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Abstract: Severe skin damage poses a significant clinical challenge, as limited availability of
skin donors, postoperative skin defects, and scarring often impair skin function. Traditional
two-dimensional (2D) nanofibers exhibit small pore sizes that hinder cellular infiltration,
unable to simulate the three-dimensional (3D) structure of the skin. To address these issues,
we developed 3D porous nanofiber scaffolds composed of polycaprolactone–polylactic
acid–mussel adhesive protein (PLGA-PCL-MAP) using low-temperature electrospinning
combined with nano-spray technology. Meanwhile, this 3D scaffold features high porosity,
enhanced water absorption, and improved air permeability. The incorporation of mussel
adhesive protein (MAP) further increased the scaffold’s adhesive properties and biocom-
patibility. In vitro experiments demonstrated that the 3D nanofiber scaffolds significantly
promoted the adhesion, proliferation, and migration of epidermal keratinocytes (HaCaTs)
and human fibroblasts (HFBs), while providing ample space for inward cellular growth.
Successful co-culture of HaCaT and HFBs within the scaffold revealed key functional
outcomes: HaCaTs expressed keratinocyte differentiation markers CK10 and CK14, while
HFBs actively secreted extracellular matrix components critical for wound healing, includ-
ing collagen I, collagen III, and fibronectin. This skin substitute with a composite structure
of epidermis and dermis based on three-dimensional nanofiber scaffolds can be used as an
ideal skin replacement and is expected to be applied in wound repair in the future.

Keywords: mussel adhesive protein; low-temperature electrospinning; three-dimensional;
nanofiber scaffolds; skin substitutes

1. Introduction
Skin defects are very common in daily life [1]. When the skin is damaged due to

trauma or disease, the difficulty in wound healing and the formation of scars can seriously
affect the physical and mental health of patients and bring significant medical and economic
burdens [2]. Despite the progress made by traditional skin tissue engineering methods, they
are still unable to effectively deal with large-area injuries or produce full-layer grafts [3].
In recent years, 3D skin tissue substitutes have been prepared by electrospinning [4],
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bioprinting [5], freeze-drying [6], microfluidic chips [7], hydrogels [8], and other techniques.
Among them, electrospinning is a promising technology that can produce nanofibrous
scaffolds with very high surface area ratios, porous structures [9], and excellent mechanical
properties, whose structural and physical properties are similar to those of extracellular
matrices (ECMs) [10], as well as the adsorption of wound exudates and enhancement
of nutrient and waste transfer [11,12]. Electrospinning nanofiber scaffolds has become a
popular research topic for skin tissue engineering.

Conventional electrospinning scaffolds are limited to 2D structures, making it difficult
to mimic the human skin structure. Compared to traditional 2D scaffolds, 3D scaffolds
provide a better platform for cell-cell interactions, cell migration, and cell morphogenesis,
which are important for regulating cell cycle and tissue function [13,14]. With larger pores,
high porosity, and a 3.3-fold increase in water absorption compared to 2D membranes,
the scaffolds improved cell adhesion, proliferation, and migration and promoted early
re-epithelialization and in vivo sarcomeric tissue formation [15]. In recent decades, various
methods for preparing 3D nanofiber scaffolds have been reported, such as multilayer elec-
trospinning [16], template-assisted electrospinning [17], porous-doped electrospinning [18],
and post-processing electrospinning [19]. Yu et al. [15] prepared 3D nanofiber scaffolds
of polycaprolactone-polyethylene glycol-polycaprolactone using a composite process of
electrospinning, mechanical cutting, freeze-drying, and heat treatment. Park et al. [20]
used electrospinning to prepare novel 3D scaffolds composed of sericin proteins (SF) with
the addition of NaCl crystals and co-cultivated keratin-forming cells with fibroblasts in
SF scaffold culture to construct an artificial bilayer skin [20]. However, these methods
for preparing porous fiber materials are complex and require a large amount of organic
solvents. The pore diameters produced by these methods are uncontrollable and require
post-treatment, which limits their practical application.

Poly (lactic acid–glycolic acid) (PLGA) and polycaprolactone (PCL) are polyesters
approved by the U.S. Food and Drug Administration [21]. PLGA, as a polymeric material,
has good biocompatibility, biodegradability, and high mechanical strength [22]. Therefore,
PLGA is widely used in the field of regenerative medicine for wound repair, drug release,
and implantable bioscaffolds [23]. PCL is a biodegradable synthetic polymer with a low
melting point, good solubility, biocompatibility, stability, and good mechanical proper-
ties [24]. PLGA-PCL nanofibers are hydrophobic on the surface, and their lack of cell
adhesion sites on the surface and bottom of cell adhesion affects their migration, prolifera-
tion, and differentiation, and thus can be overcome by doping with other biomaterials [25].
MAP is derived from marine mussels [26], and MAP has become a widely used bio-glue
due to its strong adhesion to bioactive molecules, good biocompatibility with cells, and
low toxicity, anti-inflammatory, and antioxidant activities [27–29]. We compare the prop-
erties of materials commonly used in electrospinning (including synthetic polymers, and
biomaterials), as shown in Table S1 of Supplementary Materials [30,31]. Three-dimensional
nanofiber scaffolds can make up for the shortcomings of traditional scaffolds, such as poor
adhesion, low biocompatibility and mechanical strength, and promote the study of their
in vitro scaffold properties for skin tissue engineering applications [32].

In this study, we developed 3D porous nanofiber scaffolds composed of polycaprolactone–
polylactic acid–mussel adhesive protein (PLGA-PCL-MAP) using low-temperature electro-
spinning combined with nano-spray technology. Meanwhile, this 3D scaffold features high
porosity, enhanced water absorption, and improved air permeability, which were superior
to those of 2D scaffolds. The incorporation of mussel adhesive protein (MAP) further in-
creased the scaffold’s adhesive properties and biocompatibility. We successfully co-cultured
HFB and HaCaT cells on 3D nanofiber scaffolds used for preparing double-layer skin substi-
tutes. H&E and Masson staining of HaCaT and HFB cells cultured in 3D scaffolds showed
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that the cells could effectively penetrate the scaffold, and the immunofluorescent technique
revealed that HaCaT cells expressed keratin CK10 and CK14, the signature molecules of
epidermal cells. HFB cells successfully secreted collagen I, collagen III, and fibronectin.
This skin substitute with a composite structure of epidermis and dermis can be used as an
ideal skin replacement and promote wound healing.

2. Materials and Methods
2.1. Materials

PLGA (lactide/glycolide ratio of 50:50, MW = 100,000 Da), PCL (MW = 80,000 Da), and
1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) solution were purchased from Aladdin (Shanghai,
China). Phosphate-buffered saline (PBS), Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), and penicillin/streptomycin (P/S) were purchased from Solarbio
(Shanghai, China). Cell counting kit-8 (CCK-8) reagent was acquired from APExBIO
(Beijing, China). Live/dead staining reagents were obtained from Solarbio (Shanghai,
China). Phalloidin and 4′,6-diamidino-2-phenylindole (DAPI) were obtained from Solarbio
(Shanghai, China). The Masson dye kit was purchased from ASPEN (AS1042), and the
H&E staining kit was purchased from Solarbio (Shanghai, China). Mouse anti-cytokeratin
10 (CK10, 1:500 dilutions, Abcam, Cambridge, MA, USA). Mouse anti-cytokeratin 14 (CK14,
1:500 dilutions, Abcam). Anti-collagen I (ab21286, 1:200 dilutions, Abcam). Anti-collagen
III (ab7778, 1:200 dilutions, Abcam). Anti-fibronectin (ab2413, 1:200 dilutions, Abcam).
Goat anti-mouse secondary antibody (Thermo Fisher, Waltham, MA, USA). Goat anti-rabbit
secondary antibody (Thermo Fisher).

2.2. Preparation of PLGA-PCL-MAP 2D Nanofiber Scaffolds

First, a mass ratio of PLGA/PCL (15%:5%) was dissolved in HFIP solution and stirred
at 180 rpm for 5 h at room temperature until the PLGA-PCL solution was completely
mixed. Configure the MAP solution with 0%, 0.5%, 1%, and 2% mass ratios and add to the
above solution. The well-mixed PLGA-PCL-MAP solution was drawn into a 10 mL syringe
equipped with a 21 G metal needle. The syringe was mounted on the electrospinning
platform. The positive pole of the high-voltage power supply was connected to the metal
needle, and the negative pole was connected to the electrospinning receiving platform.
The parameters of electrospinning were set as follows: the positive voltage was 11 KV, the
negative voltage was 0 KV, the flow rate of the micro-syringe pump was 2 mL/h, and the
distance between the metal needle and the electrospinning receiving platform was 15 cm.
Electrospinning was performed at room temperature and 25–45% humidity. Finally, the
obtained PLGA-PCL-MAP 2D nanofiber scaffolds were oven-dried at 35 ◦C.

