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ARTICLE INFO ABSTRACT

Keywords: Wound healing is a highly complex and intricate biological process involving cellular and molecular events.
Lumb.rokinase Given that lumbrokinase is a fibrinolytic enzyme derived from earthworms and exhibits notable anti-
Gelatin inflammatory, anti-fibrotic, and pro-angiogenic functions, this study aims to investigate the development of
Bioactive nanofibrous matrix bi . lati fib ining lumbroki fabri h h el o 1
Electrospinning ioactive gelatin nanofibers containing lumbrokinase (GLK) fabricated through electrospinning as a nove!

nanomedicine strategy for enhancing wound healing. Our results showed that reducing electrospinning time can
increase cross-linking degree and decrease degradation rate to maintain an effective concentration of released LK
for supporting long-term biological processes. Cells cultured with biocompatible GLK displayed good adhesion
and extensive spreading, increased VEGF production, and lowered IL-6 and TNF-u secretion. The GLK with su-
perior and multiple bioactivities was further tested for tissue regeneration potential in a rat model of skin defect.
The treatment of animals with GLK shortens wound healing time, reduces damage caused by inflammation, and
increases collagen production, angiogenesis, and fibroblast proliferation/epithelialization, demonstrating that
the healing effect on the local wounds is comparable to that of Comfeel group. Overall, the findings from pre-
clinical studies suggest high promise of the LK-loaded biopolymer nanofibers as bioactive dressing materials for
promoting a regenerative environment and accelerating wound healing, indicating its future translational
potential.

Wound healing

1. Introduction three phases: inflammatory, proliferative, and remodeling [2]. The

intricate nature of the healing process poses substantial challenges to the

The skin is the largest organ in the human body and is crucial in
maintaining homeostasis [1]. Skin injuries, which arise from several
causes, including trauma, burns, surgical procedures, and chronic dis-
eases, can have significant consequences, such as infections and loss of
functional integrity. The wound healing usually progresses through
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development of effective therapeutics for wound treatment. Natural
products are promising therapeutic agents for wound healing. One such
intriguing candidate is earthworm extract, which has been used in
traditional medicine for centuries. In Chinese medicine, Lumbricus spp.,
also known as earthworms, are used to treat various conditions,
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including burns, arthritis, itching, and inflammation [3-8].

A component within earthworm extract that is of particular interest
is lumbrokinase (LK), which has been identified as a bioactive proteo-
lytic enzyme. It disintegrates fibrin, which is a protein that forms clots
within blood vessels [9]. Additionally, LK exhibits notable
anti-inflammatory, antioxidative, antifibrotic, antimicrobial, and anti-
cancer properties [10-12]. Clinically, LK is primarily used for throm-
botic diseases, including ischemic cerebrovascular and cardiovascular
conditions, platelet aggregation disorders, deep vein thrombosis, and
lipid metabolism abnormalities associated with nephrotic syndrome.
Furthermore, earlier observations have indicated that LK possesses
intrinsic wound healing properties [13]. Hence, this study explored the
potential of an innovative LK-based wound dressing material.

Nanofiber dressings have emerged as a promising technology for
wound healing. These nanofibrous membranes, which are composed of
biocompatible polymers, are designed to mimic the intricate structure of
the skin’s natural extracellular matrix (ECM) [14]. One of the key ad-
vantages of electrospun nanofibers for wound healing application is
their ability to closely resemble the ECM, providing essential structural
support for cell adhesion, migration, and proliferation, and facilitating
the remodeling and neo-tissue formation [15-18]. Furthermore, the
high porosity of electrospun nanofiber-based scaffolds has been
demonstrated to facilitate nutrient diffusion and metabolic waste
removal, both of which are crucial for cellular function and tissue
regeneration. However, despite these advantages, electrospinning may
have lower production efficiency compared to some other
fiber-generating techniques like melt, dry, or wet spinning.Among the
various materials used in nanofiber wound dressings, gelatin is a highly
biocompatible and biodegradable protein derived from collagen with
extensive biomedical applications. The incorporation of gelatin into
electrospun nanofiber membranes further enhances their suitability for
wound healing, as these membranes are easily degradable and resorb-
able by the body, making them highly favorable for clinical applications.
Their simple and cost-effective manufacturing process further promotes
them as potential wound dressings and tissue-engineered membranes
[19-21].

In the present study, we focus on the development of LK-loaded
gelatin nanofiber membranes using electrospinning. Rigorous charac-
terization through comprehensive morphological and physicochemical
analyses is performed to evaluate the structural and functional proper-
ties of the membranes. Furthermore, the wound-healing effects of these
membranes are investigated through a series of assays, including cyto-
compatibility, cell migration, blood tube formation, anti-inflammatory
effects, wound healing, and in-vitro/in-vivo animal models. The prom-
ising results obtained from these investigations substantiate the poten-
tial of LK-loaded gelatin nanofiber membranes as effective therapeutic
agents for wound healing.

2. Experimental
2.1. Materials and cell lines

Type A gelatin from porcine skin was purchased from Sigma (St.
Louis, MO, USA). Poly(vinyl) alcohol (PVA) (MW = 1400) was supplied
by SHOWA (Tokyo, Japan). All cell culture reagents were purchased
from Invitrogen. Lumbrokinase was supplied by NOVA Pharma and
Liposome Biotech Co (Kaohsiung, Taiwan). Mouse fibroblast cells
(L929) were cultured in a medium with DMEM with 2 mM Glutamine +
10 % Fetal Bovine Serum (FBS). Human umbilical vein endothelial cells
(HUVECs) were cultured in a medium with Earles’ salts and FBS but
without a growth factor. The osteoclasts murine monocyte/macrophage
RAW 264.7 cells (BCRC no. 60001, Food Industry Research and Devel-
opment Institute were cultured in a growth medium of DMEM with 5 %
FBS and 1 % penicillin/streptomycin (Gibco). All cell lines were grown
at 37 °C under 5 % CO, in the air.
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2.2. Bioactive assay of lumbrokinase

2.2.1. Cell cytotoxicity assay

1929 (5 x 10 cells/well), HUVEGs (1 x 10* cells/well), and RAW
264.7 cells (5 x 10° cells/well) were used to determine the cytotoxicity
of LK. Cells were cultured in triplicate with the culture medium with
different concentrations of LK in 48-well, flat-bottomed tissue culture
plates for 2 days at 37 °C under 5 % CO in the air, and cell viability was
determined via an MTT assay.

2.2.2. Two-dimensional cell migration assay

L1929 were seeded at the density of 1 x 10° cells per well in the ibidi
Culture-Insert a Well for the wound healing assay and incubated at 37 °C
for 24 h. After removing the Culture-Inserts, the cells were cultured in
the culture medium with various concentrations of LK for 4 h. Cell
migration was monitored by inverse microscopy and analyzed by
ImageJ. The ratio of wound area (%) was calculated as At/Ai x 100 %,
where Ai is the initial area of the scratch circle, and At is the transparent
area after culturing for a given length of time.

