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Abstract

BACKGROUND: Muscle tissue engineering seeks to develop biomimetic scaffolds capable of restoring or replacing
damaged muscle by promoting cell alignment, proliferation, and differentiation within a controlled microenvironment. This
study presents a novel hybrid scaffold combining electrospun polycaprolactone (PCL) fibers with gelatin methacryloly
(GelMA) hydrogel. The scaffold integrates the topographical guidance of aligned PCL fibers with the supportive 3D matrix
of GelMA to promote muscle tissue formation.

METHODS: Electrospun PCL fibers (random/aligned) were incorporated into GeIMA hydrogel to form a composite
scaffold. Fiber morphology and orientation were analyzed using scanning electron microscopy (SEM), and surface
modification of PCL fibers following plasma treatment was confirmed via Fourier transform infrared (FTIR) spectroscopy.
Mechanical properties were assessed through tensile testing, and viscoelastic behavior was evaluated via rheometry. Cell
viability and proliferation were assessed using live/dead and metabolic assays. Myogenic differentiation was evaluated by
immunofluorescence staining of myosin heavy chain 2 (MYH2), and myotube formation was quantified by fusion index.
RESULTS: Aligned PCL fibers significantly enhanced scaffold mechanics, with tensile strength and Young’s modulus
increasing five- and six-fold, respectively, compared to randomly oriented fibers. The fiber-reinforced GelMA scaffold
showed a 45-fold increase in storage modulus (G’) relative to GeIMA alone. Enhanced cell viability and proliferation were
observed. F-actin staining confirmed cell alignment along the fiber axis. MYH2 expression indicated improved myogenic
differentiation, with the highest fusion index reaching 34.3%.

CONCLUSION: The PCL/GelMA hybrid scaffold exhibits excellent mechanical and biological performance, highlighting
its potential for skeletal muscle tissue regeneration.
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1 Introduction

Skeletal muscle injuries, whether due to trauma, degener-
ative diseases, or congenital disorders, pose significant
challenges for clinical treatment due to the limited regen-
erative capacity of adult muscle tissue [1]. Skeletal muscle
has a limited ability to regenerate after injury, particularly
when large portions of muscle are lost or damaged. Current
treatment strategies, such as surgical repairs or the use of
autologous muscle grafts, have limitations in terms of their
success, scalability, and ability to restore full functionality
[2]. As a result, there is an urgent need for innovative
approaches in tissue engineering that can provide effective
solutions for skeletal muscle regeneration. One promising
approach for engineering skeletal muscle tissue is the
development of biomaterials that can mimic the natural
extracellular matrix (ECM), providing both mechanical
support and biological cues to guide cellular behavior,
particularly myogenic differentiation. Skeletal muscle tis-
sue has a unique architecture in which muscle fibers are
highly organized and aligned along a specific orientation to
enable coordinated contraction and movement. For tissue
engineering to effectively replicate muscle tissue, scaffolds
must guide the alignment of muscle cells in a similar
manner [3]. Therefore, scaffolds that encourage cellular
alignment along these axes are critical for forming func-
tional tissue. Additionally, the scaffold should provide a
supportive environment for cell encapsulation, which
mimics the hydrated nature of the native muscle ECM [4].
However, the challenge remains in creating a biomaterial
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that can effectively combine both the ability to encapsulate
cells and direct their alignment in a 3D matrix.

