the middle zone; and 4:1 for 
the outer zone) were obtained via electrospinning. The thickness of the inner zone of the electrospun membranes was 
approximately 300 μm, whereas that of the outer zone was 100 μm.

Figure 1 (A) Device for electrospinning radially aligned PLGA membranes, (B) apparatus for fabricating gradient-metformin-eluting membranes.
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After spinning, the radially aligned nanofibrous membrane and the gradient metformin distribution membrane were 
combined into a single membrane. The membrane samples were subjected to a chamber maintained at 40 °C for three 
days to allow for the vaporization of the solvent. Subsequently, the samples were stored at 4 °C until use.

Microscopic Observations
The electrospun nanofibrous membranes were evaluated for their morphological structure using a stereomicroscope 
(WF10X, Pentad Corp., Taipei, Taiwan) and a JEOL Model JSM-7500F FESEM (Tokyo, Japan) after spinning and 
solvent vaporization. The samples were gold-coated prior to SEM observation. To determine the size allocation, 50 
nanofibers were selected arbitrarily and analyzed using ImageJ software (national institutes of health, Bethesda, MD, 
USA). This analysis was conducted in triplicate (N = 3) to ensure the accuracy and reliability of the results.

Mechanical Properties
The tensile properties of the metformin-eluting nanofibrous membranes were evaluated using a tensile testing machine 
(Lloyd, Ametek, USA) equipped with a 2.5 kN load cell. The extending rate was maintained at 60 mm/min, and 
measurements of the maximum strength and deformation were monitored during testing.

Contact Angle of Water
The contact angles of unfilled PLGA and metformin-infused nanofibers were measured to examine hydrophilicity. 
Waterdrops were gradually introduced to the nanofiber surface (20 mm × 20 mm), and each was evaluated by 
a monitor. Three analyses were performed (N = 3).

Fourier Transform Infrared Spectroscopy
In total, 32 infrared scans of the metformin-loaded membranes were obtained via Fourier transform infrared (FTIR) 
spectroscopy using the Bruker Tensor 27 spectrometer with a 4 cm−1 resolution in the absorption mode. The nanofibrous 
specimen was compressed into KBr discs, and the absorption spectrum was monitored in the range of 400–4000 cm−1.

Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) analysis was conducted to investigate the thermal properties of both pure PLGA 
and the metformin-loaded PLGA nanofibers. The specimens were heated from 30–300 °C at a rate of 10 °C/min using 
a DSC instrument (TA Instruments, New Castle, DE, USA).

In vitro Release of Metformin
The release profiles of metformin from the nanofibrous membranes were investigated using an in vitro elution scheme. 
Circular samples, each with a diameter of 4 mm, were extracted from the inner, middle, and outer zones of the 
membranes. These samples (N = 3) were then placed in assay tubes containing 1 mL of phosphate-buffered saline 

Table 1 Composition of Mats with Different PLGA-to-Metformin 
Ratios

PLGA/drug ratio PLGA (mg) Metformin (mg) HFIP (mL)

4:1 560 140 2.5

6:1 600 100 2.5

7:1 612.5 87.5 2.5

8:1 622.7 77.7 2.5

10:1 636.4 63.6 2.5
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(PBS) and maintained at 37 °C for 24 h. After incubation, the mixtures were collected and evaluated. Subsequently, new 
PBS (1 mL) was added to the tubes for the next 24-hour incubation period, and this procedure was repeated for 30 d.

HPLC was utilized to assess the metformin concentration in each mixture. The analysis was conducted using 
a Hitachi L-2200R multi-solvent delivery system (Tokyo, Japan). An Inertsil C18 column (250 mm × 4.6 mm, 5 µm) 
was used to separate the metformin. The mobile phase consisted of PBS (pH = 5.73): acetonitrile (35:65, v/v). The 
absorbance was monitored at a wavelength of 233 nm and a flow rate of 1.0 mL/min. The retention time was set to 2.6 
min.28,29

In vivo Animal-Related Experiment
Sprague–Dawley rats weighing approximately 300 g were used and following the guidelines of the National Institute of 
Health of Taiwan, a licensed veterinarian supervised their treatment and care. All animal-related processes in this study 
received approval from the institutional animal care and use committee of Chang Gung Memorial Hospital (IACUC 
Approval No.: 2,022,121,922). After administering anesthesia, two, full-thickness, circular, burn wounds (2 cm in 
diameter), lateral to the vertebral transverse processes, were prepared on the back of each rat, by applying a 150°C 
copper bar to the skin for 40s to create a full-thickness burn. The eschar was removed 48 h later and the rats were treated 
according to different group designs. The rats were divided into four groups of five rats each. Those in the control group 
were treated with a conventional gauze sponge, which served as the control. Electrospun, pristine PLGA nanofibers were 
applied to the wounds of each rat in the PLGA group, metformin-loaded PLGA nanofibers were applied to each rat 
wound in the PLGAM group, and radially aligned PLGA nanofibers loaded with metformin were applied to the rats in 
the PLGAMRA group. The gross photographs of the wounds were captured to evaluate the wound area, 3, 7, 14, 21, and 
28 d post-operation. In addition, histological examinations of the wounds were performed at 7 and 28 d post-operation.