2.2.3. Tube formation assay

The p-Slide angiogenesis (ibidi) is applied for tube formation assay.
10 ml of Matrigel (Corning® BioCoat™) was coating onto every inner
wells and polymerized at 37 °C for 30 min. Then, HUVEC cells sus-
pended in a culture medium with different concentrations of LK at the
density of 5 x 10° were added to each well after 4-h culturing. The
Wimasis image analysis quantified the tube formation. The in vitro tube
formation studies blood vessel development by measuring the angio-
genesis stage of endothelial cell reorganization to form capillary-like
structures.

2.2.4. Anti-inflammatory assay

RAW 264.7 were seeded at a density of 2 x 10* cells per well in the
culture medium with 1 pg/ml Lipopolysaccharide (LPS) and various
concentrations of LK for 2 days. Interleukin 6 (IL-6) and tumor necrosis
factor-a (TNF-a) assays were performed using commercially available
enzyme-linked immunosorbent assay (ELISA, Abcam). The concentra-
tion of IL-6 and TNF-a were calculated regarding a standard curve
constructed using the recombinant cytokine provided with each kit.

2.3. Preparation and characterization of gelatin nanofiber containing
lumbrokinase (GLK)

2.3.1. Preparation of GLK membranes

The gelatin mixtures were dissolved in formic acid (85 wt %) at a
concentration of 17 wt %. An aqueous solution of PVA (10 wt %) was
then added to the gelatin (GEL) solution at a GEL/PVA ratio of 9/1 (v/v).
The solution was agitated at room temperature for 1 h before electro-
spinning the gelatin onto the HERADERM PU film. Next, the LK was
added to the GEL/PVA solution at the final 20 pg/ml concentration. As
guided by our earlier works [22-24], the tip-to-collector distance was
10 cm, the electric potential was maintained at 20 kV. In this study, the
flow rate was controlled at 0.1, 0.4, and 0.8 ml/h. After 1-h and 2-h
electrospinning, the gelatin membranes were cross-linked in 50 wt%
glutaraldehyde vapor for 45 min. The prepared membranes were ster-
ilized overnight with ultraviolet (UV) rays and placed on 24-well poly-
styrene tissue culture plates.

2.3.2. Fourier transform infrared spectroscopy

The gelatin membrane composition was analyzed using Fourier
transform infrared spectroscopy (FTIR, Spectrum Two, PerkinElmer) in
the 4000-400 cm ! range using KBr pellets.

2.3.3. Microscopic morphological observation
Dry membranes were coated with a gold layer and examined via
scanning electron microscopy (SEM, Hitachi S3000V, Japan).
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Histograms of the fiber diameters were generated from the SEM.

2.3.4. Swelling ratio measurements

The nanofibers were placed in 24-well plates and flattened with an
O-ring. One ml of double distilled water (ddH,0) was added to each
sample and incubated for 0, 3, 6, 12, 24, and 48 h. The diameter vari-
ations determined the swelling ratios of the nanofibers.

2.3.5. Degradation assay

One milliliter of distilled 1X PBS was added to each weighed mem-
brane sample, and the samples were then incubated for 1, 4, 7, and 14
days. Each sample was removed and gently blotted with filter paper.
Then, the sample was lyophilized and weighed. The weight loss (%) was
calculated as (Wi-Wd)/Wi x 100 %, where Wi is the initial weight of the
specimen in its dry state, and Wd is the weight of the specimen in its dry
state after submersion in distilled 1X PBS for a given length of time.

2.3.6. Evaluation of the cross-linking index

A ninhydrin assay was used to evaluate the cross-linking degree of
the electrospun gelatin nanofibers. The amount of the free amino groups
in the gelatin nanofibers was determined using the ninhydrin (2,2-
dihydroxy-,3-indanedione) assay. Three mg of nanofibers were soaked
in distilled water and heated with ninhydrin reagent for 20 min. After
the solution was cooled to room temperature and diluted with 50 %
isopropyl alcohol, the optical absorbance of the solution was recorded
using a spectrophotometer (ELISA reader, Model Genesys™ 10, Spec-
tronic Unicam, New York, USA) at 570 nm (wavelength of the blue-
purple color) using glycine at various known concentrations as the
standard [25]. The amount of free amino grouping in the original (Ci)
and residual gelatin (Cf) is proportional to the optical absorbance of the
solution. The cross-linking index was calculated as the cross-linking
index (%) = (Ci-Cf)/Ci x 100 %.

2.3.7. Drug release assay

One-milligram samples of the GLK membranes of 1-h or 2-h elec-
trospinning were each soaked in 1 ml of distilled water for 0.5, 1, 1.5, 3,
6,12, 24, and 48 h. Each sample was then analyzed via an indirect ELISA
assay kit purchased from Bioss.

2.4. Invitro analysis of L929 cells co-culture with GLK membranes

2.4.1. Invitro cytocompatibility, collagen, and matrix metalloproteinase
—1 (MMP-1) assay

The prepared membranes (15 mm? diameter) were sterilized over-
night with ultraviolet (UV) rays and placed on 24-well polystyrene tissue
culture plates. L929 cells were cultured in triplicate at a density of 1 x
10* cells/well in 24-well, at 37 °C for 2 days. After removing the culture
medium, the cell viability was determined via an MTT assay. Then, the
culture medium was centrifuged at 2000 g for 10 min, and Collagen type
I (Abcam) and MMP-1 (MyBioSource)were quantitated using ELISA kits.

2.4.2. Immunohistochemical analysis

GLK membranes were electrospun for 1 h on a coverslip and steril-
ized by UV for 24 h. 1929 cells were then co-cultured with the coverslip
for 24 h. The electrospun membranes seeded with 1929 cells were rinsed
with phosphate-buffered saline and fixed with 4 % formaldehyde for 15
min at room temperature. For quantitative analysis, the nanofibrous
membranes were then counterstained with 4°,6-diamidino-2-phenyl-
indole (DAPI, 1:5000; Invitrogen). For the immunohistochemical assay,
the nanofibrous gelatin-coated coverslips were probed with anti-p-actin
antibodies (1:1000) and labeled with goat anti-mouse antibodies
(1:200). The samples were then sealed and examined using confocal
microscopy (Leica Microsystems, Wetzlar, Germany).
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2.5. Invitro analysis of HUVEC cells co-culture with GLK membrane

2.5.1. Invitro cytocompatibility and VEGF assay

The prepared membranes (15 mm? diameter) were sterilized over-
night with ultraviolet (UV) rays and placed on 24-well polystyrene tissue
culture plates. HUVEC cells were cultured in triplicate at a density of 2
x 10* cells/well in 24-well, at 37 °C for 2 days. After removing the
culture medium, the cell viability was determined via an MTT assay.
Then, the culture medium was centrifuged at 2000 g for 10 min, and
VEGF was quantitated using ELISA kits (Abcam).