Most tissue engineering approaches have addressed
either cellular encapsulation or cellular alignment. Chen
et al. [5] developed a novel 3D porous collagen scaffold
with concave microgrooves to engineer highly aligned,
multi-layered skeletal muscle tissues, promoting myoblast
alignment, myosin heavy chain expression, and muscle
ECM synthesis for potential use in tissue repair studies.
While microgrooved hydrogels are effective for directing
cell alignment and generating tissue constructs with
specific directional properties, they are constrained by
limited cell behavior and insufficient 3D ECM interaction.
Similarly, Cha et al. [6] developed a multiscale scaffold
combining electrospun nanofibers and PEG hydrogel
micropatterns to investigate the effects of topographical
cues on skeletal muscle cell alignment, elongation, and
myogenesis. Yang et al. [7] engineered a photopolymer-
izable methacrylate glycol chitosan/type 1 collagen
hydrogel for the efficient encapsulation of cells, positioning
it as a promising scaffold for skeletal muscle tissue engi-
neering applications. Ansari et al. [8] developed an
injectable 3D Arginine-Glycine-Aspartic (RGD)-coupled
alginate hydrogel scaffold for encapsulating gingival
mesenchymal stem cells and assessed the ability of the
encapsulated cells for myogenic differentiation. Jun et al.
[9] created macroporous and injectable fibrin-based con-
struct to encapsulate human umbilical cord stem cells for
muscle tissue engineering application.
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Amidst numerous studies focusing on either cell align-
ment or encapsulation, few have successfully integrated
these two strategies in a single, cohesive scaffold that
mimics the complexities of native muscle tissue and
enhancing functional tissue regeneration. Lee et al. [10]
introduced aligned gelatin-based microribbons (LRBs) as
3D macroporous hydrogels for guiding smooth-muscle cell
alignment and regeneration, wherein it supports direct cell
encapsulation, enhances cell proliferation, matrix deposi-
tion, and retention of the contractile phenotype. Hwangbo
et al. [11] developed a gelatin methacryloyl (GelMA)
structure with uniaxially aligned C2C12 cells using an
in situ crosslinking process during extrusion, optimizing
biophysical parameters to enhance cell alignment and
myogenic activity, and demonstrated improved muscle
regeneration in a mouse model of volumetric muscle loss
compared to conventional crosslinking methods. Bian et al.
[12] presented a versatile cell/hydrogel (fibrinogen/colla-
gen type 1) micromolding approach using polydimethyl-
siloxane molds to fabricate large, thick, and functional
skeletal muscle tissue networks with aligned, densely
packed myofibers, demonstrating controlled tissue archi-
tecture, high cell viability, and spontaneous contractions.
Yeo et al. [13] developed a cell-laden scaffold that inte-
grates polycaprolactone (PCL) macrosized struts, aligned
nanofibers from optimized electrospinning, and cell-printed
myoblasts thereby emphasizing cell encapsulation and
alignment.

Our study presents an innovative strategy that seam-
lessly integrates cell alignment with hydrogel embedding
through a simple yet effective fabrication process. Unlike
previous approaches that addressed these aspects sepa-
rately, our method combines plasma-treated electrospun
PCL fibers with GelMA hydrogel to create a biomimetic
scaffold that simultaneously provides mechanical support,
topographical guidance, and a physiologically relevant 3D
microenvironment. The novelty of this approach lies in: (1)
the straightforward fabrication process that allows precise
control over fiber orientation while maintaining structural
integrity, (2) the synergistic combination of plasma-treated
PCL fibers and GelMA hydrogel that enhances both cell-
matrix interactions and mechanical properties, and (3) the
scalable nature of the fabrication process that enables the
creation of complex, multi-layered constructs. By opti-
mizing these key features, this study aims to demonstrate
enhanced myogenic differentiation and advance the field of
muscle tissue engineering, particularly for treating large-
scale muscle injuries where current therapeutic options are
limited.

2 Materials and methods
2.1 Chemicals and reagents

All chemicals and solvents were used as received from the
manufacturer unless otherwise specified. Fetal bovine
serum (FBS) was purchased from GIBCO. The 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) reagent and 1%  Penicillin—Streptomycin
100 x were sourced from WelGene. Donor equine serum
was acquired from Cytiva. Other chemicals, including
2,2,2-Trifluoroethanol (TFE), Polycaprolactone (PCL),
Gelatin methacryloyl (GelMA), 2-Hydroxy-4-(2-hydrox-
yethoxy)-2-methylpropiophenone (Irgacure2959), Triton
X-100, bovine serum albumin (BSA), 4°,6-diamidino-2-
phenylindole (DAPI), Albumin-fluorescein isothiocyanate
conjugate (FTIC-Albumin), and Dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich (St Louis,
MO, USA). Invitrogen™ LIVE/DEAD™ Viability/Cyto-
toxicity Kit, paraformaldehyde, and Goat anti-Mouse IgG
(H 4+ L) Secondary Antibody conjugated with Rhodamine
were obtained from Thermo Fisher Scientific (Waltham,
MA, USA). Myosin-2 (MYH2) antibody was purchased
from Santa Cruz Biotechnology (Dallas, TX, USA).

2.2 Electrospun PCL fiber preparation

PCL pellets were dissolved in TFE to prepare a 10% (w/v)
PCL solution. The solution was then incubated in an oven
at 60 °C for 24 h. Electrospinning was performed using an
ESR-200RD electrospinning system (NanoNC, Seoul,
Korea). To produce aligned fibers, the 10% PCL solution
was loaded into a 23G syringe. A voltage of 19 kV was
applied, with a collector-to-needle distance of 5 cm and a
collector rotation speed of 2000 rpm. For random fibers,
the same PCL solution was used, with a collector-to-needle
distance of 15 cm and a rotation speed of 400 rpm. Fiber
samples were collected on a grounded collector wrapped in
aluminum foil. To enhance cell attachment, the electrospun
PCL fibers were subjected to plasma treatment at 60 W for
1 min using a plasma system (Covance, Femto Science
Inc., Seoul, Korea). The treated fibers were cut into
1.5 x 1.5 cm pieces and sterilized with ethanol. Prior to
cell seeding and hydrogel casting, fibers were rinsed twice
with Dulbecco’s phosphate-buffered saline (DPBS) and
disinfected under UV light for 10 min.