2.3. Preparation of PLGA-PCL-MAP 3D Nanofiber Scaffolds

As described above, the configured solution of PLGA/PCL/MAP was aspirated into
a 10 mL syringe, and the water reservoir of the nano-spray was filled with deionized
water and placed 20 cm from the electrospinning device. We adjusted the voltage to 15 kV,
shortened the distance between the needle and the low-temperature receiving plate to
about 10 cm, and adjusted the flow rate to 1 mL/h to avoid blockage caused by the increase
of solution viscosity at low temperature. When the temperature of the cryogenic cooling
device drops to −20 ◦C, the nano water sprayer is turned on, and the sprayer is aligned with
the cryogenic collection plate to ensure that the water vapor is deposited on the surface of
the cryogenic collection plate to form ice crystals. After 30 min, the prepared 3D nanofiber
scaffold was transferred from the low-temperature cooling plate to the refrigerator at
−80 ◦C, frozen for 2 h, and then added to the Borden Freeze-Dryer to freeze-dry for 12 h.
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2.4. Characterization of 2D and 3D Nanofiber Scaffolds
2.4.1. Scanning Electron Microscope (SEM)

The samples were sputtered and gold-plated, and the morphology of the 2D and 3D
nanofiber scaffolds was determined by scanning electron microscopy (Zeiss Thermal Field
Scanning Electron Microscope Gemini SEM 300, Shanghai, China) at an accelerating voltage
of 10 kV. The average diameter of the nanofibers was calculated by randomly measuring
100 fibers using the Image-Pro Plus software (Image-Pro Plus 6.0, Silver Spring, MD, USA).

2.4.2. FTIR Test

The chemical composition of the nanofiber membranes was evaluated using a spec-
trometer instrument (NicoletiS10, Thermo Fisher, Waltham, MA, USA). The wavelength
range was set from 500 to 4000 cm−1 with a resolution of 4 cm−1.

2.4.3. Hydrophilicity

To analyze the hydrophilicity of the PLGA-PCL 2D, PLGA-PCL-MAP 2D, and PLGA-
PCL-MAP 3D nanofiber scaffolds, measurements were performed using a Dynamic Contact
Angle and Permeation Analyzer (BIOLIN Scientific AB, Västra Frölunda, Sweden), which
uses a high-resolution, high-speed camera to continuously capture topographical images
of the droplets and computer-integrated software to measure the contact angle.

2.4.4. Porosity

The bulk volume of the samples was measured using the ethanol displacement
method [33]. The volume percentage of the specimens (2D scaffold: length × width
× thickness: 10 mm × 10 mm × 0.2 mm; 3D scaffold: length × width × thickness: 10 mm
× 10 mm × 2 mm) was then calculated by dividing the volume of the scaffold at different
time intervals by the volume of the initial scaffold. The bulk density of the specimens was
calculated by dividing the mass of the specimens by their bulk volume. The porosities of
the 2D nanofiber membranes and 3D expanded scaffolds were measured using the liquid
displacement method and calculated using Equation (1), written as follows:

P(%) =
WS(g)− Wd(g)

r
(

g
cm3

)
× V(cm3)

× 100% (1)

where P is the porosity; WS is the weight of the sample after soaking in ethanol for up to
10 min with a density of ‘r’; Wd is the weight of the dry scaffold; and V is the volume of the
sample (n = 3).

2.4.5. Water Absorption

The water absorption capacities of different samples were determined based on previous
reports. Two-dimensional scaffolds (length × width × thickness: 10 mm × 10 mm × 0.2 mm)
and 3D scaffolds (length × width × thickness: 10 mm × 10 mm × 2 mm) with known dry
weights (Wd) were added to 25 mL flasks containing 20 mL of phosphate-buffered saline
(PBS, pH = 7.4) solution at room temperature for 2, 3, 4, 5, and 6 min. Excess water was
removed from the surface of the sample with filter paper, and the wet weight (Ww) of the
support was recorded again.

Water absorption (w) is calculated according to the following formula:

W =
Ww − Wd

Wd
× 100% (2)

where W is water absorption, Ww is the weight after absorption, and Wd is the weight in
the dry state.
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2.4.6. Tensile Test

The mechanical properties of the prepared 2D and 3D nanofiber scaffolds under
tension were determined using a Cell Scale, DMA 2980. Canada.The 2D and 3D nanofiber
scaffolds were cut into rectangular shapes (length × width: 20 mm × 5 mm), and the
original thickness of the scaffolds was measured. Tensile stress tests were performed at
room temperature, and the data were analyzed using OriginPro21 software.

2.5. Cell Preparation and Biological Characterization
2.5.1. Cell Culture

HaCaT and HFB cell lines were purchased from Fuheng Biotechnology (Shanghai,
China). The cells were then incubated at 37 ◦C and 5% CO2. The cells were incubated in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco, San Francisco, CA, USA) supplemented
with 10% (v/v) fetal bovine serum (FBS; Gibco) and 1% (v/v) penicillin/streptomycin
(Gibco). When the confluence rate of the cells reached approximately 80%, the cells were
passaged in a 1:3 ratio. The prepared nanofiber membranes were cut into 14 mm diame-
ter discs and placed in 24-well plates. Subsequently, the front and back of the nanofiber
membrane were sterilized with UV light for 1 h. Before inoculating the membranes with
cells, the membranes were rinsed three times with PBS and immersed in DMEM for
overnight incubation.

2.5.2. Cell Viability Stain

The nanofiber scaffolds were cut into circles (14 mm in diameter) in 24-well plates
and sterilized using UV light for more than 30 min. Cell viability was assessed at a density
of 2 × 104 cells/cm2. HaCaT and HFB cells were inoculated into 2D and 3D nanofiber
scaffolds for 48 h (n = 3). Live/dead staining was used to label the live and dead cells. Prior
to the experiments, 2 mM Calcein AM (1.5 µL) and 1.5 mM propidium iodide PI (4 µL) were
dissolved in 1 mL of phosphate-buffered saline (PBS, Gibco), according to the instruction
manual (Beijing, China, Solarbio), to prepare the experimental solutions. The samples
were then removed from the cell incubator and washed gently with PBS. The live staining
solution was then added and incubated in a cell culture incubator for 25 min. Subsequently,
the dead staining solution was added and incubated for 5 min at room temperature in a
dark environment. Finally, the samples were washed with phosphate-buffered saline (PBS).
The stained cells were observed under a fluorescence microscope (Tokyo, Japan, Nikon).

2.5.3. Cell Proliferation

The nanofiber scaffolds were cut into circles (14 mm in diameter) in 24-well plates and
sterilized using UV light for more than 30 min. To assess cellular value addition, HaCaT and
HFB cells (2 × 104 cells/cm2) were inoculated onto PLGA-PCL 2D and PLGA-PCL-MAP
2D and 3D nanofiber scaffolds and cultured for 1 day, 3 days, and 5 days. A counting kit-8
(CCK-8, Kumamoto, Japan, Dojindo) was used to detect the proliferation of HaCaT and
HFB cells on different scaffolds. The volume ratio of CCK-8 reagent–DMEM solution was
10:100 (v/v). The prepared mixture was added to a 24-well plate and incubated at 37 ◦C for
3 h before 100 µL of the solution was pipetted from each sample well and transferred to a
96-well plate (New York, NY, USA, Corning). A 96-well plate was placed in the test area
of the enzyme marker (Männedorf, Switzerland, Tecan) to measure the absorbance at an
optical density (OD) of 450 nm (n = 3).

2.5.4. Cell Morphology

HFB cells (2.0 × 104 cells/cm2) were cultured on 3D nanofiber scaffolds for 48 h.
After removing the medium, the cells were washed thrice with PBS and fixed with 4%
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paraformaldehyde (PFA) for up to 30 min at room temperature. The scaffolds were then
washed three times with PBS and immersed in permeabilization solution (0.5% Tritonx-100
(Beijing, China) in PBS solution) for 30 min and closure buffer (1% bovine serum albumin in
PBS solution) for 1 h. Subsequently, 5 µg of rhodamine-labeled phalloidin (St. Louis, MO,
USA, Sigma) and DAPI (Sigma) solution were used to stain the cytoskeleton and cell nuclei,
respectively, in a dark room. Photographs were obtained using a confocal laser-scanning
microscope (Carl Zeiss, LSM900, Oberkochen, Germany).

2.5.5. Histology and Immunofluorescence Staining

For histomorphometric analysis, cells were cultured on 3D nanofiber scaffolds for
7 days. Cells were fixed with 4% paraformaldehyde (PFA, Shanghai, China, Beyotime) for
20 min at room temperature and embedded in OCT. Sections of 8 µm thickness were cut
with a cryosectioner. Samples were stained with hematoxylin and eosin (H&E, Solarbio,
n = 3) Masson’s trichrome. For immunofluorescence analysis, samples were first embedded
and blocked with PBS containing 10% sheep serum for 1 h at room temperature or overnight
at 4 ◦C. Samples were rinsed three times for 5 min each with PBS and incubated with the
specific primary antibody at 37 ◦C for half an hour or at room temperature for more than
1 h or overnight at 4 ◦C. Samples were rinsed three times with PBS for 5 min each time at
room temperature. Incubate with secondary antibody at 37 ◦C for more than 30 min or
at room temperature for more than 1 h. Remove the secondary antibody and add DAPI.
Rinse three times with PBS at room temperature for 5 min each time. Observe under a
fluorescence microscope with appropriate wavelength excitation to obtain a histologic
image for evaluation of epidermal cell markers.