2.5.2. Three-dimensional cell migration assay

The membranes were placed in the lower well, and M199 medium
with 10 % FBS was added to each lower well. Each upper well has 5 x
103 HUVECs in 140 pL serum-free culture medium. The membrane in the
upper well contacted the bottom well solution, which was incubated at
37 °C for 24 h. After removing the upper well, the cells were incubated
for 24 h for attachment. The cells were stained with hematoxylin, and
cell number was counted under microscopic observation.

2.6. Invitro analysis of RAW 264.7 cells co-culture with GLK membrane

2.6.1. In vitro cytocompatibility assay

The prepared membranes (15 mm? diameter) were sterilized over-
night with ultraviolet (UV) rays and placed on 24-well polystyrene tissue
culture plates. RAW 264.7 cells were cultured in triplicate at 1 x 10*
cells/well density in 24-well, at 37 °C for 2 days. After removing the
culture medium, the cell viability was determined via an MTT assay.

2.6.2. Invitro anti-inflammatory assay

RAW 264.7 cells were cultured in triplicate at 2 x 10* cells/well
density and treated with 1 pg/ml LPS for 2 days. The culture medium
was centrifuged at 2000 g for 10 min, and IL-6 and TNF-a were quan-
titated using ELISA Kkits.

2.7. Wound healing assay in an animal model

2.7.1. In vivo animal evaluation

Male Sprague-Dawley (SD) rats weighing 350-400 g were used and
treated according to the Ethical Guidelines of the Animal Center at
China Medical University (CMU). The animal use protocol (protocol ID:
CMUIACUC-2017-253) was approved by CMU’s Institutional Animal
Care and Use Committee (IACUC). In this study, a total of 48 rats (n = 12
per group) were used and divided into one control (untreated) group and
three experimental groups: the Comfeel® (i.e., hydrocolloid-based
wound dressings primarily composed of sodium carboxymethylcellu-
lose, elastomers, and adhesives, designed to maintain a moist wound
environment that promotes healing [26]) group, the G1 group, and the
GLK1 group.

2.7.2. Wound-healing measurement in rats

The hair (5 x 8 cm?) on the back of each rat under anesthesia with
ether was removed using a hair remover. After removing four areas (15
% 15 mm?) of skin, the wound surfaces were disinfected with I,. Next,
various membranes (15 x 15 mm?) were placed on the wound surfaces,
which were subsequently bounded with the sterile gauze. Following 7,
14, and 21 days, the recovery ratio was calculated as (Ai-Au)/Ai x 100
%, where Ai is the initial area of the wound and Au is the area of the
unrecovered wound surface.

2.7.3. Histopathological studies

Skin specimens were fixed in 10 % buffered formalin for hematoxylin
and eosin (HE) staining, and the skin specimens were fixed in Bouin’s
solution for Masson’s trichrome (MT) staining. All skin specimens were
viewed under a light microscope to evaluate collagen formation and
wound-healing processes.
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2.7.4. Collagen assay in wound area

Skin samples from the wound area were dried and ground into
powder. Ten percent pepsin was mixed with the skin sample powder and
incubated at 4 °C overnight for protein extraction. A QuickZyme
collagen assay kit was applied for collagen quantitation.

2.7.5. Quantitation of blood vessels and follicles in the wound area

Skin samples for blood vessel staining (von Willebrand factor, vWF)
staining were fixed in normal 10 % buffered formalin. Blood vessel and
follicle numbers were counted in 0.15 cm? specimens.

2.8. Statistical analysis

The results are presented as the mean standard deviation. Statistical
analysis was conducted using Student’s t-test or one-way analysis of
variance followed by a post hoc Fisher’s least significant difference test
for multiple comparisons. Levels of statistical significance were set at p
< 0.05.

3. Results and discussion
3.1. In-vitro bioactive assay of LK

3.1.1. LK increased cell proliferation

The effect of LK on cell viability was assessed using the MTT assay.
LK concentrations below 100 pg/mL did not exhibit any toxic effects on
1929 fibroblasts, human umbilical vein endothelial cells (HUVECs), and
Raw 264.7 macrophages (Fig. 1). Furthermore, LK demonstrated the
ability to enhance the proliferation of L929 cells within the range of
0.0001-0.1 pg/mL and promote the proliferation of HUVECs within the
range of 0.01 and 100 pg/mL. However, LK did not demonstrate the
ability to enhance the proliferation of RAW 264.7 macrophages within
the range of 0.0001-0.1 pg/mL (Fig. 1).

3.1.2. LK accelerated the two-dimensional (2D) migration of L929 cells
The wound-healing assay is a widely used laboratory technique
employed to investigate the collective migration of cells in a 2D setting.
To initiate the assay, a gap was deliberately formed using the Ibidi
culture system. Subsequently, the 1929 cells were introduced into the
wells and cultured for 24 h, followed by exposure to various concen-
trations of LK (Fig. 2A). Notably, LK at a concentration of 0.1 pg/mL

250 -+

I L929 [ HUVEC [ ]RAW 264.7

Fkk

35200

150 -+

100 -

Cell proliferation (%

0 0.00010.001 001 01 1 10 100
LK concentration (ng/ml)

Fig. 1. Bar graph illustrates the cell viability of L929, HUVEC, and RAW 264.7
after a 2-day culture with various concentrations of lumbrokinase. Asterisks
indicate statistically significant differences (*p < 0.05; **p < 0.01; ***p <
0.001) as compared with the group of 0 pg/ml LK.
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exhibited the highest efficacy in promoting the migration of L929 cells.
This concentration significantly reduced the initial gap area by
approximately 26 % (Fig. 2A).

3.1.3. LK promoted angiogenesis in HUVECs

Tube-formation assay is a rapid and quantitative method used to
evaluate the effect of a substance on angiogenesis and the formation of
new blood vessels. As shown in Fig. 2B, HUVECs were cultured on
Matrigel and exposed to various LK concentrations. Remarkably, when
the HUVECs were treated with LK concentrations ranging from 0.1 to 10
pg/mL, they exhibited enhanced ability to form cell-cell networks, thus
resulting in increased tube formation compared with that in the control
group. Several vital parameters were measured to comprehensively
analyze the dose-response relationship of LK-induced HUVEC tube for-
mation, including the cell coverage area, total tube length, branch
points, loop number, and vessel number (Fig. S1). Notably, at a con-
centration of 0.1 pug/mL, LK substantially increased the cell coverage
area by 72.3 % (Fig. S1A), the total tube length by 40.7 % (Fig. S1B), the
number of branch points by 50 % (Fig. S1C), the loop number by 187.5
% (Fig. S1D), and the vessel number by 33.4 % (Fig. S1E). The effects of
0.1 pg/mL LK on angiogenesis were similar to those of higher LK con-
centrations (1 and 10 pg/mL), as indicated by the results, which were
similar to those of the control group. These findings suggest that even at
relatively low concentrations, LK possesses significant angiogenic
properties and can effectively induce the formation of HUVEC tube
networks.