2.3 Chemical and physical properties of PCL fiber
Plasma treatment induced changes in functional groups on

the PCL fibers were analyzed using iS50 Fourier transform
infrared (FT-IR) spectroscopy (Thermo Fisher Scientific,
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Waltham, MA, USA) in the wavenumber range of
500-4000 cm™! in attenuated total reflectance (ATR)
mode. The tensile strength and Young’s modulus of PCL
fibers were evaluated using a Universal Testing Machine
(UTM) (34SC-1, Instron, MA, USA). The fibers, with a
thickness of 0.1 mm and a length of 1.5 cm, were subjected
to testing at a rate of 10 mm/min. In case of aligned
electrospun fibers, the tensile direction was aligned along
the orientation of the electrospun fibers.

2.4 Surface characterization of PCL fiber

The surface morphology of both random and aligned PCL
fibers was examined using a scanning electron microscope
(SEM) (SU8600, Hitachi, Tokyo, Japan; Smart Materials
Research Center for IoT supported by the Korean Basic
Science Institute, NFEC-2023-02-285654). Samples were
coated with platinum under vacuum for 120 s, and images
were acquired at a magnification of 3000 x with a scale
bar of 10 um. The surface hydrophilicity of the fibers
before and after plasma treatment was assessed by contact
angle goniometry (DSA100, KRUSS, Hamburg, Germany).
The contact angle values were averaged from three mea-
surements per sample. Protein adhesion onto PCL fibers
was evaluated by incubating the PCL fibers with FITC-
BSA (10 mg/mL) dissolved in PBS for 24 h at 37 °C in a
5% CO, atmosphere. Fluorescence images were captured
using an EVOS MS5000 microscope (Invitrogen, Waltham,
MA, USA), and fluorescence intensity was quantified using
Imagel] software. Data were averaged from 10 independent
measurements.

2.5 Preparation of PCL/GelMA hydrogel scaffold
via photo-crosslinking

A 5% (w/v) GeIMA solution was prepared by dissolving
GelMA in serum-free DMEM, with stirring at 50 °C until
complete dissolution. To initiate the photo-crosslinking
process, 0.1% (v/v) Irgacure2959 photoinitiator was
incorporated into the GelMA solution. The hydrogel pre-
cursor was then drop-cast onto a scaffold of electrospun
PCL fibers. UV irradiation was applied using the ASO0-
4H86F UV LED spot curing system (Altis UVcare)
equipped with a CLO6 lens (365 nm wavelength, 6 mm
spot size). The sample was exposed to UV light at an
intensity of 5 mW/cm? for 30 s, sufficient to induce photo-
crosslinking and form the PCL/GelMA hydrogel scaffold.

2.6 Rheological characterization of PCL/GelMA
hydrogel scaffold

The rheological properties of the PCL/GelMA hydrogel
scaffold were evaluated using a rheometer (MCR92, Anton
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Paar, Graz, Austria) with a 25 mm parallel plate geometry.
Frequency sweep tests were performed at 37 °C with a
constant shear strain of 1%, while the frequency varied
between 0.1 and 10 Hz. The storage modulus (G’) and loss
modulus (G”) were measured and recorded to assess the
mechanical behavior of the hydrogel scaffold.

2.7 Preparation of cell-laden PCL/GelMA Hydrogel
Scaffold

C2C12 mouse myoblasts (sourced from ATCC) were cul-
tured in growth medium composed of Dulbecco’s Modified
Eagle Medium (DMEM), supplemented with 10% fetal
bovine serum (FBS) and 1% Penicillin—Streptomycin
(100 x). Once the cells reached approximately 80% con-
fluence, they were detached using trypsin, and a cell sus-
pension was prepared for seeding. Suspended C2C12
myoblasts were seeded at a density of 8 x 10° cells/cm?
onto electrospun PCL fiber mats (1.5 x 1.5 cm), which
had been pre-incubated in growth medium at 37 °C in a 5%
CO, atmosphere. Pre-incubation was carried out to support
cell attachment and interaction with the fiber surface. The
cells were allowed to attach to the PCL fiber mats over-
night before adding a GelMA hydrogel solution. The
scaffolds were then subjected to UV irradiation (as
described in Sect. 2.5) for 30 s to crosslink the hydrogel,
stabilizing the construct and promoting cell-hydrogel
interactions at the fiber—gel interface. The resulting cell-
laden PCL/GelMA scaffolds were subsequently used for
the cell proliferation and viability assays described in
Sects. 2.8 and 2.9. To initiate myogenic differentiation, the
culture medium was switched to differentiation medium
(DMEM containing 2% donor equine serum and 1%
Penicillin—Streptomycin (100 x)), which was refreshed
every 2 days.