3. Results
3.1. Preparation and Characterization of 3D Nanofiber Scaffolds
3.1.1. Preparation of 3D Nanofiber Scaffolds

The concentration of PLGA-PCL (15%:5%) for electrospinning was as previously
reported by the subject [23]. With the increase of MAP concentration, the larger the
liquid viscosity, the smaller the nanofiber diameter, as shown in Figure S1. Morphological
observation of cells on two-dimensional nanofiber scaffolds containing 0%MAP, 0.5%MAP,
1%MAP, and 2%MAP, HFB cells had poor adhesion morphology on 2D nanofibers without
MAP, and the overall spread area of cells was small, and the cell membrane surface
showed structural characteristics of local depression or wrapped fibers (Figure S2). The
diffusion area of HFB cells on the four membranes was quantitatively analyzed, and the
cell adhesion increased with the increase of MAP concentration. HFB cells in PLGA-PCL-
1%MAP, PLGA-PCL-2%MAP 2D nanofiber surface morphology is relatively stretched,
showing slender filamentous pseudopodia and extending in the direction of the nanofiber
arrangement. To avoid the phenomenon of needle clogging due to large MAP viscosity
during the experiment, PLGA-PCL-1%MAP concentration was selected as the basis for
subsequent experiments.

The fabrication scheme of the 3D scaffold is shown in Figure 1. When the temperature
of the receiving plate drops below 0 ◦C, a thin layer of ice crystals is formed on the surface
of the receiving plate by the solidification of water vapor sprayed by the nano-sprayer,
and the lower the temperature of the receiving plate, the denser the ice crystals. The
deposition of fibers and the formation of ice crystals occurred simultaneously during the
experiment, and the electrospinning nanofibers froze and self-assembled on the ice crystals
to form 3D frozen nanofiber membranes with a certain thickness when they encountered the
collector plate below 0◦, which were then lyophilized in a freezing dryer to produce porous
scaffolds (Figure S3). Figure 2A shows a schematic of the scaffold orientation direction;
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the red arrows indicate the fiber orientation direction, and relatively uniform 3D porous
nanofiber scaffolds were prepared after optimizing the electrospinning parameters to avoid
the formation of beaded nanofibers. Figure 2B shows a photograph of 2D and 3D scaffolds
after half an hour of electrospinning. In Figure 2C, the thickness of 2D and 3D scaffolds
increased with increasing electrospinning time, but the thickness of 3D scaffolds increased
more rapidly, which was mainly due to the nucleation of cryogenic receiving plates and ice
crystals, which allowed the nanofibers to extend the 3D structure with increased porosity.
In Figure 2D, the porosity of 3D scaffolds increases from 67.2% ± 1.92 to 85.8% ± 1.30
with increasing electrospinning time, which is much larger than that of 2D scaffolds. In
Figure 2E, the water absorption capacity of 3D scaffolds was much stronger than that of
2D scaffolds, and both 2D and 3D scaffolds reached the equilibrium absorption capacity at
6 min.
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(scale bar = 5 µm). (C) Thickness of 2D and 3D scaffolds at different electrospinning times. (D) Poros-
ity of 2D and 3D scaffolds at different electrospinning times. (E) Water absorption of 2D and 3D
scaffolds soaked in PBS solution.

3.1.2. Microstructure

SEM analysis was performed to reveal the detailed morphological structures of the 2D
and 3D scaffolds. The cross-section of the 2D scaffolds consisted of densely arranged fiber
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structures, Figure 3(A1–A3), and the cross-section of the 3D scaffolds had a continuous
laminar porous structure with laminar fiber layers (Figure 3(B1–B3)). The distances between
the layers of the 3D scaffolds were larger than the distances between the 2D scaffolds,
resulting in the formation of loosely woven nanofibers. Figure 3C, Further observation of
cell-scaffold interactions on day 3 by SEM revealed that HFB cells adhered to and spread
on the surface of 2D scaffolds and proliferated along the nanofibers. Compared with 2D
scaffolds, 3D scaffolds showed a larger pore distribution, and the pores in the network
promoted cell infiltration into the scaffolds (Figure 3E). Measured with Image-Pro Plus
6.0 software, the average diameter of the 2D scaffolds was 1.15 ± 0.23 um and that of the
3D scaffolds was 1.36 ± 0.31 um. The presence and density of ice crystals are likely to
affect the alignment and orientation of the fibers, leading to differences in macroscopic
morphology (Figure 3D,F). The 3D scaffolds showed more cell infiltration, indicating that
the cells were more likely to grow toward the inside of the 3D scaffolds. The cells adhered
to the nanofibers and proliferated along the nanofiber network with a normal phenotype
and elongated morphology. The 3D scaffolds exhibited a hierarchical and porous structure,
which would be beneficial for nutrient exchange and intercellular communication [34].
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Figure 3. Scanning electron microscope images of 2D and 3D scaffolds: (A1–A3) Cross-sectional
morphology of 2D scaffolds (scale bar = 10 µm). (B1–B3) Cross-sectional morphology of 3D scaffolds
(scale bar = 10 µm). (C) SEM scanning morphology of HFBs on 2D scaffolds (scale bar = 10 µm).
(D) Diameter distribution of 2D scaffolds. (E) SEM scanning morphology of HFBs on 3D scaffolds
(scale bar = 4 µm). (F) Diameter distribution of 3D scaffolds.

3.1.3. Characterization of 3D Nanofiber Scaffolds

The preparation of 3D nanofiber scaffolds via electrospinning remains challenging,
with most products reported in the literature being cotton-like nanofiber deposits that
exhibit poor mechanical properties [35]. The mechanical properties of the nanofiber scaf-
folds significantly affect cell proliferation, migration, and differentiation [36]. The prepared
3D nanofiber scaffolds exhibited excellent mechanical properties and elastic modulus.
We compared 2D nanofiber scaffolds without MAP to those with MAP, and the results
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showed that the stress–strain of the nanofiber scaffolds increased from 2.85 ± 0.03 MPa
to 3.97 ± 0.04 MPa, the elastic modulus from 23.13 ± 6.70 MPa to 43.55 ± 16.24 MPa, and
the tensile strength from 2.77 ± 0.07 MPa to 3.77 ± 0.07 MPa, after the addition of MAP.
With no significant difference in elongation at break. This is mainly due to the addition of
MAP, which increases the viscosity of the liquid. The 3,4-dihydroxyphenylalanine (DOPA)
groups in MAP are coupled to the ends or side chains of PLGA or PCL polymers, which
can form a crosslinked spatial site-resistive network, and the Young’s modulus and ulti-
mate tensile strength of the nanofibers were significantly increased. We then tested the
mechanical properties of the 2D and 3D nanoscaffolds, with the 2D scaffolds having an
ultra-low packing density and the 3D scaffolds having a relatively fluffy structure with
a stress–strain reduction of 3.23 ± 0.01 MPa, along with a relatively low Young’s mod-
ulus of 22.42 ± 7.04 MPa, tensile strength of 3.19 ± 0.04 MPa, and elongation at break
(Figure 4A–D). Good mechanical properties and stretch resistance enable the 3D nanofiber
scaffold to maximize the protection of the damaged skin under external stress [37,38]. Good
elasticity provides a 3D dynamic microenvironment; therefore, 3D nanofiber scaffolds can
effectively regulate cell behavior [33].
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In the FTIR spectra [39,40] (Figure 4E), the main characteristic peaks of PCL were
observed at 3000 cm−1 (asymmetric CH2 stretching), 2850 cm−1 (symmetric CH2 stretching),
1724 cm−1 (carbonyl stretching), 1293 cm−1 carbonyl group (C=O) and C=C stretching,
and 1169 cm−1 (symmetric C-O-C stretching). These characteristic bands agree with those
of previous studies; the characteristic peaks of PLGA, such as those observed between
1750 cm−1 and 1760 cm−1, represent carbonyl (C=O) stretching vibrations, and the peaks
between 1200 cm−1 and 1250 cm−1 represent C=O (reductive) stretching vibrations. The
peaks between 1200 cm−1 and 1250 cm−1 represent C=O (due to the stretching of the ester
group). In the PLGA-PCL-MAP spectra, new characteristic absorption peaks appeared at
1556 cm−1 and 3350 cm−1, which are attributed to the stretching vibrations of -NH2 and the
benzene ring [32,41]. This characteristic peak proves that a composite nanofiber scaffold
containing MAP was successfully prepared.

Changes in the surface wettability of the different scaffolds were analyzed using the
water contact angle. Figure 4F shows that the stent without MAP has poor hydrophilicity
and a water contact angle of 135◦. The contact angle of the scaffolds containing MAP is 63◦,
and the hydrophilic surface of the scaffolds containing MAP is better than that without
MAP because MAP contains a large number of hydrophilic groups, such as amines or
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hydroxyl groups, which can be combined with hydrophobic materials to form hydrogen
bonds or covalent bonds [42]. This increases the roughness and hydrophilicity of the
nanofiber surface, resulting in a lower water contact angle to promote cell proliferation
and adhesion [32,43]. The contact angle of the 3D scaffolds decreased further to 22◦, which
may be related to the undulating microtopography and large voids on the surface of the
3D scaffolds. PLGA and PCL have been widely used as biodegradable and biocompatible
polymers in the field of tissue engineering because of their good structural stability and
tunable mechanical properties [44,45]. However, its hydrophobic properties limit its cell
adhesion and proliferation. MAP, derived from the foot filament threads of marine mussels,
has excellent wet-state adhesion capabilities, and the PLGA-PCL-MAP nanofiber scaffolds
greatly improve the wettability of the sample surface, thereby promoting cell adhesion and
proliferation [46,47].