3.1.4. LK exhibited prominent anti-inflammatory effects

The anti-inflammatory properties of LK were evaluated by examining
the production of IL-6 and TNF-a in RAW 264.7 macrophages. Following
stimulation with lipopolysaccharide, RAW 264.7 cells were treated with
varying concentrations of LK. The results revealed that LK at a concen-
tration of 0.1 pg/mL reduced IL-6 production by 26.53 % (Fig. 2C) and
TNF-a production by 24.14 % (Fig. 2C). These findings indicate that 0.1
pg/mL of LK exhibit significant anti-inflammatory effects in RAW 264.7
macrophages. Furthermore, LK at a concentration of 0.1 pg/mL
demonstrated no cytotoxicity toward L929 fibroblasts, HUVECs, and
RAW 264.7 macrophages. Additionally, this concentration of LK pro-
moted cell proliferation and tube formation, as well as exerted anti-
inflammatory effects. Consequently, 0.1 pg/mL was selected as the
optimal concentration of LK for subsequent investigations, as it yielded
favorable biological effects without causing harm to the cells under
investigation.

3.2. Electrospinning and parameter optimization for GLK membranes

3.2.1. Flow rate

The flow rate is crucial in determining the diameters of the nano-
fibers during electrospinning. In this study, gelatin nanofibers incorpo-
rating LK were electrospun with a tip-to-collector distance of 10 cm and
an electric potential of 20 kV. The flow rates used were 0.1, 0.4, and 0.8
mL/h. The morphology of the GLK nanofibers was observed using
scanning electron microscopy (SEM) (Fig. 3A). Interestingly, regardless
of the flow rate, the average fiber size was consistently ~100 nm
(Table S1). At low flow rates (0.1-0.4 mL/h), the electrospun fibers
appeared cylindrical and exhibited a uniform structure. However, when
the flow rate was increased to 0.8 mL/h, beaded fibers were formed.
Therefore, after considering manufacturing efficiency, a flow rate of 0.4
mL/h was determined to be the optimal electrospinning condition for
GLK. This flow rate yielded uniform cylindrical fibers, which are desir-
able for further applications.

3.2.2. Fabrication time

To investigate the effect of fabrication time on the physical proper-
ties and drug release rate of the nanofibers, two types of gelatin mem-
branes containing LK were electrospun for different durations: 1 h
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Fig. 2. Effects of LK on wound-healing, angiogenesis, and anti-inflammation. (A) A two-dimensional cell migration (wound-healing) assay was performed using
1929 cells cultured with various concentrations of LK for 4 h. A representative image of six experiments is shown for each group. (B) The effect of LK on in vitro
angiogenesis was evaluated with a HUVEC tube formation assay. The tube formation after treatment with different concentrations of LK was microscopically
compared. (C) The effect of LK on anti-inflammation was evaluated with ELISA assay. IL-6 and TNF-a production were measured by ELISA assay. RAW 264.7
macrophages were cultured with 1 pg/ml LPS and different concentrations of LK for 2 days. Asterisks indicate statistically significant differences (***p < 0.001) as

compared with the group of 0 pg/ml LK.

(GLK1) and 2 h (GLK2). The addition of LK did not appear to alter the
properties of the gelatin nanofibers, as confirmed via FTIR analysis. The
FTIR spectra of the G1 and GLK1 membranes exhibited similar absorp-
tion peaks (Fig. S2); this suggests that the incorporation of LK did not
significantly affect the molecular structure of the gelatin nanofibers.

In the 48-h swelling ratio assay, GLK1 exhibited a maximum swelling
ratio of 51.7 %, whereas, GLK2 exhibited 96.6 % (Fig. 3B). Moreover,
after 14 d of soaking, the degradation rates of GLK1 and GLK2 were 48
+ 1.5 % and 57 + 2.7 %, respectively (Fig. 3C). As compared to GLK1,
GLK2 had larger swelling ratio, which is primarily attributed to high
water absorption capacity of the membrane with a lower cross-linking
density. This result was confirmed via a ninhydrin assay, which
revealed that GLK2 possessed a lower cross-linking degree (Fig. 3D),

thus resulting in increased swelling and degradation rates. The degra-
dation rate significantly affected the drug-release efficiency. Therefore,
an indirect enzyme-linked immunosorbent assay (ELISA) was employed
to assess the drug release over 14 d. LK was mixed directly with the
polymer solution prior to electrospinning, and cross-linking was per-
formed on the resulting nanofibers. The total drug loading content was
20 pg per sample. As LK was incorporated before cross-linking, the cross-
linking duration did not affect the drug-loading content. After 24 h of
soaking, the LK release concentrations from GLK1 and GLK2 were
measured to be 0.75 and 2.89 pg/mL, respectively. Over 14 d, the cu-
mulative release concentrations of LK from GLK1 and GLK2 were
0.75-1.2 and 2.89-5.88 pg/mL, respectively (Fig. 3E).

Based on the in-vitro results, LK concentrations within the range of
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Fig. 3. Characterization of GLK membranes. (A) Scanning electron microscopy (SEM) images of electrospun GLK membranes. The control represents gelatin
nanofiber electrospun morphology at a 0.1 ml/h flow rate. The morphology of GLK membranes electrospun at flow rates of 0.1, 0.4, and 0.8 ml/h. Bars: 1 pm. (B)
swelling ratio, (C) degradation rate, (D) cross-linking degree, and (E) cumulative drug release profile of GLK1 and GLK2 membranes. Asterisks indicate statistically

significant differences (**p < 0.01) as compared with the group of 1 day.

0.1-1 pg/mL performed favorably in terms of 2D migration, tube for-
mation, and anti-inflammatory assays. Additionally, the drug-release
assay results demonstrated that the GLK membranes fabricated for 1
and 2 h released effective drug concentrations. Therefore, further in-
vestigations were conducted to determine the optimal fabrication time
for the GLK1 and GLK2 membranes.

3.3. In-vitro cytocompatibility and functional analyses of GLK1 and
GLK2 membranes

3.3.1. GLK membranes exhibit good cytocompatibility

Following a 2-D co-culture of L929 cells with GLK1 and GLK2, the
cytocompatibility of these materials was assessed using the MTT assay.
The results confirmed that GLK1 and GLK2 exhibited cytocompatibility

toward L1929 cells. Notably, GLK1 substantially promoted L929 cell
proliferation (by up to 100 %). This increase was greater than that
observed for GLK2 (Fig. 4A).