Statistics and Data Analysis
Quadruplicate samples were evaluated, and the data were analyzed using one-way analysis of variance (ANOVA). 
Statistical significance was determined at p values < 0.05.b.

Results
Characterization of Nanofibrous Membranes
Figure 2A and B show the PM and SEM images of a typical scaffold involving electrospun PLGA nanofibers with radial 
alignment spanning the void gap between the metal pin and the ring. These images suggest that the fibers were radially 
aligned from the center of the dressing to the periphery.

Figure 3 shows SEM images and fiber size distributions of the electrospun nanofibers of virgin PLGA and metformin- 
loaded nanofibers with various PLGA-to-metformin ratios.

The inclusion of metformin reduced the size distribution of the nanofibers. During the electrospinning process, the 
polymer/drug solution was stretched by the external force generated by the electric field. The polymer acts as the primary 
component in resisting this stretching force. The incorporation of metformin reduced the polymer content in the solution, 
making it easier for the solution to be extended. As a result, the diameter of the electrospun nanofibers decreased 
accordingly.

Figure 4 illustrates the stress–strain profiles of the virgin PLGA and metformin-incorporated PLGA nanofibers.
The addition of metformin increases the ultimate strength while decreasing the elongation at break. The inclusion of 

metformin lowers the polymer content in the solution, allowing it to stretch more easily. This higher stretching rate tends 
to orient the polymer molecular chains along the axial direction, enhancing the tensile strength. However, the added 
metformin acts as a filler with inferior extensibility in the polymer/drug composites, which in turn leads to reduced strain 
before failure in the nanofibrous mat. However, all the nanofibers displayed good extension (> 50%) before fracture.

Figure 5 shows the water contact angles of the virgin PLGA and metformin-loaded PLGA nanofibrous membranes. The 
measured contact angles were 129.99±7.76°, 56.07±4.32°, 77.04±2.06°, 84.53±5.18°, 95.92±6.86°, and 113.22±8.98°, 
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respectively, for pure PLGA and PLGA/metformin ratios of 4:1, 6:1, 7:1, 8:1, and (F) 10:1 nanofibrous mats. Clearly, the 
inclusion of water-soluble metformin enhances the hydrophilicity of the PLGA nanofibers.

The data in Figure 6A illustrate that the new peaks at 3370, 3183, and 1582 cm−1 resulted from the –NH bond of the 
added pharmaceuticals.30,31 In addition, the C=N peaks at 1638 cm−1 developed significantly in relation to the pure 
PLGA nanofibrous membranes. The thermal behaviors of the pristine PLGA and metformin-loaded PLGA are also 
assessed, and the results are shown in Figure 6B. The endothermic peak of metformin at 237°C diminished after 
incorporation into the PLGA matrix, whereas the glass transition temperature of PLGA at 48°C was not observed in the 

Figure 2 (A) Projector microscopy and (B) scanning electron microscopy (SEM) images of radially aligned nanofibrous membranes. (The arrows indicate the orientation of 
the fibers in the radial direction.).
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Figure 3 SEM images and fiber diameter distribution of (A) virgin PLGA and PLGA/metformin ratios of (B) 4:1, (C) 6:1, (D) 7:1, (E) 8:1, and (F) 10:1 nanofibrous 
membranes.
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PLGA/metformin nanofibers.32,33 These results indicate the successful embedding of metformin into the PLGA 
nanofibers.

In vitro Drug Release
Figure 7 revealed the daily and cumulative liberation profiles of the three types of combination membranes. All the 
different combinations of membranes exhibited gradient drug release behaviors, with the maximum drug concentration at 
the inner zone and the minimum drug release at the outer zone.

The 4:1, 6:1, and 8:1 combination membranes exhibited a triphasic release feature; that is, a burst on day 1, 
a secondary high release approximately around day 7, accompanied by a gradual decrease over 30 d. The 4:1, 7:1, 
and 10:1 combination membranes displayed biphasic discharge, that is, a burst at 1 d and a steady and progressively 
decreasing release for 30 d. The 4:1 combination membranes showed a triphasic elution pattern, with a burst at 1 d, 
a second peak release from 7 to 15 d, and a steady low drug release profile until 30 d. Overall, the nanofibrous 
membranes provided the sustained release of metformin for more than 30 d.