2.8 Cell proliferation evaluation using MTT assay

The proliferation of C2C12 cells on the PCL/GelMA
hydrogel scaffolds was assessed quantitatively using the
MTT assay on days 1, 4, and 7 post-seeding. The cell-laden
scaffolds, prepared as described in Sect. 2.7, were placed
in 24-well non-treated tissue culture plates, with 1 mL of
growth medium added to each well. MTT reagent (0.006 g/
mL in PBS) was introduced at a volume of 50 pL per well
containing 450 pL of medium, and the plates were incu-
bated for 2 h at 37 °C. After incubation, the supernatant
was carefully removed, and the formazan crystals formed
were dissolved in DMSO. Absorbance was measured at
540 nm using a microplate reader (Epoch, BioTek, VT,
USA). The absorbance values obtained were used as an
indirect measure of cell proliferation, based on the meta-
bolic activity of viable cells.
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2.9 Cell viability using live/dead assay

Cell viability on the cell-laden PCL/GeIMA scaffolds was
qualitatively and quantitatively assessed using the LIVE/
DEAD™ Viability/Cytotoxicity Kit (Invitrogen, USA).
Scaffolds prepared as described in Sect. 2.7 were placed in
24-well non-treated tissue culture plates, with 1 mL of
growth medium added to each well. For viability staining,
the scaffolds were incubated with a staining solution con-
taining 2 uM calcein AM and 4 uM ethidium homodimer-
1 for 1 h at 37 °C under dark conditions. Following
staining, scaffolds were incubated in PBS for 2 h to remove
any residual dye. Fluorescence microscopy was used to
visualize live (green) and dead (red) cells on days 1 and 4
of differentiation. Quantitative analysis of cell viability
was performed by counting live (green) and dead (red)
cells in multiple randomly selected fields using Imagel
(NIH, USA). The percentage of viable cells was calculated
using the following equation:

Number of Live cells

Total number of cells

Cell viability(%) =

2.10 Immunofluorescence staining

Immunofluorescence staining was performed to visualize
cytoskeletal organization and assess myogenic differentia-
tion with the cell-laden PCL/GelMA hydrogel scaffolds.
On day 7 of differentiation, scaffolds were fixed in 4%
paraformaldehyde, followed by permeabilization with
0.1% Triton X-100. The scaffolds were then incubated with
a red fluorescent phalloidin conjugate to label F-actin.
After thorough washing with PBS, DAPI was applied for
30 min to stain cell nuclei.

To assess myogenic differentiation, myosin heavy chain
(MyHC) expression was evaluated on day 14 of differen-
tiation. Fixed and permeabilized scaffolds were incubated
with an anti-MyHC primary antibody, followed by incu-
bation with a Rhodamine-conjugated secondary antibody.
Fluorescence images were captured using an EVOS M5000
microscope (Invitrogen, Waltham, MA, USA). The fusion
index, defined as the percentage of nuclei within multinu-
cleated cells relative to the total number of nuclei, was
calculated as follows:

Number of nuclei in multinucleated myotubes 100

Fusion index(%) =
) Total number of nuclei

2.11 Statistical analysis

Data are presented as the mean + standard deviation (SD).
All experiments, unless otherwise specified, were

conducted in triplicate. Statistical analysis was performed
using one-way analysis of variance (ANOVA), using
GraphPad Prism 9 software (GraphPad Software, San
Diego, CA, USA). Differences between groups were con-
sidered statistically significant at p-value < 0.01, with
higher levels of significance reported as p-value < 0.0001
where applicable.