3.3.2. GLK1 membranes increase the production of type-I collagen and
matrix metalloproteinase 1 (MMP-1)

All tested membranes, including gelatin membranes electrospun for
1 h (G1), 2 h (G2), GLK1, and GLK2, stimulated type-I collagen pro-
duction in co-cultured L929 cells. Notably, L929 cells co-cultured with
GLK1 exhibited a remarkable 12-fold increase in type-I collagen pro-
duction compared with that in the control group (Fig. 4B). The levels of
MMP-1 in the supernatants were assessed using an ELISA. As shown in
Fig. 4B, GLK1 and GLK2 reduced MMP-1 production by 15.2 % and 18.4
%, respectively. Consequently, GLK1 outperformed GLK2 in most in-
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differences (*p < 0.05) as compared with the group of 2 h. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

vitro bioactive assays. Therefore, GLK1 was selected for subsequent 3.4. In-vitro assays of cells co-cultured with GLK1 membrane
studies as it exhibited more favorable outcomes with respect to
increased type-I collagen production and decreased MMP-1 levels. 3.4.1. GLK1 membrane supported L929 cell adhesion

Fig. 5A presents the SEM images of L929 cells co-cultured with
control, G1, and GLK1 membranes. The control group exhibited round
fibroblasts with unsatisfactory attachment, thus indicating a reduced
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***p < 0.001) as compared with control group.

degree of cell adhesion (Fig. 4C). By contrast, 1929 cells showed
improved spreading and adhesion to the G1 membrane (Fig. 4C). Cells
cultured with GLK1 showed extensive spreading and better adhesion
(Fig. 4C). SEM analysis of L929 cell cultures revealed that the G1 and
GLK1 membranes supported cell adhesion, thus promoting the growth of
densely populated cells.

3.4.2. GLK1 membrane promoted the penetration of L929 cells

Fig. 4D and E shows photographs of immunohistochemical staining
conducted on L929 cells cultured on G1 and GLK1 membranes and a
quantitative comparison between them. Upon seeding onto the mem-
branes, L929 cells were counterstained with DAPI for precise quantita-
tive analysis (shown in blue). Interestingly, L929 cells exhibited a
broader distribution in terms of depth (ranging from 2 to 10 pm) within
the GLK1 membranes, whereas their growth within the G1 membranes
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was confined to depths of 4-8 pm (Fig. 4E). The more comprehensive
range of depths observed in the GLK1 membranes suggests that the cells
favored this environment, thereby indicating a potentially more
conducive cell-substrate interaction and enhanced growth.

3.4.3. GLK1 membrane accelerated HUVEC proliferation

Following a 2-d co-culture period with G1 and GLK1 membranes, the
proliferation rate of HUVECs was evaluated using the MTT assay. The
proliferation of HUVECs cultured with G1 and GLK1 membranes
exhibited a 36.8 % and 73.7 % increase, respectively, compared with
that in the control group (Fig. 5A). These results indicate that the G1 and
GLK1 membranes promoted the proliferation of HUVECs.

3.4.4. GLK1 membrane increased vascular endothelial growth factor
(VEGF) production in HUVECs

V The VEGF is crucial in promoting the proliferation of vascular
endothelial cells. Consequently, the VEGF levels were assessed in the
culture medium and lysates of HUVECs (Fig. 5B) using an ELISA kit. The
VEGF production in the medium and cell lysates increased significantly
by 67.6 % and 84.1 %, respectively, compared with that in the control
group. These findings indicate that the release of LK from the GLK1
membrane promoted the proliferation of, and enhanced VEGF produc-
tion in, HUVECs.

3.4.5. GLK1 membrane promoted the three-dimensional (3D) migration of
HUVECs

A Transwell migration assay was employed to evaluate the vertical
migration of HUVEGCs; this technique serves as an in-vitro method to
assess the chemotactic capability of substances. HUVECs were placed in
the upper compartment and allowed to migrate through the pores of the
membrane into the lower compartment, where G1 and GLK1 mem-
branes were present. The number of cells that successfully migrated to
the lower side was quantified using hematoxylin and eosin (HE) staining
(Fig. 5C). The G1 and GLK1 membranes exhibited a higher degree of
attraction for the migrated cells in the lower compartment than the
control samples. The levels of GLK1 membranes increased significantly
by 210 % and 47.6 % in the migrated cells compared with the levels of
the control and G1 membranes, respectively. These findings indicate
that the addition of LK enhanced the chemotactic attraction of HUVECs,
as evidenced by the increased migration ability observed for the GLK1
membrane.

3.4.6. GLK1 attenuated LPS-induced inflammation in-vitro

The co-culture of RAW 264.7 macrophages with G1 and GLK1
membranes yielded noteworthy findings regarding cell viability. Fig. 5D
illustrates a significant decrease in cell viability (by 30 %), thus high-
lighting the effect of these membranes on the health of the RAW 264.7
macrophage. Furthermore, we evaluated the anti-inflammatory poten-
tial of these membranes using cytokine ELISAs on LPS-stimulated RAW
264.7 macrophages. The results showed the stimulatory anti-
inflammatory effects of the G1 and GLK1 membranes. Specifically,
treatment with G1 membranes substantially reduced IL-6 production by
43.8 %, as shown in Fig. S5E. Meanwhile, the GLK1 membranes
demonstrated even greater efficacy, reducing IL-6 production by 53.5 %.
These findings provide compelling evidence for the anti-inflammatory
properties of both the G1 and GLK1 membranes.

In addition to IL-6, the production of TNF-o, which is another pro-
inflammatory cytokine, was examined. The result shows that the G1
membranes decreased TNF-o production by 21.6 %, whereas the GLK1
membranes reduced TNF-a production to a greater extent (40.9 %).
These data, as presented in Fig. 5E, underscore the potent anti-
inflammatory characteristics of the GLK1 membrane in attenuating
LPS-induced inflammation in RAW 264.7 macrophages. Additionally,
these results indicate that both the G1 and GLK1 membranes possess
remarkable anti-inflammatory properties. The GLK1 membrane, in
particular, exhibited robust efficacy in reducing IL-6 and TNF-a
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production, thus suggesting its potential as a valuable therapeutic
intervention in mitigating inflammatory responses.

3.5. In-vivo wound-healing ability of GLK1 in a rat model

3.5.1. GLK1 membrane promoted wound-closure rate

The wound-closure rate serves as a critical indicator for evaluating
wound-healing progress. Fig. 6A presents the macroscopic appearance
of wound areas that received treatments, including G1, GLK1, Com-
feel®, and gauze (control). The wounds were allowed to undergo repair
for 21 d. During the first week of treatment, distinct variations in wound-
recovery rates were observed among the different treatment groups. A
quantitative comparison of the wound-closure rates after various treat-
ments is shown in Fig. 6B. The wounds treated with the G1 membrane
exhibited a recovery rate of 61.1 %. Comparatively, the GLK1 membrane
showed a slightly lower but notable recovery rate of 42.7 %. Meanwhile,
the Comfeel® and gauze treatments indicated recovery rates of 32.2 %
and 23.8 %, respectively. These findings suggest that the GLK1 mem-
brane outperformed the other membranes in terms of initial wound
closure.