Figure 4 Tensile properties of electrospun PLGA/metformin nanofibers.

Figure 5 Water contact angles of (A) pure PLGA, and PLGA/metformin ratios of (B) 4:1, (C) 6:1, (D) 7:1, (E) 8:1, and (F) 10:1 nanofibrous mats.
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In vivo Results and Histology Assay
Figure 8 illustrates the in vivo efficacy of the various dressings in the rats. On the third day, no significant difference was 
observed among the various groups. The PLGAMRA group evidenced significantly superior healing to the PLGA, 
PLGAM, and control groups (p < 0.05) 7 d post-implantation. On day 14, the PLGAMRA group exhibited superior 
healing compared with the PLGA and control groups (p < 0.05). On days 21 and 28, the PLGAMRA group showed 
significantly improved healing than the control group (p < 0.05). These findings demonstrate the excellent wound repair 
capability of PLGAMRA dressings.

Figure 9 displays the hematoxylin and eosin (HE) as well as Masson’s trichrome (MT) micro-images of the 
nanofibrous dressings. Additionally, the histological micro-images captured on days 7 and 28 post-operation showed 
no signs of increased inflammation, leukocytes, or tissue necrosis in any of the groups. Additionally, no adverse effects 
were observed in the histological images.

Figure 6 (A) Fourier-transform infrared spectroscopy (FTIR) spectra, and (B) differential scanning calorimetry (DSC) of PLGA, metformin, and metformin-loaded PLGA 
nanofibers.
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Figure 7 In vitro daily (left) and cumulative (right) release of metformin from nanofibers, with PLGA ratios of (A) 8:1, 6:1, and 4:1 for the outer, middle, and inner layers, 
respectively; (B) 10:1, 7:1, and 4:1 for the outer, middle, and inner layers, respectively; and (C) 4:1 for all layers.
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Discussion
This study developed resorbable, radially aligned nanofibrous dressings that provide a sustained gradient release of 
metformin to the target wound site. Compared to previously developed dressings in the literature,16,18,19,22,26,27 these 
radially aligned, gradient-metformin-eluting nanofibers offer several advantages for promoting cell proliferation and 
wound healing. They provide a structural framework that mimics the native ECM, promoting cell adhesion and 
alignment along the fibers, benefiting the cells related to wound healing, such as fibroblasts and keratinocytes. The 
porous nanofiber structure also enables efficient diffusion of nutrients and oxygen to the cells within the wound site. This 
improved oxygenation and nutrient supply creates a favorable microenvironment for cell proliferation and tissue 
regeneration. Furthermore, the radially aligned nanofibers modulate the cell signaling pathways involved in the wound 
healing process. Topographical cues provided by nanofiber alignment can activate signaling cascades that promote cell 
proliferation, migration, and differentiation, leading to accelerated wound closure and tissue regeneration. Finally, the 
alignment of the nanofibers provided mechanical support and stability to the wound site, preventing tissue collapse and 
promoting sound tissue formation. This structural reinforcement can reduce the risk of scar formation and improve the 
overall cosmetic outcomes of wound healing.

Radially aligned nanofibers can also be engineered to incorporate bioactive molecules such as growth factors, 
cytokines, and antimicrobial agents. The controlled release of these molecules from the nanofiber matrix can enhance 
cell proliferation, angiogenesis, and tissue remodeling to promote more rapid and effective wound healing. Additionally, 

Figure 8 Effects on wound healing in rats for different groups at identical time points: (A) Representative photographs of wound healing, and (B) quantitative results of 
wound healing area. *indicates p < 0.05 compared with the control group; # indicates p < 0.05 compared with the PLGA group; δ indicates p < 0.05 compared with the 
PLGAM group.
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Figure 9 Histological images at (A) 7 and (B) 28 d post-implantation. No signs of increased inflammation, leukocyte infiltration, or tissue necrosis were observed in any of 
the groups. Additionally, no adverse effects were noted in the histological images. (The dashed lines depict the central margin of re-epithelialization. The area between the 
dashed lines shows granulation tissue formation, but full re-epithelialization has not yet occurred.).
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when combined with metformin,24,34 a promising candidate for adjunct therapy, the radially aligned nanofibrous 
dressings further promote healing for wound management.