3.2. Three-Dimensional Nanofiber Scaffolds Promote Cell Viability
3.2.1. Promoted Cell Viability

To study cell viability on the scaffolds, HFB and HaCaT cells were inoculated on 2D
and 3D nanofiber scaffolds, and after 48 h of incubation, specifically labeled bright green
fluorescence for live cells and red for dead cells, and live–dead cell staining indicated that
the HFB and HaCaT cells had high cell viability, as shown in Figure 5A. Figure 5B shows
quantitative analysis of live and dead cells of HFBs and HaCaTs on 2D and 3D scaffolds;
the PLGA-PCL-MAP nanofiber scaffolds had good cytocompatibility.
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3.2.2. Culture and Proliferation of Dermis

The CCK-8 assay for cell proliferation on days 1, 3, and 5 was performed to assess
whether the 2D and 3D scaffolds were suitable for HFB cell adhesion and proliferation.
CCK-8 results showed that HFB cells were present in 2D scaffolds without MAP and with
MAP and 3D nanofibrous scaffolds, indicating that the three groups of scaffolds had good
biocompatibility. Figure 6B showed that after 3 days of culture, HFB cells had a higher
proliferation and adhesion ability on both 2D and 3D scaffolds with MAP than on 2D
scaffolds without MAP, which may be attributed to the strong adhesion of the MAP in
the moist environment. In addition, with an increase in culture time, HFB cells inoculated
on 3D scaffolds maintained a high proliferation rate compared to those on 2D scaffolds.
This may be attributed to the 3D layered nanofiber structure, which provides a wider
surface area and porosity for cell growth and infiltration, and the three-dimensional porous
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structure provides sufficient space for inward cell proliferation and migration [48–50].
Confocal images of HFB cells grown on 3D scaffolds for 1, 3, and 5 days (Figure 6A). Three-
dimensional scaffolds showed desirable biocompatibility, with stronger cell-3D scaffold
interactions, and provided the microenvironment required for cell growth and proliferation,
which was more conducive to repairing damaged tissues.
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Figure 6. (A) Confocal pictures of HFB cells cultured on 3D scaffolds for 1, 3, and 5 days (scale
bar = 300 µm). (B) CCK-8 assay of HFB cells cultured on PLGA-PCL 2D, PLGA-PCL-MAP 2D and
3D scaffolds for 1, 3, and 5 days (*** p < 0.001, ** p < 0.01,).

3.2.3. Culture and Proliferation of the Epidermis

Using the vertical view of the confocal images, we investigated the cellular penetration
depth of HaCaTs during culture. On the 3D scaffolds, the penetration depth of HaCaT
cells increased from 50 µm on day 1 to 140 µm on day 5 (Figure 7A). Cell penetration is
critical for 3D tissue regeneration, and most polymer scaffolds are hydrophobic, so cells
can only penetrate into the inner regions by degrading the material, which is a rather slow
process [51]. We similarly detected the proliferation ability of HaCaT cells on days 1, 3, and
5 using CCK-8 to assess whether the 3D scaffolds were suitable for HaCaT cell adhesion
and proliferation. The results showed that the proliferation of HaCaT cells on 2D and 3D
scaffolds with MAP was higher than that on 2D scaffolds without MAP, and the strong
adhesion of MAP promoted the cell adhesion and proliferation. Similarly, HaCaT cells
grew well on 3D scaffolds, and their proliferation was higher than that on 2D scaffolds
(Figure 7B). The average fluorescence intensity of HaCaT and HFB cells cultured on a
3D scaffolds 1, 3, and 5 were supplemented in Figure S4. This was mainly due to the
super-hydrophilic and highly porous structure of the 3D scaffolds. These results indicate
that the materials and fabrication process are non-toxic to cell growth and that 3D scaffolds
favor cell adhesion and spreading.
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bar = 200 µm). (B) Proliferation data of HaCaT cells cultured on PLGA-PCL 2D and PLGA-PCL-MAP
2D and 3D scaffolds for 1, 3, and 5 days (*** p < 0.001, ** p < 0.01).

3.3. Construction of Skin Substitutes with a Double-Layer Structure of Composite Epidermis
and Dermis
3.3.1. Construction of Skin Substitutes

We continued to study the co-culture of HFB and HaCaT cells on the 3D nanofiber
scaffolds. First, we inoculated HaCaT cells with red fluorescent labeling at a concentration
of 2 × 104 cells/cm2 in the upper layer of the 3D nanofiber scaffolds and cultured them
for more than 4 h to make the HaCaT cells adhere to the scaffolds, and then HFB cells
with green fluorescent labeling at a concentration of 2 × 104 cells/cm2 were inoculated in
the lower layer of the 3D nanofiber scaffolds and cultured together for 48 h. Observation
under a confocal microscope showed the layered structure of the epidermis and dermis
produced by co-culture of HaCaT and HFB cells, respectively. Figure 8A shows images of
HFB and HaCaT cells co-cultured on 3D nanofiber scaffolds, as well as 3D views. Figure 8B
shows the top view of HaCaT cells cultured on 3D nanofiber scaffolds, the bottom view of
HFB cells, and a 3D cross-sectional view. We successfully co-cultured keratinocytes with
fibroblasts in an in vitro 3D scaffold to generate a bilayer skin substitute in vitro.
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3.3.2. Characteristics of Epidermis and Dermis in Skin Substitutes

Phalloidin/DAPI staining was used to study the morphology of HFB cells on 3D
scaffolds to further investigate the interaction between cell growth and the 3D nanofiber
scaffolds. HFB cells showed good adhesion and growth on 3D nanofiber scaffolds, and
the cytoskeleton had a diffuse morphology, with more dispersed cells and larger nuclei
after 48 h of culture. This indicates that owing to the large pore size and loosely stacked
structure of the 3D scaffolds, the cells infiltrated the 3D scaffolds, thus providing more
space for cell spreading (Figure 9). A three-dimensional honeycomb porous structure that
provides sufficient oxygen and nutrient exchange to better support cell growth is often
considered the main challenge in culturing cells in 3D scaffolds.
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Figure 9. Confocal images of cytoskeleton and nucleus staining of HFB cells (scale bar = 50 µm,
100 µm).

We immobilized HaCaT and HFB cells on 3D nanofiber scaffolds, performed frozen
sections, and observed cell growth within the fiber membrane and in the cross section by
H&E and Masson staining. As shown in Figure 10A, we found that the 3D honeycomb
structure contained a wide range of cell distribution in the thickness direction, especially
its three-dimensional structure in the z-axis direction, which could provide more adhesion
sites for cell proliferation. This result is consistent with the results of immunofluorescence
staining that the 3D honeycomb membrane supports cell proliferation in the thickness
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direction and is characterized by spatial growth. H&E and Masson’s staining showed that
HaCaT and HFB cells infiltrated into the interior of the 3D nanofiber scaffold (Figure S5A).
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Keratinocytes are in the outermost epidermal layer of the skin and are important
component cells that form the barrier between the skin and the outside world. CK10 and
CK14 are expressed in epidermal cells and are marker genes for keratinocytes [52]. CK10
is a marker of early differentiation of the epidermis and is mainly found in the stratum
spinosum and stratum granulosum [53]. We cultured HaCaT and HFB cells in 3D nanofiber
scaffolds for 7 days and detected keratinocyte protein expression by immunofluorescence.
As shown in Figure 10B, the results showed that HaCaT cells successfully expressed ker-
atinocyte marker proteins CK10 and CK14 in 3D nanofiber scaffolds. Collagen I is the most
abundant fibrous structural protein in ECM. In the process of tissue repair, deposition of
collagen I is usually associated with mature scar formation and long-term matrix stability,
while collagen III is often co-expressed with collagen I but is more significantly distributed
in embryonic development or early wound healing stages. An increased proportion of
collagen III is often associated with increased tissue flexibility and fibrosis inhibition [54].
Figure 10C and Figure S5B show that HFB cells successfully expressed collagen I and colla-
gen III in the 3D scaffold, forming a highly ordered fiber bundle network, indicating that
the 3D scaffold has the ability to provide mechanical support and tissue tensile strength reg-
ulation, and the formed ECM microenvironment has high plasticity and elastic adaptability.
Fibronectin is a multifunctional glycoprotein that mediates cell-matrix adhesion through its
RGD (Arg-Gly-Asp) domain and integrates the ECM with the cytoskeleton (e.g., through
integrin receptors) [55]. The successful secretion of fibronectin by HFB cells suggests the
possible formation of functional adhesion patches (focal adhesion) in the scaffolds, and the
transient high expression of fibronectin is a marker of the initiation phase of tissue repair
and may also promote the maturation of the scaffold’s three-dimensional structure through
the recruitment of other ECM components (e.g., collagen protofibril assembly).