After 14 d of treatment, the wounds treated with the G1 membrane
continued to demonstrate promising progress, reaching a recovery rate
of 80.7 %. Similarly, the GLK1 membrane exhibits a reasonable recovery
rate of 74.1 %. By contrast, the Comfeel® and gauze treatments showed
lower recovery rates of 70.1 % and 66.6 %, respectively. After the third
week of treatment, the wounds treated with the G1 membrane indicated
a significant recovery rate of 86.1 %. The GLK1 membrane maintained a
stable recovery rate of 78.3 %. Meanwhile, the Comfeel® and gauze
treatments exhibited slightly lower recovery rates of 76.6 % and 76.8 %,
respectively. These findings, as presented in Fig. 6B, emphasize the su-
perior performance of the G1 and GLK1 membranes in promoting wound
closure. Notably, the GLK1 membrane treatment consistently demon-
strated better recovery rates than the other treatments, thereby
demonstrating its potential to serve as an effective therapeutic option for
facilitating wound healing over three weeks.

3.5.2. GLK1 membrane promoted neogenesis of hair follicles

We performed HE staining to quantify neogenic hair follicles for
histological examination, as illustrated in Fig. 6C. Hair follicles
contribute significantly to skin regeneration, particularly wound repair.
Our findings revealed that at days 14 and 21, the wound area treated
with GLK1 exhibited the highest number of hair follicles, as depicted in
Fig. 6D. This suggests the beneficial effect of GLK1 treatment on pro-
moting hair follicle formation during wound healing.

3.5.3. GLK1 membrane accelerated wound recovery

Skin injuries typically cause the epidermal thickness to increase
temporarily, which is primarily attributed to keratinocyte proliferation
and delayed differentiation. As wound healing progresses, the epidermal
thickness gradually reverts to its normal state. Histological examinations
were performed using HE staining to evaluate changes in epidermal
thickness. Our extensive histological analysis provided intriguing in-
sights into the effects of different treatment groups on epidermal repair.
Notably, the histological findings depicted in Fig. 6E indicate that the
new epidermal thickness in the G1 and GLK1 treatment groups was
thinner than that observed in the control group. This observation sug-
gests that the G1 and GLK1 groups had progressed to the late stage of
epidermal repair. Furthermore, the epidermal thickness in the GLK1
treatment group was almost restored to normal levels (55 pm) by the
third week, thus signifying significant advancements in wound healing.

3.5.4. GLK1 membrane accelerated blood-vessel formation

During wound healing, angiogenic capillary sprouts emerge and
swiftly organize into a microvascular network within the granulation
tissue for a few days. We performed vWF staining to assess blood-vessel
formation, as illustrated in Fig. 7A. Our analysis revealed a distinct
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pattern of blood-vessel numbers within the treated wound areas. Spe- examined the presence of proteins such as epidermal growth factor
cifically, the GLK1 treatment group exhibited a higher number of blood (EGF), transforming growth factor p1 (TGF-p1), and VEGFA. Fig. 8A il-
vessels compared with that in the other treatment groups; during the lustrates the results of the Western blot analysis. The ratios of EGF
first week of observation, a significant increase in blood vessel number protein band areas were determined and are presented in Fig. S3A. The

(by 90.9 %) was observed in the GLK1 treatment group compared with GLK treatment resulted in a significant increase (52.03 %) in the EGF
that in the control group (Fig. 7B). These findings suggest that GLK1 protein levels by day 14 (p < 0.05), compared with that in the control

treatment enhances angiogenesis by promoting the formation of new group. Fig. S3B highlights the effect of GLK-membrane treatment on
blood vessels during the early stages of wound healing. VEGFA production in the wound area. Specifically, 136.2 % and 75.7 %
increases in VEGFA production were observed on days 7 and 14,

3.5.5. GLK1 membrane increased type-I collagen levels in wound areas respectively, compared with that in the control group. The ratios of TGF-
Skin specimens were subjected to different membrane treatments for B1 protein band areas are depicted in Fig. S3C. After GLK treatment, the
7,14, and 21 d. We employed MT staining, which stains collagen fibers TGF-f1 protein levels increased substantially by 131.1 % (p < 0.05) and
blue, to assess collagen levels. Fig. 7C shows our findings, which indicate 112 % (p < 0.05) on days 7 and 14, respectively, compared with those in
that wounds treated with G and GLK membranes exhibited higher the control group. Furthermore, Smad-2 protein was observed on day 14
collagen levels than those treated with other types of wound dressings after GLK treatment (Fig. S3D). The levels of Smad-2, which is a
on days 14 and 21. Notably, the wound area treated with the GLK signaling protein associated with wound healing, increased significantly

membrane showed the highest production of type-I collagen. The GLK- on day 14 after GLK treatment.

membrane treatment increased the collagen contents significantly by

11.9 %, 149.9 %, and 345.4 % on days 7, 14, and 21, respectively, 3.5.7. In-vivo treatments with GLK membrane reduced the protein levels of
compared with those in the control group. These findings suggest that the pro-inflammatory cytokines IL-6 and TNF-a in wounds

the GLK-membrane treatment promotes collagen synthesis during Fig. 8B shows that the IL-10 levels in the GLK-treated specimens
healing, thus potentially facilitating wound repair. increased by 26 % (p < 0.05) on day 14; this suggests the potential role
of GLK in promoting the formation of a regenerative environment. As

3.5.6. GLK1 membrane increased the EGF, TGF-$1, and VEGFA protein shown in Fig. 8C, treatment with the GLK membrane reduced the TNF-a
levels in wounds levels substantially by 49 % (p < 0.05) and 50.1 % (p < 0.05) on days 7
Growth factors represent intracellular signaling, which coordinates and 14, respectively. The beneficial effects of GLK treatment were
complex wound-healing sequences. To investigate the effects of various further supported by the quantification of the anti-inflammatory cyto-
treatments, we performed Western blot analysis on wounds and then kine IL-10 using an ELISA, which is known to facilitate tissue

10
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regeneration by regulating the inflammatory response. Furthermore, the
application of G and GLK membranes to wounds significantly reduced
the levels of the pro-inflammatory cytokine IL-6 (Fig. 8D): on day 7, the
IL-6 levels decreased by 14 % and 14.5 % (p < 0.05), respectively, and
on day 14, the levels decreased by 7.5 % and 12.5 % (p < 0.05),
respectively.

As previously reported [27], the observed enhancements in angio-
genesis, collagen production, and growth-factor stimulation may be
attributed to several interconnected mechanisms. LK can accelerate
hydroxyproline synthesis and TGF-p secretion, which are vital to
collagen synthesis, angiogenesis, and fibroblast proliferation. Addi-
tionally, LK facilitates the removal of necrotic tissues and foreign bodies
by promoting the production of IL-6, white-blood cells, and platelets.
This activity likely enhances the local immunity, reduces the risk of
infection, and creates a conducive environment for wound repair and
regeneration.