3 Results
3.1 Fabrication of PCL/GelMA hydrogel scaffold

The fabrication process, as illustrated in Scheme 1,
involves four critical steps. Electrospinning of PCL fibers:
First, PCL fibers are electrospun with controlled orientation
by adjusting the collector rotation speed and needle-to-
collector distance. Higher rotation speeds (2000 rpm) and
shorter distance (5 cm) produce aligned fibers, while lower
(400 rpm) and greater distance (15 cm) result in random
fiber arrangements. Plasma Treatment: Second, the PCL
fibers undergo plasma treatment, which introduces oxygen-
containing functional groups on the fiber surface, improv-
ing hydrophilicity and protein adsorption capacity. GelMA
incorporation: Third, GeIMA solution is applied to the
surface-modified fibers, ensuring thorough infiltration of
the fiber network. UV-crosslinking: Finally, UV-mediated
crosslinking is performed, during which the methacrylate
groups in GelMA undergo free radical polymerization,
forming a stable network that physically interlocks with the
surface-modified PCL fibers.

3.2 Physical, chemical, and mechanical
characterization of electrospun PCL fibers

Structural characterization of electrospun PCL fibers was
systematically performed through SEM analysis (Fig. 1A
and B), which demonstrated effective control over fiber
orientation through key electrospinning parameters. The
orientation of fibers was primarily controlled by adjusting
the rotating collector’s speed and the needle-to-collector
distance. For aligned fibers, the reduced needle-to-collector
distance (5 cm) enhanced electrostatic guidance of the
fibers, while the higher rotation speed (2000 rpm) induced
greater stretching, resulting in uniform fiber orientation
along the collector’s direction. Conversely, lower rotation
speeds (400 rpm) and increased needle-to-collector dis-
tances (15 cm) produced random fiber arrangements due to
reduced directional forces. Quantitative analysis of fiber
orientation using ImageJ Orientation] plugin confirmed
these observations. Random fibers showed a broad angular
distribution across — 90° to 90°, while aligned fibers
exhibited a sharp peak distribution at 0°, indicating high
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Scheme 1 Schematic representation of the fabrication process for the PCL/GelMA hydrogel hybrid scaffold
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Fig. 1 Representative scanning electron microscope (SEM) images of electrospun PCL fibers: A random orientation and B aligned orientation.

Fiber orientation distribution is shown in the corresponding graph

directional uniformity. This controlled fiber orientation is
crucial for tissue engineering applications, as it can provide
specific directional cues for cellular behavior. To further
assess the structural integrity of the fibers after incorpor-
tation into the GelMA hydrogel, we conducted SEM
imaging of the electrospun PCL/GelMA composite scaf-
fold. The SEM results (Fig. S1) clearly demonstrate that
the aligned fiber morphology is preserved following
GelMA integration. In particular, Fig. S1b shows well-
oriented, continuous fibers with no observable disruption
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that would indicate a loss of alignment, in contrast to the
randomly arranged network shown in image Fig. Sla. This
confirms that the structural integrity of the aligned nano-
fibers is retained within the composite scaffold, supporting
their utility in guiding cell alignment and tissue
organization.

Surface modification of PCL fibers through oxygen
plasma treatment was verified using complementary ana-
lytical techniques. FT-IR analysis confirmed the successful
introduction of functional groups on the fiber surface
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(Fig. S2). The appearance of characteristic peaks at
3300 cm ™' (hydroxyl groups, —OH) and 1640 cm™' (car-
bonyl/carboxyl groups, C=0/-COOH) demonstrated
effective surface functionalization. These findings confirm
that the surface modifications were successfully incorpo-
rated into the fibers, validating the effectiveness of the
oxygen plasma treatment. The enhancement of the hydro-
philic properties of the plasma-treated fibers was further
assessed using contact angle measurements. The data
revealed a significant reduction in the contact angle for
both random and aligned fibers compared to their untreated
counterparts (Fig. S3a and Fig. S3b). Specifically, the
contact angle for wuntreated random fibers was
108.6 &+ 2.7°, while that of untreated aligned fibers was
111.7 & 1.9°, with no significant difference observed
between the two groups. After plasma treatment, the con-
tact angles of the random and aligned fibers were reduced
to 449 + 5.4° and 45.5 + 1.3°, respectively, with no
significant difference between the two groups. These val-
ues represent a 58.6 and 59.3% reduction in contact angle
compared to the untreated fibers, respectively. These
results collectively demonstrate that oxygen plasma treat-
ment effectively modified the surface of PCL fibers,
introducing functional groups that significantly enhanced
the hydrophilicity of the fibers. Consequently, the treat-
ment improved the surface characteristics, making it more
conducive to cell adhesion and attachment.