4. Discussion
Engineered skin substitutes represent a prospective approach for the treatment of acute

and chronic skin wounds, such as large burns or ulcers, and bilayer skin substitutes, which
explore the interactions between epidermal and dermal components, are widely recognized
as an effective approach to skin regeneration [56,57]. Electrospinning nanofibers have
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the potential to promote skin tissue regeneration [58]. PLGA and PCL are biodegradable
synthetic polymers with good biocompatibility, stability, and mechanical properties [23].
However, PLGA-PCL nanofibers have a hydrophobic surface, which lacks cell adhesion
sites on the surface and cell adhesion bottom. We introduced MAP, which has excellent
wet-state adhesion and is enriched with DOPA and lysine, which have antimicrobial, anti-
inflammatory, antioxidant, and cell adhesion-promoting properties, which have attracted
much attention in the biomedical field [59,60]. We used low-temperature electrospinning,
nano-spraying, and freeze-drying to prepare 3D honeycomb nanofiber scaffolds. Due to
the low temperature of the receiving plate, many ice crystals fill the voids during fiber
deposition, which will occupy a certain amount of space. The ice crystals are removed
after the fiber membrane freeze-drying, and the voids they leave behind make the fiber
membrane fluffier [61]. The nucleation of ice crystals allows the nanofibers to expand the
3D structure with increased porosity [62].

In our experiment, we found that the hydrophilicity of the 3D nanofiber scaffold was
greatly improved, and the contact angle was reduced, which might be attributed to the
liquid permeability and surface roughness and infiltration models of the 3D scaffold. Three-
dimensional stents typically have higher porosity and a more open 3D network structure,
and liquids are more easily infiltrated into the stent under capillary action, reducing the
apparent contact angle. However, the 2D membrane fiber layers are closely arranged, with
small pores and poor connectivity, and the liquid is easy to keep on the surface, forming
a large contact angle. The high roughness and porosity of the 3D structure are consistent
with the Cassie–Baxter infiltration model, where the liquid penetrates the pores to form
a “mixed contact” that significantly reduces the apparent contact angle. The 2D structure
surface is relatively smooth, closer to the Wenzel model the contact angle is dominated
by the intrinsic properties of the material; if the material itself is hydrophobic, the contact
angle will be larger. Furthermore, we conducted many slicing experiments, which proved
that the 3D scaffold obtained by us using the low-temperature electrospinning technology
has uniform porosity, as well as repeatability and stability, as shown in Figure S6.

The advantage of low-temperature electrospinning technology to prepare 3D nanofiber
scaffolds is that it can achieve efficient assembly of nanofibers under mild conditions (such
as low temperature or freezing environment), avoiding the destruction of heat-sensitive bi-
ological materials (such as proteins and natural polymers) by high temperatures or organic
solvents [63,64]. The multi-stage pore structure and high specific surface area formed at
the same time are conducive to cell infiltration, nutrient transport, and metabolic waste
discharge [65]. In addition, the technology can precisely regulate the fiber morphology and
scaffold topology by regulating spinning parameters such as solution properties, electric
field strength, and receiver temperature, thus simulating the physical properties of the natu-
ral extracellular matrix [66,67]. Electrospinning shows great potential in the preparation of
3D nanofiber scaffolds, especially for the construction of bionic tissue engineering scaffolds.

Although electrospinning technology has made significant advances in research to
develop alternatives to skin tissue engineering, many challenges remain. First, the range
of natural biomaterials that can be electrospun is limited, and their properties are incon-
sistent [68]. Secondly, the structure and properties of the resulting products are not yet
comprehensive, and most applications are still in the experimental stage. The practi-
cal clinical application of these products is not yet mature. The preparation parameters
of electrospinning organic/inorganic composite nanofibers are related to the structure,
aggregation mode, synergistic properties, processing, and composite technology of the
nanoparticles [69]. In terms of controllable construction of 3D structures, a low-temperature
environment may lead to insufficient solvent volatilization during fiber deposition, re-
sulting in excessive adhesion between fibers or structural collapse, which restricts the
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accurate construction of complex 3D geometric shapes [70]. At the same time, compared
with traditional 3D printing technology (such as melt deposition and light curing), it has
disadvantages in terms of macro-mechanical strength and structural stability. Therefore, its
application in regenerative medicine can be expanded through cross-linking, multi-process
compounding, or post-processing, as well as through process innovation and integration of
interdisciplinary technologies [71]. Finally, how to design different skin tissue models to
meet the needs of different skin injury patients and how to produce products in a low-cost
and efficient way are still urgent problems to be solved.

5. Conclusions
In this study, a novel PLGA-PCL-MAP 3D nanofiber scaffolds was prepared using

low-temperature electrospinning technology. These 3D scaffolds have a high porosity,
specific surface area and three-dimensional structure, which can promote the activity of
HaCaT and HFB cells, including adhesion, migration and proliferation, and shows a good
cell morphology. Furthermore, HaCaT and HFBs were co-cultured on a 3D scaffold in vitro
to construct a double-layered skin substitutes. HaCaT cells expressed keratin CK10 and
CK14 specifically in the 3D scaffolds, reflecting their normal differentiation and barrier
function. HFB cells secreted collagen I, collagen III and fibronectin efficiently, maintaining
the homeostasis of the extracellular matrix. This skin substitutes with epidermal and
dermal structures based on 3D nanofiber scaffolds could highly mimics natural skin in
structure and function. It is expected to be applied in skin transplantation in the future and
serve as an in vitro platform for reliable pathological research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi16050552/s1, Table S1. Properties of common materials (in-
cluding polymers, biomaterials) used for electrospinning. Figure S1. (A) Scanning electron mi-
croscopy of PLGA-PCL-0%MAP, PLGA-PCL-0.5%MAP, PLGA-PCL-1%MAP, PLGA-PCL-2%MAP 2D
nanofiber scaffolds. (B) Diameter distribution of nanofibers with different MAP concentrations. Figure
S2. (A) SEM images of HFBs cells inoculated on PLGA-PCL-0%MAP, PLGA-PCL-0.5%MAP, PLGA-
PCL-1%MAP, PLGA-PCL-2%MAP nanofiber scaffolds were enlarged by 200, 500 and 1000 times,
respectively. (B) Diffusion area of HFBs cells on PLGA-PCL-0%MAP, PLGA-PCL-0.5%MAP, PLGA-
PCL-1%MAP, PLGA-PCL-2%MAP nanofiber scaffolds. Figure S3. Macrostructure of 3D nanofibers:
(A) Fiber deposition on cryo-receiving plate. (B) 3D frozen nanofiber scaffold. (C) 3D dried nanofiber
scaffold. Figure S4. Mean fluorescence intensity of HaCaTs and HFBs cells cultured on 3D nanofiber
scaffold for 1, 3 and 5 days. Figure S5. (A) H&E and Masson staining of HFBs cells cultured in vitro
on 3D scaffold for one week. (B) Overall images of Col I, Col III, and fibronectin immunofluorescence.
Figure S6. Cross-sectional slice images of 3D nanofiber scaffolds.

Author Contributions: Q.D.: conceptualization, visualization, and writing—original draft; H.L.:
conceptualization, amendment, methodology, and writing—original draft; W.S.: amendment; Y.Z.:
validation; W.C.: validation. C.L.: investigation; K.L.: investigation; Y.L.: amendment, resources,
supervision, writing—review and editing, and funding acquisition; Y.W.: resources, writing—review
and editing, supervision, and funding acquisition. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by grants from the National Key R&D Program of China
(No. 2023YFC2411303), the Shanghai Oriental Talent Program, and the National Natural Science
Foundation of China (No. 61973206), Zhejiang Province city and county science and technology plan
project ZY2024031.

Data Availability Statement: The original data presented in the study are included in the article.

Conflicts of Interest: The authors declare no competing interests.

https://www.mdpi.com/article/10.3390/mi16050552/s1
https://www.mdpi.com/article/10.3390/mi16050552/s1


Micromachines 2025, 16, 552 17 of 20

References
1. Zhang, K.; Bai, X.; Yuan, Z.; Cao, X.; Jiao, X.; Li, Y.; Qin, Y.; Wen, Y.; Zhang, X. Layered nanofiber sponge with an improved

capacity for promoting blood coagulation and wound healing. Biomaterials 2019, 204, 70–79. [CrossRef] [PubMed]
2. Dai, Q.; Liu, H.; Gao, C.; Sun, W.; Lu, C.; Zhang, Y.; Cai, W.; Qiao, H.; Jin, A.; Wang, Y.; et al. Advances in Mussel Adhesion

Proteins and Mussel-Inspired Material Electrospun Nanofibers for Their Application in Wound Repair. ACS Biomater. Sci. Eng.
2024, 10, 6097–6119. [CrossRef] [PubMed]

3. Chen, J.; Fan, Y.; Dong, G.; Zhou, H.; Du, R.; Tang, X.; Ying, Y.; Li, J. Designing biomimetic scaffolds for skin tissue engineering.
Biomater. Sci. 2023, 11, 3051–3076. [CrossRef]

4. Dias, J.R.; Granja, P.L.; Bartolo, P.J. Advances in electrospun skin substitutes. Prog. Mater. Sci. 2016, 84, 314–334. [CrossRef]
5. Bhar, B.; Das, E.; Manikumar, K.; Mandal, B.B. 3D Bioprinted Human Skin Model Recapitulating Native-Like Tissue Maturation

and Immunocompetence as an Advanced Platform for Skin Sensitization Assessment. Adv. Healthc. Mater. 2024, 13, e2303312.
[CrossRef]

6. Ghafari, R.; Jonoobi, M.; Amirabad, L.M.; Oksman, K.; Taheri, A.R. Fabrication and characterization of novel bilayer scaffold from
nanocellulose based aerogel for skin tissue engineering applications. Int. J. Biol. Macromol. 2019, 136, 796–803. [CrossRef]