4. Discussion

The swiftness and efficacy of skin wound healing are crucial for
expediting recovery and minimizing potential complications. Dressing is
typically applied to wounds to shield them from further harm, create a
moist environment that fosters healing, and manage the risk of infection.
Nanofiber wound dressings offer several advantages over conventional
wound dressings. In particular, they possess a high surface-area-to-
volume ratio, exhibit a highly porous structure, and can be customized
to possess specific attributes, such as antimicrobial properties or the
ability to release growth factors that facilitate healing [28,29]. In the
present study, we systematically evaluated the optimum concentration
of LK and the ideal parameters for electrospinning to develop a GLK
membrane with the highest medical efficacy. Moreover, we assessed the
bioactive effects of GLK membranes on wound healing using both
in-vitro and in-vivo rat models.

To determine the optimal concentration of LK, various assays were
conducted to assess its effects on the proliferation and 2D migration
ability of cells and anti-inflammatory properties. The results indicated
that a low LK concentration range (0.1-1 pg) stimulated the prolifera-
tion of L929 cells and HUVECs, thus enhancing tube formation. Angio-
genesis, i.e., the formation of new blood vessels, is crucial for delivering
oxygen and nutrients to the site of injury and facilitating tissue regen-
eration [30]. Earthworm extracts have been shown to promote burn
wound healing through angiogenesis and endothelium regeneration [5].
In this study, we provide the first evidence that LK, which is a compo-
nent of earthworm extract, promotes proliferation and angiogenesis in
HUVECs.

LK concentrations of 0.1 and 1 pg/mL were evaluated in these assays.
Based on the findings, 0.1 pg/mL was identified as the optimal con-
centration for subsequent investigations. Previous studies have high-
lighted the benefits of low LK concentrations (<1 pg) in promoting skin
wound healing and increasing the viability and mobility of osteoblasts
[31].

Gelatin nanofibers are promising as a drug-delivery system, pri-
marily owing to their desirable properties, such as biocompatibility,
biodegradability, and customizable characteristics. These nanofibers
can be customized to regulate drug-release kinetics, thereby enabling
sustained or targeted delivery. Once applied to the wound site, GLK
nanofibers initially serve as a supportive matrix for skin regeneration by
facilitating cellular attachment and tissue repair. Over time, GLK is
gradually degraded and absorbed in the wound site for healing. Specific
parameters were controlled during electrospinning to achieve gelatin
nanofibers containing LK. The tip-to-collector distance was set at 10 cm
to ensure an optimal setup. The electric potential applied during this
process was maintained at 20 kV. Uniform nanofibers exhibiting an
average fiber size of 79.3 + 23.9 nm were successfully fabricated by
maintaining a flow rate of 0.4 mL/h. This demonstrates the effectiveness
of electrospinning in generating consistent and well-defined gelatin
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nanofibers for drug-delivery applications.

Two GLK membranes, i.e., GLK1 and GLK2, were prepared by
varying the electrospinning time (1 and 2 h). The degradation profiles of
both membranes indicated that they achieved satisfactory cross-linking
networks. However, a longer fabrication time for GLK2 resulted in a
thicker membrane and a lower cross-linking rate. GLK2 exhibited the
highest swelling ratio after 12 h of soaking. The swelling and degrada-
tion properties of the nanofibers contributed significantly to the regu-
lation of the drug-release rate. Upon immersion in an aqueous
environment, the nanofibers absorbed water and swelled, thus facili-
tating drug diffusion (i.e., LK) from the matrix. Simultaneously, the
degradation of the nanofibers, which was driven by hydrolytic or
enzymatic processes, contributed to a sustained release via the gradual
disintegration of the polymer matrix. These two processes operated
synergistically. While the swelling phase facilitated a rapid initial
release to address acute therapeutic demands, the degradation phase
provided a prolonged release to maintain effective drug concentrations
and support long-term biological processes such as collagen production,
angiogenesis, and anti-inflammatory responses.

Nevertheless, GLK1 and GLK2 demonstrated the ability to release
effective drug concentrations in the drug-releasing assays. Further in-
vitro functional analyses were performed on the GLK1 and GLK2
membranes to identify the most appropriate electrospinning time for
achieving the desired characteristics and performance. In our study,
GLK1 and GLK2 were fabricated via electrospinning for 1 and 2 h,
respectively. The shorter electrospinning duration of GLK1 may have
resulted in a less robust matrix structure, which may have been insuf-
ficient to sustain the gradual increase in LK release over extended
soaking periods, thus potentially causing the observed release plateau.
By contrast, the longer electrospinning duration of GLK2 may have
created a more stable and larger storage capacity within the matrix,
thereby facilitating the prolonged and increased release of LK with an
extended soaking time.

As a result of co-culturing L929 cells with GLK1 and GLK2 for 2 d,
GLK1 significantly enhanced cell proliferation and enhanced the pro-
duction of type-I collagen to the greatest degree. Collagen is vital to
wound healing and type-I collagen is crucial for skin wound recovery
[32]. The co-culture of L929 cells with GLK1 resulted in a more efficient
production of type-I collagen than that observed after the co-culture
with GLK2. During wound healing, the degradation of native type-I
collagen is regulated by proteinases such as MMPs [33]. Among these
enzymes, MMP-1 is critical in controlling inflammatory responses. Its
primary function is to degrade and remodel the ECM. Although MMP-1
is essential for the proper progression of the inflammatory response, the
excessive or prolonged activity of MMP-1 can have detrimental effects
[34,35]. Thus, the activity of MMP-1 must be strictly regulated to pre-
vent excessive ECM degradation, which can hinder wound healing or
result in abnormal scarring [36]. After co-culturing L929 cells with
GLK1, the MMP-1 production was found to have decreased by 15.2 %.
This suggests that GLK1 decelerates collagen breakdown and promote
wound healing by mitigating excessive MMP-1 activity. Based on the
results of the type-I collagen and MMP-1 assays, GLK1 exhibited favor-
able properties and appeared to be more suitable for our specific
approach in facilitating effective wound healing.

SEM analysis revealed that 1929 cells effectively populated the G1
and GLK1 membranes. Moreover, a comparison of cell morphology
under each condition indicated that fibroblast cells transitioned from a
round to an elongated shape, and that the growth of filopodia and
lamellipodia in L929 cells co-cultured with GLK1 was comparable to
that co-cultured with G1. These results suggest that the inclusion of LK in
the gelatin nanofibers did not compromise the biocompatibility but
promoted cellular adhesion. Additionally, cells that were not in direct
contact with the membrane surface penetrated the GLK1 membrane.
Based on a 3D cell-density evaluation, the cells penetrated deep into the
GLK1 membrane (Fig. 6D). This suggests that the GLK1 membrane
created a favorable environment for fibroblast cell adhesion and
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penetration owing to its suitable nanofiber and pore size. The composite
structure of the GLK1 membrane facilitated cellular interactions and
migration, thus enhancing its potential as a suitable scaffold for wound-
healing applications.