The experimental results demonstrated that the PLGA group exhibited better healing capability than the control group at 
days 3, 7, 14, 21, and 28 post-implantation, even though the difference was not statistically significant (p > 0.05). This may be 
due to the fact that PLGA nanofibers mimic the structure of the ECM, thus accelerating wound healing. Additionally, the 
PLGAMRA group demonstrated significantly better healing than the PLGA, PLGAM, and control groups (p < 0.05) at 7 days 
post-implantation. By day 14, healing in the PLGAMRA group remained superior to that of the PLGA and control groups (p < 
0.05). On days 21 and 28, the PLGAMRA group continued to show significantly greater healing compared to the control group 
(p < 0.05). The effects of topical-form metformin on burn-injury wounds and subsequent healing process have been rarely 
mentioned in the literature. According to one study, there was a suppressive effect of metformin on pro-inflammatory markers 
by inhibition of several pathways in vitro.24 Based on their results, they applied a hydrogel containing metformin hydro-
chloride on rat burn wounds and revealed superior re-epithelialization compared to the untreated and placebo gel groups.25 

Furthermore, the study also showed a decreased size of burn wounds as the dose of topical metformin application increased. 
This supports the potential feasibility and rationale of the design of metformin concentration gradient used in our study to 
accelerate the wound healing.

The local and gradient-drug-release systems enable the controlled release of drugs over time. This sustained release of 
metformin maintains the therapeutic concentrations at the wound site, promoting optimal, healing conditions without 
frequent dosing. In addition, by minimizing systemic exposure to medicants, such release systems can reduce the risk of 
toxicity associated with high, systemic-drug concentrations. This is particularly important for drugs with narrow 
therapeutic windows and potential adverse effects. Tailoring drug release to match the dynamic stages of wound healing 
can help optimize the therapeutic effects. Additionally, local drug-delivery systems can offer convenience and improve 
patient compliance compared with traditional, systemic-drug administration methods. Patients may prefer treatment 
regimens involving less frequent dosing or invasive procedures. Furthermore, drug-release systems can be customized to 
suit the specific requirements of different wound types, sizes, and locations. This flexibility allows healthcare providers to 
tailor treatment strategies to individual patient needs and optimize therapeutic outcomes.

Mukherjee et al suggested that nanofibrous meshes offer a unique topography for entrapping therapeutic cells for up 
to six weeks, facilitating the significant infiltration of host anti-inflammatory macrophages.35 Ensuring proper cell 
attachment to a scaffold is crucial for success. However, the use of highly hydrophobic scaffold dressings can result 
in suboptimal cell colonization.36 The experimental findings indicated that incorporating metformin into nanofibrous 
dressings improved their hydrophilicity and enhanced cell proliferation during wound repair.

There are three distinct stages of medication release from a drug-embedded resorbable dressing or device: burst 
discharge, diffusion-controlled elution, and degradation-dominated release. Most infused pharmaceuticals are likely to 
encapsulated in the polymeric matrix during electrospinning. However, a few pharmaceuticals may be placed on the 
surfaces of certain nanofibrous membranes, causing a burst discharge. Following the initial burst, drug release would be 
regulated by diffusion and polymer degradation, resulting in a secondary peak in metformin discharge. Subsequently, the 
release profile would maintain a steady pattern until all encapsulated drugs were fully released. The in vitro results 
confirmed that the electrospun drug-incorporated dressings released a high concentration of metformin for 30 d, 
enhancing cell proliferation and wound healing.

Despite the interesting findings of this preliminary study, there were some limitations. While various concentrations 
of metformin were used in material synthesis, the optimal concentration has not yet been determined. Furthermore, the 
biosafety of the material remains unverified. Additional research is needed to confirm its ability to promote fibroblast 
proliferation, support orientational arrangements, and inhibit inflammatory factors. Additionally, this study used a rat 
model to evaluate the drug-eluting nanofibrous dressings, so the relevance of our findings to human wounds remains 
unclear and will be addressed in future research. Finally, the transition of the developed nanofibrous dressings from the 
lab to clinical use—requiring the overcoming of technical, regulatory, and practical hurdles, especially in ensuring 
scalability, safety, efficacy, and cost-effectiveness—will also be further explored.
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Conclusions
We successfully developed resorbable, radially aligned nanofibrous dressings for burn wound healing, utilizing a pin-ring 
electrospinning technique and a differential membrane thickness approach. Experimental results confirmed that these 
nanofibrous dressings provide sustained, gradient release of metformin for over 30 days at burn wound sites. The radially 
aligned, metformin-eluting PLGA nanofibers demonstrated significantly superior healing capabilities compared to 
pristine PLGA, metformin-eluting, and control dressings. Histological images showed no adverse effects. Overall, 
these findings underscore the potential of resorbable, radially aligned nanofiber dressings as advanced wound care 
solutions with broad applicability and significant clinical impact.
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