7. Costa, S.; Vilas-Boas, V.; Lebre, F.; Granjeiro, J.; Catarino, C.; Teixeira, L.M.; Loskill, P.; Alfaro-Moreno, E.; Ribeiro, A. Microfluidic-
based skin-on-chip systems for safety assessment of nanomaterials. Trends Biotechnol. 2023, 41, 1282–1298. [CrossRef]

8. Tan, S.H.; Chua, D.A.C.; Tang, J.R.J.; Bonnard, C.; Leavesley, D.; Liang, K. Design of hydrogel-based scaffolds for in vitro
three-dimensional human skin model reconstruction. Acta Biomater. 2022, 153, 13–37. [CrossRef] [PubMed]

9. Cho, Y.; Beak, J.W.; Sagong, M.; Ahn, S.; Nam, J.S.; Kim, I. Electrospinning and Nanofiber Technology: Fundamentals, Innovations,
and Applications. Adv. Mater. 2025, 2025, e2500162. [CrossRef]

10. Zhou, R.; Ma, Y.; Yang, M.; Cheng, Y.; Ma, X.; Li, B.; Zhang, Y.; Cui, X.; Liu, M.; Long, Y.; et al. Wound dressings using electrospun
nanofibers: Mechanisms, applications, and future directions. Eur. Polym. J. 2025, 2025, 113900. [CrossRef]

11. Sundaramurthi, D.; Vasanthan, K.S.; Kuppan, P.; Krishnan, U.M.; Sethuraman, S. Electrospun nanostructured chitosan–poly(vinyl
alcohol) scaffolds: A biomimetic extracellular matrix as dermal substitute. Biomed. Mater. 2012, 7, 045005. [CrossRef]

12. Bhowmick, S.; Rother, S.; Zimmermann, H.; Lee, P.S.; Moeller, S.; Schnabelrauch, M.; Scharnweber, D. Biomimetic electrospun
scaffolds from main extracellular matrix com-ponents for skin tissue engineering application—The role of chondroitin sulfate and
sulfated hyaluronan. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 79, 15–22. [CrossRef] [PubMed]

13. Guo, Y.; Huang, J.; Fang, Y.; Huang, H.; Wu, J. 1D, 2D, and 3D scaffolds promoting angiogenesis for enhanced wound healing.
Chem. Eng. J. 2022, 437, 134690. [CrossRef]

14. Ghafari, R.; Jonoobi, M.; Naijian, F.; Ashori, A.; Mekonnen, T.H.; Taheri, A.R. Fabrication and characterization of bilayer scaffolds—
Nanocellulosic cryogels—For skin tissue engineering by co-culturing of fibroblasts and keratinocytes. Int. J. Biol. Macromol. 2022,
223 Pt A, 100–107. [CrossRef]

15. Yu, H.; Chen, X.; Cai, J.; Ye, D.; Wu, Y.; Fan, L.; Liu, P. Novel porous three-dimensional nanofibrous scaffolds for accelerating
wound healing. Chem. Eng. J. 2019, 369, 253–262. [CrossRef]

16. Kang, Y.; Chen, P.; Shi, X.; Zhang, G.; Wang, C. Multilevel structural stereocomplex polylactic acid/collagen membranes by
pattern electro-spinning for tissue engineering. Polymer 2018, 156, 250–260. [CrossRef]

17. Norzain, N.A.; Yu, Z.W.; Lin, W.C.; Su, H.H. Micropatterned Fibrous Scaffold Produced by Using Template-Assisted Electrospin-
ning Technique for Wound Healing Application. Polymers 2021, 13, 2821. [CrossRef] [PubMed]

18. Liverani, L.; Lacina, J.; Roether, J.A.; Boccardi, E.; Killian, M.S.; Schmuki, P.; Schubert, D.W.; Boccaccini, A.R. Incorporation of
bioactive glass nanoparticles in electrospun PCL/chitosan fibers by using benign solvents. Bioact. Mater. 2018, 3, 55–63. [CrossRef]

19. Korniienko, V.; Husak, Y.; Radwan-Pragłowska, J.; Holubnycha, V.; Samokhin, Y.; Yanovska, A.; Varava, J.; Diedkova, K.; Janus, Ł.;
Pogorielov, M. Impact of Electrospinning Parameters and Post-Treatment Method on Antibacterial and Antibiofilm Activity of
Chitosan Nanofibers. Molecules 2022, 27, 3343. [CrossRef]

20. Park, Y.R.; Ju, H.W.; Lee, J.M.; Kim, D.K.; Lee, O.J.; Moon, B.M.; Park, C.H. Three-dimensional electrospun silk-fibroin nanofiber
for skin tissue engineering. Int. J. Biol. Macromol. 2016, 93 Pt B, 1567–1574. [CrossRef]

21. Zhao, L.; He, C.; Gao, Y.; Cen, L.; Cui, L.; Cao, Y. Preparation and cytocompatibility of PLGA scaffolds with controllable fiber
morphology and diameter using electrospinning method. J. Biomed. Mater. Res. Part B Appl. Biomater. 2008, 87, 26–34. [CrossRef]

22. Chen, Y.; Murphy, E.J.; Cao, Z.; Buckley, C.; Cortese, Y.; Chee, B.S.; Scheibel, T. Electrospinning Recombinant Spider Silk
Fibroin-Reinforced PLGA Membranes: A Bio-compatible Scaffold for Wound Healing Applications. ACS Biomater. Sci Eng. 2024,
10, 7144–7154. [CrossRef] [PubMed]

23. Qiao, H.; Gao, C.; Lu, C.; Liu, H.; Zhang, Y.; Jin, A.; Dai, Q.; Yang, S.; Zhang, B.; Liu, Y. A Novel Method for Fabricating the
Undulating Structures at Dermal—Epidermal Junction by Composite Molding Process. J. Funct. Biomater. 2024, 15, 102. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.biomaterials.2019.03.008
https://www.ncbi.nlm.nih.gov/pubmed/30901728
https://doi.org/10.1021/acsbiomaterials.4c01378
https://www.ncbi.nlm.nih.gov/pubmed/39255244
https://doi.org/10.1039/D3BM00046J
https://doi.org/10.1016/j.pmatsci.2016.09.006
https://doi.org/10.1002/adhm.202303312
https://doi.org/10.1016/j.ijbiomac.2019.06.104
https://doi.org/10.1016/j.tibtech.2023.05.009
https://doi.org/10.1016/j.actbio.2022.09.068
https://www.ncbi.nlm.nih.gov/pubmed/36191774
https://doi.org/10.1002/adma.202500162
https://doi.org/10.1016/j.eurpolymj.2025.113900
https://doi.org/10.1088/1748-6041/7/4/045005
https://doi.org/10.1016/j.msec.2017.05.005
https://www.ncbi.nlm.nih.gov/pubmed/28629001
https://doi.org/10.1016/j.cej.2022.134690
https://doi.org/10.1016/j.ijbiomac.2022.10.281
https://doi.org/10.1016/j.cej.2019.03.091
https://doi.org/10.1016/j.polymer.2018.10.009
https://doi.org/10.3390/polym13162821
https://www.ncbi.nlm.nih.gov/pubmed/34451358
https://doi.org/10.1016/j.bioactmat.2017.05.003
https://doi.org/10.3390/molecules27103343
https://doi.org/10.1016/j.ijbiomac.2016.07.047
https://doi.org/10.1002/jbm.b.31060
https://doi.org/10.1021/acsbiomaterials.4c01605
https://www.ncbi.nlm.nih.gov/pubmed/39435963
https://doi.org/10.3390/jfb15040102
https://www.ncbi.nlm.nih.gov/pubmed/38667559


Micromachines 2025, 16, 552 18 of 20

24. Machado-Paula, M.; Corat, M.; Lancellotti, M.; Mi, G.; Marciano, F.; Vega, M.; Hidalgo, A.; Webster, T.; Lobo, A. A comparison
between electrospinning and rotary-jet spinning to produce PCL fibers with low bacteria colonization. Mater. Sci. Eng. C 2020,
111, 110706. [CrossRef]

25. Khorramnezhad, M.; Akbari, B.; Akbari, M.; Kharaziha, M. Effect of surface modification on physical and cellular properties of
PCL thin film. Colloids Surf. B Biointerfaces 2021, 200, 111582. [CrossRef]

26. Su, T.; Zhang, M.; Zeng, Q.; Pan, W.; Huang, Y.; Qian, Y.; Dong, W.; Qi, X.; Shen, J. Mussel-inspired agarose hydrogel scaffolds for
skin tissue engineering. Bioact. Mater. 2021, 6, 579–588. [CrossRef] [PubMed]

27. Lee, J.; Kim, E.; Kim, K.; Rhie, J.W.; Joo, K.I.; Cha, H.J. Protective Topical Dual-Sided Nanofibrous Hemostatic Dressing Using
Mussel and Silk Proteins with Multifunctionality of Hemostasis and Anti-Bacterial Infiltration. Small 2024, 20, e2308833. [CrossRef]

28. Kaushik, N.K.; Kaushik, N.; Pardeshi, S.; Sharma, J.G.; Lee, S.H.; Choi, E.H. Biomedical and Clinical Importance of Mussel-Inspired
Polymers and Materials. Mar. Drugs 2015, 13, 6792–6817. [CrossRef]

29. Madhurakkat Perikamana, S.K.; Lee, J.; Lee, Y.B.; Shin, Y.M.; Lee, E.J.; Mikos, A.G.; Shin, H. Materials from Mussel-Inspired
Chemistry for Cell and Tissue Engineering Applications. Biomacromolecules 2015, 16, 2541–2555. [CrossRef]