To assess cell adhesion between the plasma-treated and
untreated groups, fibers were immersed in FITC-conju-
gated BSA solution, and the fluorescence intensity of the
protein adhered to the fibers was measured. The plasma-
treated group exhibited significantly higher fluorescence
intensity, indicating increased attachment of the fluores-
cently labeled BSA (Fig. S4a), which correlates with
enhanced protein adsorption on the fiber surface. Since
protein adsorption is a critical step for cell attachment [14],
the higher fluorescence intensity observed for plasma-
treated fibers suggests improved conditions for cell adhe-
sion. Quantification of the fluorescence intensity (as given
in Fig. S4b), using the ImageJ software, revealed lower
values for the untreated fibers, with fluorescence intensities
of 15.7 and 14.5 au. for random and aligned fibers,
respectively. In contrast, the plasma-treated random and
aligned fibers showed substantially higher fluorescence
intensities of 67.8 and 52.2 a.u., respectively. These results
confirm that the plasma-treated fibers support enhanced
cell adhesion compared to their untreated counterparts.

A tensile test was conducted to evaluate the mechanical
properties of the fibers based on their structural arrange-
ment. Tensile strength, which refers to the maximum stress
a material can withstand, and Young’s modulus, a measure
of material rigidity calculated as the ratio of stress to strain,
were determined for both random and aligned fibers. The

average tensile strength of the random fibers was
3.0 £+ 0.2 MPa (Fig. S5a), and the average Young’s mod-
ulus was 14.3 £ 0.5 MPa (Fig. S5b). In contrast, the
aligned fibers exhibited significantly higher values, with a
tensile strength of 16.4 + 1.8 MPa and Young’s modulus
of 95.7 &£ 16.0 MPa. The observed difference in mechan-
ical strength between the two groups can be attributed to
the alignment of the fibers. Aligned fibers, with their
structure oriented parallel to the tensile direction, are better
able to distribute stress, which leads to delayed cracking
and increased tensile strength and stiffness [15]. In con-
trast, randomly arranged fibers, where the tensile direction
does not match the fiber orientation, cannot dissipate stress
effectively, resulting in faster cracking. These results
confirm that the mechanical properties of the fibers can be
modulated by changing their structural arrangement. Fur-
thermore, previous studies have demonstrated that pro-
viding mechanical stimulation, such as stretching the
matrix during cell culture, can enhance cell elongation and
alignment [16-18]. Fibers with higher tensile strength and
Young’s modulus, therefore, have increased utility for
applications requiring greater resistance to external stimuli.

The comprehensive characterization of the plasma
treated electrospun PCL fibers demonstrates the successful
development of electrospun PCL fibers with controlled
orientation and enhanced surface properties. The combi-
nation of structural organization, improved surface chem-
istry, and robust mechanical properties creates an optimal
substrate for cell attachment and guidance in muscle tissue
engineering applications [19, 20].

3.3 Rheological anlaysis of PCL/GelMA composite
scaffolds

The viscoelastic properties of the GeIMA hydrogel and
PCL/GelMA composite scaffolds were characterized
through rheological analysis across a frequency range of
0.1-10 Hz. In all samples, the G’ consistently exceeded the
G’’, indicating the formation of stable hydrogel network
with predominantly elastic behavior rather than viscous
flow characteristics. This elastic dominance is crucial for
maintaining scaffold integrity during cell culture and tissue
development.

The integration of PCL fibers into the GelMA hydrogel
significantly enhanced the mechanical properties of the
composite scaffold (Fig. 2A-D). The average G’ of the
GelMA hydrogel was 38.1 &+ 2.1 Pa, while the PCL-inte-
grated hydrogel showed a higher value of 85.5 £ 12.5 Pa,
demonstrating that the incorporation of PCL fibers
enhanced the mechanical strength of the hydrogel. Addi-
tionally, when an extra hydrogel layer incorporating PCL
fibers was added to the matrix, the G’ increased substan-
tially to 1713.0 £ 387.7 Pa, approximately 45 times higher
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Fig. 2 Rheological characterization of the hydrogels: A GelMA
hydrogel, B PCL fiber-incorporated GeIMA hydrogel, and C two-
layered PCL fiber-incorporated GelMA hydrogel. D Quantification of
the storage modulus (G’) for all three groups. Bars represent

than that of the GeIMA hydrogel. This significant increase
in mechanical strength highlights the effectiveness of
adding layers to the 3D matrix, which not only improves
the structural integrity but also allows for the control of
fiber orientation, promoting the growth and alignment of
cells within each layer.