Angiogenesis, which involves the formation of new blood vessels,
contributes significantly to the efficient healing of wounds. Endothelial
cell migration is a key aspect of angiogenesis. This migration process is
strictly regulated by pro-angiogenic factors, with the VEGF being a
critical regulator of endothelial cell migration. In an in-vitro assay, GLK1
effectively released LK, which promoted the proliferation of, and VEGF
production in, HUVECs, thereby promoting their migration ability.
Through mechanisms involving phosphatidylinositol 3-kinase and the
small GTPase Rac-1, the VEGF increased EC permeability, stimulated
proliferation, and promoted migration. Additionally, mitochondria-
generated reactive oxygen species have been implicated in the regula-
tion of VEGF-induced endothelial cell migration [37,38].

Inflammatory responses are intrinsic to the body’s natural reaction to
injury; however, excessive inflammation can impede healing. Cytokines
are key in the regulation of wound healing. Pro-inflammatory cytokines,
such as IL-6 and TNF-q, are essential in wound healing and can serve as
inflammatory biomarkers [39,40]. Treatment with GLK1 notably
attenuated LPS-induced IL-6 and TNF-a production in RAW 264.7
macrophages, as well as surpassed other treatments. These findings
provide evidence for the anti-inflammatory effects of the GLK1 mem-
brane. By modulating the levels of pro-inflammatory cytokines, GLK1
may contribute to a favorable inflammatory response and promote
proper wound healing.

Based on the co-culture experiments, the GLK1 membrane might
have promoted wound healing, angiogenesis, and anti-inflammatory
effects. We conducted in-vivo assessments using an SD rat model with
wounds to further evaluate its therapeutic effects. The results showed
that applying GLK1 membranes resulted in the regeneration of hair
follicles, the enhanced formation of blood vessels, increased production
of type-I collagen, and accelerated wound closure in the wound area.
Hair follicles are complex structures in the dermal layer of the skin that
is crucial in wound healing. Upon injury, the activation and migration of
epidermal stem cells from hair follicles contribute to wound re-
epithelialization. Additionally, the formation of new blood vessels is
vital for wound healing as it enhances blood circulation, nutrient supply,
and cellular migration to the damaged area, thus ultimately promoting
wound recovery. Macroscopic observations revealed that the GLK1
treatment resulted in the highest wound closure rate as compared with
the control group, G1 membrane, and Comfeel® dressing.

Furthermore, at the molecular level, the GLK1 treatment increased
the protein levels of EGF, TGF-p1, VEGFA, and interleukin-10 (IL-10).
EGF is a crucial regulator of epithelial cell motility and affects the
epithelialization rate [41]. TGF-pl1 promotes angiogenesis and the
migration of endothelial progenitor cells to facilitate blood supply to the
wound site. Furthermore, it significantly affects the initiation of
inflammation, granulation tissue formation, collagen formation, and
wound contraction [42,43]. VEGF-A, which is a member of the VEGF
family, stimulates angiogenesis and contributes significantly to wound
closure, epidermal repair, granulation tissue formation, and the overall
quality of wound healing [44]. After 14 d of treatment, only the GLK1
treatment resulted in a significant increase in the Smad-2 protein levels.
Smad-2 participates in the TGF-p signaling pathway and modulates
various cellular processes, including inflammation, cell migration, pro-
liferation, extracellular matrix production, and angiogenesis. By coor-
dinating these processes, Smad-2 promotes efficient wound repair [45,
46]. The ability of IL-10 to promote regenerative healing may stem from
its pleiotropic effects, which include modulating the inflammatory
response and regulating the extracellular matrix, fibroblast function,
and endothelial progenitor cells [47]. Molecular evidence suggests that
GLK membranes release therapeutically active components that facili-
tate wound healing. The in-vivo assays confirmed that GLK1 treatment
reduced the levels of the pro-inflammatory cytokines IL-6 and TNF-a in
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the wounds.

While various bioactive agents, such as vascular endothelial growth
factor (VEGF) and epidermal growth factor (EGF), have been widely
utilized in wound healing applications, they primarily function in the
stimulation of specific cellular pathways to enhance tissue regeneration.
However, LK offers a distinct advantage due to its dual functionality in
both anti-inflammation and angiogenesis promotion. This unique
mechanism allows LK to not only mitigate excessive inflammation
during healing process, but also facilitate neovascularization, tissue
oxygenation, and nutrient supply. It is generally recognized that growth
factor-based therapies often require careful dosing and stability con-
siderations. Unlike this treatment, the use of GLK nanofiber dressings for
skin regeneration provides a sustained and localized therapeutic effect,
making them a promising alternative to maintain stable wound man-
agement. This comparison highlights the potential of GLK as a multi-
functional wound dressing material with advantages over conventional
drug-based approaches. In conclusion, the GLK membrane exhibited
notable wound healing effects on local wounds in rats. It accelerated
wound healing, reduced inflammation-related damage, and functioned
through mechanisms involving the enhancement of the secretion of EGF,
TGF-f1, and VEGFs; further, it enhanced collagen production, angio-
genesis, and fibroblast proliferation, ultimately promoting wound
healing.

5. Conclusions

In the present study, we investigated the potential of gelatin nano-
fiber wound dressings loaded with LK to enhance wound healing. GLK
membranes exhibited favorable characteristics such as controlled
release of LK, stimulation of cell proliferation, augmentation of collagen
production, promotion of angiogenesis, and anti-inflammatory effects.
Among the different electrospinning times tested, the GLK1 membrane
fabricated under a 1-h electrospinning duration demonstrated optimal
results in terms of cell proliferation, collagen production, and inhibition
of MMP-1 activity. Additionally, it exhibited excellent biocompatibility
by facilitating fibroblast-cell adhesion and penetration. In-vitro experi-
ments confirmed the release of LK by GLK1, which promoted VEGF
production and endothelial cell migration. Additionally, GLK1 demon-
strated anti-inflammatory effects by reducing the levels of IL-6 and TNF-
o in macrophages. Based on an in-vivo rat model, treatment with GLK1
resulted in accelerated wound closure, the neogenesis of hair follicles,
the formation of blood vessels, and increased levels of EGF, TGF-f1,
VEGFA, IL-10, and Smad-2 proteins associated with wound healing.
Beyond demonstrating the biological efficacy of GLK membranes, this
study highlighted the scientific advancements and innovative fabrica-
tion strategies underlying LK-loaded nanofiber wound dressings. The
use of electrospinning to control fiber morphology, drug loading, and
release kinetics is a significant step forward in the design of bioactive
wound dressings. By fine-tuning the electrospinning parameters, GLK
membranes can achieve an optimal balance among mechanical stability,
biodegradability, and therapeutic efficacy. Furthermore, the incorpo-
ration of LK into nanofibrous scaffolds presents a novel approach for
integrating fibrinolytic, anti-inflammatory, and proangiogenic functions
within a single wound dressing. Overall, the GLK membrane incorpo-
rating LK exhibited marked potential to serve as a bioactive dressing for
enhancing wound healing, ameliorating inflammation, and promoting
angiogenesis. The findings of the present study will not only contribute
to the ongoing development of biomaterial-based wound dressings but
also provide insights into the future translational applications of GLK
membranes.
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