30. Xiong, Y.; Ni, C.; Chen, Y.; Ma, X.; Cao, J.; Pan, J.; Li, C.; Zheng, Y. Construction and performance of PLA-COL@PU-COL@PLA-
PU-COL electrospun vascular graft modified with chitosan/heparin. Mater. Today Commun. 2024, 41, 111043. [CrossRef]

31. Lu, X.; Zou, H.; Liao, X.; Xiong, Y.; Hu, X.; Cao, J.; Pan, J.; Li, C.; Zheng, Y. Construction of PCL-collagen@PCL@PCL-gelatin
three-layer small diameter artificial vascular grafts by electrospinning. Biomed. Mater. 2022, 18, 015008. [CrossRef]

32. Chen, W.; Wang, R.; Xu, T.; Ma, X.; Yao, Z.; Chi, B.; Xu, H. A mussel-inspired poly(γ-glutamic acid) tissue adhesive with high wet
strength for wound closure. J. Mater. Chem. B 2017, 5, 5668–5678. [CrossRef]

33. Mirtaghavi, A.; Baldwin, A.; Tanideh, N.; Zarei, M.; Muthuraj, R.; Cao, Y.; Luo, J. Crosslinked porous three-dimensional cellulose
nanofibers-gelatine bio-composite scaffolds for tissue regeneration. Int. J. Biol. Macromol. 2020, 164, 1949–1959. [CrossRef]
[PubMed]

34. Chantre, C.O.; Gonzalez, G.M.; Ahn, S.; Cera, L.; Campbell, P.H.; Hoerstrup, S.P.; Parker, K.K. Porous Biomimetic Hyaluronic
Acid and Extracellular Matrix Protein Nanofiber Scaffolds for Accelerated Cutaneous Tissue Repair. ACS Appl. Mater. Interfaces
2019, 11, 45498–45510. [CrossRef]

35. Gao, Q.; Gu, H.; Zhao, P.; Zhang, C.; Cao, M.; Fu, J.; He, Y. Fabrication of electrospun nanofibrous scaffolds with 3D controllable
geometric shapes. Mater. Des. 2018, 157, 159–169. [CrossRef]

36. Kim, B.J.; Cheong, H.; Choi, E.S.; Yun, S.H.; Choi, B.H.; Park, K.S.; Cha, H.J. Accelerated skin wound healing using electrospun
nanofibrous mats blended with mussel adhesive protein and polycaprolactone. J. Biomed. Mater. Res. A 2017, 105, 218–225.
[CrossRef]

37. Mi, H.Y.; Jing, X.; Napiwocki, B.N.; Hagerty, B.S.; Chen, G.; Turng, L.S. Biocompatible, degradable thermoplastic polyurethane
based on polycaprolac-tone-block-polytetrahydrofuran-block-polycaprolactone copolymers for soft tissue engineering. J. Mater.
Chem. B 2017, 5, 4137–4151. [CrossRef] [PubMed]

38. Mi, H.Y.; Jing, X.; Napiwocki, B.N.; Li, Z.T.; Turng, L.S.; Huang, H.X. Fabrication of fibrous silica sponges by self-assembly
electrospinning and their ap-plication in tissue engineering for three-dimensional tissue regeneration. Chem. Eng. J. 2018,
331, 652–662. [CrossRef]

39. Predoi, D.; Iconaru, S.L.; Albu, M.; Petre, C.C.; Jiga, G. Physicochemical and antimicrobial properties of silver-doped hydroxyap-
atite collagen biocomposite. Polym. Eng. Sci. 2017, 57, 537–545. [CrossRef]

40. Ciobanu, C.S.; Popa, C.L.; Petre, C.C.; Jiga, G.; Trusca, R.; Predoi, D. Characterisations of collagen-silver-hydroxyapatite
nanocomposites. AIP Conf. Proc. 2016, 1736, 20148.

41. Xu, X.; Liu, X.; Tan, L.; Cui, Z.; Yang, X.; Zhu, S.; Li, Z.; Yuan, X.; Zheng, Y.; Yeung, K.W.K.; et al. Controlled-temperature
photothermal and oxidative bacteria killing and acceleration of wound healing by polydopamine-assisted Au-hydroxyapatite
nanorods. Acta Biomater. 2018, 77, 352–364. [CrossRef] [PubMed]

42. Chen, Y.; Fan, X.; Lu, J.; Liu, X.; Chen, J.; Chen, Y. Mussel-Inspired Adhesive, Antibacterial, and Stretchable Composite Hydrogel
for Wound Dressing. Macromol. Biosci. 2023, 23, e2200370. [CrossRef] [PubMed]

43. Wang, J.; Chen, Y.; Zhou, G.; Chen, Y.; Mao, C.; Yang, M. Polydopamine-Coated Antheraea pernyi (A. pernyi) Silk Fibroin Films
Promote Cell Ad-hesion and Wound Healing in Skin Tissue Repair. ACS Appl. Mater. Interfaces 2019, 11, 34736–34743. [CrossRef]

44. Zhou, Z.; Zhou, Y.; Chen, Y.; Nie, H.; Wang, Y.; Li, F.; Zheng, Y. Bilayer porous scaffold based on poly-(ϵ-caprolactone) nanofibrous
membrane and gelatin sponge for favoring cell proliferation. Appl. Surf. Sci. 2011, 258, 1670–1676. [CrossRef]

45. Ma, W.; Zhou, M.; Dong, W.; Zhao, S.; Wang, Y.; Yao, J.; Liu, Z.; Han, H.; Sun, D.; Zhang, M. A bi-layered scaffold of a poly(lactic-
co-glycolic acid) nanofiber mat and an alginate–gelatin hydrogel for wound healing. J. Mater. Chem. B 2021, 9, 7492–7505.
[CrossRef]

46. Ge, L.; Li, Q.; Huang, Y.; Yang, S.; Ouyang, J.; Bu, S.; Zhong, W.; Liu, Z.; Xing, M.M.Q. Polydopamine-coated paper-stack
nanofibrous membranes enhancing adipose stem cells′ adhesion and osteogenic differentiation. J. Mater. Chem. B 2014, 2, 6917–
6923. [CrossRef]

https://doi.org/10.1016/j.msec.2020.110706
https://doi.org/10.1016/j.colsurfb.2021.111582
https://doi.org/10.1016/j.bioactmat.2020.09.004
https://www.ncbi.nlm.nih.gov/pubmed/33005823
https://doi.org/10.1002/smll.202308833
https://doi.org/10.3390/md13116792
https://doi.org/10.1021/acs.biomac.5b00852
https://doi.org/10.1016/j.mtcomm.2024.111043
https://doi.org/10.1088/1748-605X/aca269
https://doi.org/10.1039/C7TB00813A
https://doi.org/10.1016/j.ijbiomac.2020.08.066
https://www.ncbi.nlm.nih.gov/pubmed/32791272
https://doi.org/10.1021/acsami.9b17322
https://doi.org/10.1016/j.matdes.2018.07.042
https://doi.org/10.1002/jbm.a.35903
https://doi.org/10.1039/C7TB00419B
https://www.ncbi.nlm.nih.gov/pubmed/29170715
https://doi.org/10.1016/j.cej.2017.09.020
https://doi.org/10.1002/pen.24553
https://doi.org/10.1016/j.actbio.2018.07.030
https://www.ncbi.nlm.nih.gov/pubmed/30030176
https://doi.org/10.1002/mabi.202200370
https://www.ncbi.nlm.nih.gov/pubmed/36254853
https://doi.org/10.1021/acsami.9b12643
https://doi.org/10.1016/j.apsusc.2011.09.120
https://doi.org/10.1039/D1TB01039E
https://doi.org/10.1039/C4TB00570H


Micromachines 2025, 16, 552 19 of 20

47. Liu, Y.; Lan, X.; Zhang, J.; Wang, Y.; Tian, F.; Li, Q.; Wang, H.; Wang, M.; Wang, W.; Tang, Y. Preparation and in vitro evaluation of
ε-poly(L-lysine) immobilized poly(ε-caprolactone) nanofiber membrane by polydopamine-assisted decoration as a potential
wound dressing material. Colloids Surf. B Biointerfaces 2022, 220, 112945. [CrossRef]

48. Chen, Y.; Shafiq, M.; Liu, M.; Morsi, Y.; Mo, X. Advanced fabrication for electrospun three-dimensional nanofiber aerogels and
scaffolds. Bioact. Mater. 2020, 5, 963–979. [CrossRef]

49. Asiri, A.; Saidin, S.; Sani, M.H.; Al-Ashwal, R.H. Epidermal and fibroblast growth factors incorporated polyvinyl alcohol
electrospun nanofibers as biological dressing scaffold. Sci. Rep. 2021, 11, 5634. [CrossRef]

50. Luo, H.; Zhang, Y.; Wang, Z.; Yang, Z.; Tu, J.; Liu, Z.; Yao, F.; Xiong, G.; Wan, Y. Constructing three-dimensional nanofibrous
bioglass/gelatin nanocomposite scaffold for enhanced mechanical and biological performance. Chem. Eng. J. 2017, 326, 210–221.
[CrossRef]