The observed mechanical properties of the scaffold are
highly relevant for tissue engineering applications, with the
G’ values falling within the range reported for various soft
tissues [21, 22], indicating compatibility with native tissue
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environments. The ability to enhance mechanical proper-
ties through fiber incorporation and the layered structure
provides design flexibility for various tissue engineering
applications [23-25]. Additionally, the increased mechan-
ical strength of the composite scaffold enhances support for
cell growth and muscle tissue development, while main-
taining the beneficial properties of both the hydrogel and
fiber components, allowing it to withstand contractile for-
ces during muscle formation.
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3.4 Analysis of cell proliferation and viability
in PCL/GelMA composite scaffolds

MTT assay was used to indirectly evaluate cell prolifera-
tion based on the metabolic activity of viable cells. The
results from the MTT assay (Fig. 3A) demonstrate a clear
temporal and experimental group-dependent trend in cell
viability across the different culture conditions. On day 1,
cells cultured on 2D plates exhibited lower absorbance at
540 nm compared to the other experimental groups, which
could be attributed to the initial stage of adaptation to the
2D culture environment, where cells may not yet have fully
adhered or adjusted to the flat surface. Furthermore, the
high absorbance observed in the experimental groups
containing random fibers, aligned fibers, and fibers (ran-
dom/aligned) embedded GelMA hydrogel may suggest that
these 3D culture environments provide enhanced initial cell
attachment or a more favorable microenvironment that
supports cell viability early in the culture period. These
conditions are likely to promote better adhesion and
spreading, which might be responsible for the higher
optical density (O.D.) values observed in these groups on
day 1.

By day 4, cells cultured on the 2D plates demonstrated
significantly higher absorbance compared to those on ran-
dom fibers, aligned fibers, and random fiber + GeIMA
hydrogel groups. This result aligns with the general
understanding that 2D cultures often provide superior
conditions for cell proliferation in the early stages due to
their simplicity and more accessible nutrient and oxygen
diffusion. However, the groups incorporating GelMA
hydrogel (random fiber + GelMA hydrogel and aligned
fiber + GeIMA hydrogel) exhibited higher absorbance
than those cultured on only electrospun fibers, suggesting
that the presence of the hydrogel enhanced cell viability
and proliferation. The hydrogel likely provided additional
structural support and biochemical cues that facilitated cell
survival, even though the values remained lower than those
of the 2D culture group. This reinforces the importance of
the 3D environment in supporting cell growth, despite the
initial slower proliferation observed.

By day 7, the trend continued with 2D cultures showing
the highest O.D. values, indicating continued superior cell
proliferation. However, the groups with GelMA hydrogel
exhibited higher absorbance than the electrospun fibers
alone, with the random fiber + GelMA hydrogel group
approaching the O.D. values of the 2D group. Most nota-
bly, the aligned fiber + GelMA hydrogel group showed
0O.D. values that exceeded those of the 2D culture, sug-
gesting that the combination of aligned fibers and GelMA
hydrogel creates a highly favorable environment for cell
viability and proliferation. This could be due to the com-
bined benefits of the hydrogel’s biocompatibility and the

aligned fiber scaffold’s ability to guide cell orientation and
movement, which is closer to the native 3D tissue archi-
tecture. The fibers alone groups might not have offered
optimal cell-matrix interactions or the 3D microenviron-
ment necessary for sustained cell proliferation, leading to
slower growth compared to the more supportive 2D or
hydrogel-based conditions.

Checking cell viability in cell differentiation experi-
ments is crucial to ensure that the observed differentiation
effects are not confounded by cell death or stress. High cell
viability indicates that the cells are alive and healthy,
providing confidence that any changes in cell behavior,
such as differentiation, are due to the experimental condi-
tions rather than poor cell health. Live/Dead assay was
used to assess cell viability qualitatively. On day 1 of the
cell differentiation experiment, all experimental groups—
2D cell culture, random fiber, aligned fiber, random
fiber + GeIMA hydrogel, and aligned fiber + GeIMA
hydrogel—showed similar percentages of cell viability
(Fig. 3B-D), indicating that initial cell health and survival
were comparable across all conditions. This observation
suggests that, initially, the cells were able to survive and
adhere equally well in all the environments. By day 4,
however, a marked difference was observed in cell via-
bility. Cells encapsulated within the random fiber +
GelMA hydrogel and aligned fiber + GeIMA hydrogel
groups exhibited significantly higher cell viability com-
pared to cells cultured on the 2D tissue culture plates. The
GelMA hydrogel groups, both with random and aligned
fibers, showed enhanced cell survival, suggesting that the
3D environment provided by the hydrogels may be better
suited for supporting cell viability over time compared to
the 2D culture. This enhanced survival in GelMA-con-
taining scaffolds can be attributed to several factors: (1) the
presence of cell-adhesive motifs in GelMA supporting
cell-matrix interactions, (2) the 3D architecture providing
better cell-cell contact, and (3) the hydrogel network
offering a more physiologically relevant mechanical
environment.