51. Han, S.; Nie, K.; Li, J.; Sun, Q.; Wang, X.; Li, X.; Li, Q. 3D Electrospun Nanofiber-Based Scaffolds: From Preparations and
Properties to Tissue Regeneration Applications. Stem Cells Int. 2021, 2021, 8790143. [CrossRef] [PubMed]

52. Gong, Y.; Jiang, Y.; Huang, J.; He, Z.; Tang, Q. Moist exposed burn ointment accelerates diabetes-related wound healing by
promoting re-epithelialization. Front. Med. 2022, 9, 1042015. [CrossRef] [PubMed]

53. Shinagawa, F.; Takata, S.; Toba, Y.; Ikuta, M.; Hioki, S.; Suzuki, T.; Nishimura, T.; Nakamura, R.; Kobayashi, K. Potential of Gouda
cheese whey to improve epidermal conditions by regulating proliferation and differentiation of keratinocytes. Int. Dairy J. 2018,
87, 100–106. [CrossRef]

54. Hernández-Rangel, A.; Martin-Martinez, E.S. Collagen based electrospun materials for skin wounds treatment. J. Biomed. Mater.
Res. A 2021, 109, 1751–1764. [CrossRef]

55. Zollinger, A.J.; Smith, M.L. Fibronectin, the extracellular glue. Matrix Biol. 2017, 60–61, 27–37. [CrossRef]
56. Wu, J.; Yu, F.; Shao, M.; Zhang, T.; Lu, W.; Chen, X.; Wang, Y.; Guo, Y. Electrospun Nanofiber Scaffold for Skin Tissue Engineering:

A Review. ACS Appl. Bio Mater. 2024, 7, 3556–3567. [CrossRef]
57. Saha, R.; Patkar, S.; Maniar, D.; Pillai, M.M.; Tayalia, P. A bilayered skin substitute developed using an eggshell membrane

crosslinked gela-tin-chitosan cryogel. Biomater. Sci. 2021, 9, 7921–7933. [CrossRef]
58. Chen, Y.; Dong, X.; Shafiq, M.; Myles, G.; Radacsi, N.; Mo, X. Recent Advancements on Three-Dimensional Electrospun Nanofiber

Scaffolds for Tissue Engineering. Adv. Fiber Mater. 2022, 4, 959–986. [CrossRef]
59. Zhang, Y.; Lu, L.; Chen, Y.; Wang, J.; Chen, Y.; Mao, C.; Yang, M. Polydopamine modification of silk fibroin membranes

significantly promotes their wound healing effect. Biomater. Sci. 2019, 7, 5232–5237. [CrossRef]
60. Yang, Y.; Liang, Y.; Chen, J.; Duan, X.; Guo, B. Mussel-inspired adhesive antioxidant antibacterial hemostatic composite hydrogel

wound dressing via photo-polymerization for infected skin wound healing. Bioact. Mater. 2022, 8, 341–354. [CrossRef]
61. Simonet, M.; Schneider, O.D.; Neuenschwander, P.; Stark, W.J. Ultraporous 3D polymer meshes by low-temperature elec-

trospinning: Use of ice crystals as a removable void template. Polym. Eng. Sci. 2007, 47, 2020–2026. [CrossRef]
62. Amarjargal, A.; Goudarzi, Z.M.; Cegielska, O.; Gradys, A.; Kolbuk, D.; Kalaska, B.; Sajkiewicz, P. A facile one-stone-two-birds

strategy for fabricating multifunctional 3D nanofibrous scaffolds. Biomater. Sci. 2023, 11, 5502–5516. [CrossRef]
63. Stadelmann, K.; Weghofer, A.; Urbanczyk, M.; Maulana, T.I.; Loskill, P.; Jones, P.D.; Schenke-Layland, K. Development of a

bi-layered cryogenic electrospun polylactic acid scaffold to study calcific aortic valve disease in a 3D co-culture model. Acta
Biomater. 2022, 140, 364–378. [CrossRef] [PubMed]

64. Ramesh, P.; Moskwa, N.; Hanchon, Z.; Koplas, A.; Nelson, D.A.; Mills, K.L.; Castracane, J.; Larsen, M.; Sharfstein, S.T.; Xie, Y.
Engineering cryoelectrospun elastin-alginate scaffolds to serve as stromal extracellular matrices. Biofabrication 2022, 14, 035010.
[CrossRef]

65. Bulysheva, A.A.; Bowlin, G.L.; Klingelhutz, A.J.; Yeudall, W.A. Low-temperature electrospun silk scaffold for in vitro mucosal
modeling. J. Biomed. Mater. Res. A 2012, 100, 757–767. [CrossRef] [PubMed]

66. Moors, J.J.; Xu, Z.; Xie, K.; Rashad, A.; Egger, J.; Röhrig, R.; Puladi, B. Full-thickness skin graft versus split-thickness skin graft for
radial forearm free flap donor site closure: Protocol for a systematic review and meta-analysis. Syst. Rev. 2024, 13, 74. [CrossRef]
[PubMed]

67. Kim, H.S.; Sun, X.; Lee, J.H.; Kim, H.W.; Fu, X.; Leong, K.W. Advanced drug delivery systems and artificial skin grafts for skin
wound healing. Adv. Drug Deliv. Rev. 2019, 146, 209–239. [CrossRef]

68. Halim, N.; Nallusamy, N.; Lakshminarayanan, R.; Ramakrishna, S.; Vigneswari, S. Electrospinning in Drug Delivery: Progress
and Future Outlook. Macromol. Rapid Commun. 2025, 2025, e2400903. [CrossRef]

69. Su, W.; Chang, Z.; Feng, Y.; Yao, X.; Wang, M.; Ju, Y.; Wang, K.; Jiang, J.; Li, P. Electrospinning and electrospun polysaccharide-
based nanofiber membranes: A review. Int. J. Biol. Macromol. 2024, 263 Pt 2, 130335. [CrossRef]

https://doi.org/10.1016/j.colsurfb.2022.112945
https://doi.org/10.1016/j.bioactmat.2020.06.023
https://doi.org/10.1038/s41598-021-85149-x
https://doi.org/10.1016/j.cej.2017.05.115
https://doi.org/10.1155/2021/8790143
https://www.ncbi.nlm.nih.gov/pubmed/34221024
https://doi.org/10.3389/fmed.2022.1042015
https://www.ncbi.nlm.nih.gov/pubmed/36703885
https://doi.org/10.1016/j.idairyj.2018.07.016
https://doi.org/10.1002/jbm.a.37154
https://doi.org/10.1016/j.matbio.2016.07.011
https://doi.org/10.1021/acsabm.4c00318
https://doi.org/10.1039/D1BM01194D
https://doi.org/10.1007/s42765-022-00170-7
https://doi.org/10.1039/C9BM00974D
https://doi.org/10.1016/j.bioactmat.2021.06.014
https://doi.org/10.1002/pen.20914
https://doi.org/10.1039/D3BM00837A
https://doi.org/10.1016/j.actbio.2021.11.030
https://www.ncbi.nlm.nih.gov/pubmed/34839029
https://doi.org/10.1088/1758-5090/ac6b34
https://doi.org/10.1002/jbm.a.33288
https://www.ncbi.nlm.nih.gov/pubmed/22238242
https://doi.org/10.1186/s13643-024-02471-x
https://www.ncbi.nlm.nih.gov/pubmed/38409059
https://doi.org/10.1016/j.addr.2018.12.014
https://doi.org/10.1002/marc.202400903
https://doi.org/10.1016/j.ijbiomac.2024.130335


Micromachines 2025, 16, 552 20 of 20

70. Li, W.; Shi, L.; Zhou, K.; Zhang, X.; Ullah, I.; Ou, H.; Zhang, W.; Wu, T. Facile fabrication of porous polymer fibers via cryogenic
electrospinning system. J. Mech. Work. Technol. 2019, 266, 551–557. [CrossRef]

71. Yang, D.L.; Faraz, F.; Wang, J.X.; Radacsi, N. Combination of 3D Printing and Electrospinning Techniques for Biofabrication. Adv.
Mater. Technol. 2022, 7, 2101309. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jmatprotec.2018.11.035
https://doi.org/10.1002/admt.202101309

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of PLGA-PCL-MAP 2D Nanofiber Scaffolds 
	Preparation of PLGA-PCL-MAP 3D Nanofiber Scaffolds 
	Characterization of 2D and 3D Nanofiber Scaffolds 
	Scanning Electron Microscope (SEM) 
	FTIR Test 
	Hydrophilicity 
	Porosity 
	Water Absorption 
	Tensile Test 

	Cell Preparation and Biological Characterization 
	Cell Culture 
	Cell Viability Stain 
	Cell Proliferation 
	Cell Morphology 
	Histology and Immunofluorescence Staining 


	Results 
	Preparation and Characterization of 3D Nanofiber Scaffolds 
	Preparation of 3D Nanofiber Scaffolds 
	Microstructure 
	Characterization of 3D Nanofiber Scaffolds 

	Three-Dimensional Nanofiber Scaffolds Promote Cell Viability 
	Promoted Cell Viability 
	Culture and Proliferation of Dermis 
	Culture and Proliferation of the Epidermis 

	Construction of Skin Substitutes with a Double-Layer Structure of Composite Epidermis and Dermis 
	Construction of Skin Substitutes 
	Characteristics of Epidermis and Dermis in Skin Substitutes 


	Discussion 
	Conclusions 
	References