3.5 Analysis of cell morphology, alignment
and myogenic differentiation in PCL/GelMA
composite scaffolds

On day 7 of the differentiation experiment, F-actin was
immunostained to evaluate the cytoskeletal structure of the
cells (Fig. 4A). The aspect ratio (Fig. 4B) and orientation
(Fig. 4C-G) of the cells were subsequently analyzed using
Image] software. Cell elongation can be quantified by
comparing the length and width of a cell, which is often
represented using its aspect ratio. The aspect ratio is
defined as the ratio of the longest dimension (typically the
length) to the shortest dimension (typically the width). For
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«Fig. 3 A Cell proliferation analysis using the MTT assay on days 1,
4, and 7. Bars represent mean =+ standard deviation. Significant
differences are noted as p-value (**, ##, @ @) < 0.0001 and p-value
(#) < 0.01. The symbol ** indicates difference from 2D cell group, #
and ## indicates difference from random fiber group, @ @ indicates
difference from aligned fiber group. Fluorescent images of the Live/
Dead assay for cell viability (Scale bar: 150 um) on B day 1, C day 4,
and D quantification of fluorescent intensity using ImageJ analysis.
Bars represent mean + standard deviation. Significant differences are
noted as p-value (*) < 0.01. The symbol * indicates difference from
2D cell group

elongated cells, the aspect ratio will be greater than 1,
while for spherical or round cells, the aspect ratio will be
close to 1. An increase in the aspect ratio indicates greater
cell elongation, as the length increases relative to the
width. The aspect ratio analysis revealed that the aligned
fiber + GeIMA hydrogel group exhibited the highest
aspect ratio, which was significantly greater compared to
the 2D cell culture group and the random fiber + GelMA
hydrogel group. The aspect ratio results indicate that the
cells cultured on the aligned fiber + GelMA hydrogel
scaffold displayed a more elongated morphology compared
to those cultured on 2D plates or random fiber + GelMA
hydrogel scaffolds. The significantly higher aspect ratio in
the aligned fiber + GelMA hydrogel group suggests that
the aligned fibers and the hydrogel matrix together provide
a favorable environment for cells to elongate and adopt a
more elongated shape, which is often associated with dif-
ferentiated, more functionally mature cells.

To further assess cellular alignment, orientation
analysis was performed based on F-actin staining images
(Fig. 4C-G) The aligned fiber and aligned fiber + GelMA
groups exhibited a distinct orientation peak around 0°,
indicating strong alignment of cells along the fiber axis. In
contrast, both the random fiber and random fiber + GelMA
groups displayed broad, non-directional orientation distri-
butions, suggesting that without fiber alignment, the cells
do not adopt a specific orientation. Similarly, the 2D cul-
ture group showed a random orientation pattern, reflecting
the lack of structural guidance cues on flat surfaces. The
presence of GelMA hydrogel in the random fiber +
GelMA group did not significantly improve alignment
compared to the random fiber-only group, indicating that
hydrogel alone is insufficient to guide cell orientation in the
absence of structural cues.

Immunofluorescence staining for myosin heavy chain 2
(MYH2) was performed to assess muscle cell differentia-
tion in various experimental groups (Fig. 5A). The fusion
index [26], a measure of myotube formation, was calcu-
lated for cells cultured on different scaffolds (Fig. SB).
Cells cultured on random fibers and aligned fibers exhib-
ited fusion index values of 13.8 and 20.6%, respectively.

Incorporating GelMA hydrogel further enhanced the fusion
index, with random fiber + GelMA and aligned fiber +
GelMA hydrogel groups showing values of 22.0 and
34.3%, respectively. The aligned fiber + GelMA group
had the highest fusion index, significantly outperforming
all other groups, including the 2D cell culture group,
indicating a more favorable environment for myotube
formation in these conditions.

4 Discussion

For effective muscle tissue engineering, providing a 3D
microenvironment that supports both cell alignment and
intimate cell-matrix interactions is crucial for recapitulat-
ing native tissue architecture and function [27]. Three-di-
mensional scaffolds offer superior conditions for cell
survival, proliferation, and differentiation by enabling
enhanced cell-cell and cell-matrix interactions compared
to conventional 2D cultures [28, 29].

In this study, we present a novel strategy combining
aligned electrospun PCL fibers and GelMA hydrogel to
fabricate structurally anisotropic, bioactive 3D scaffolds
for skeletal muscle tissue engineering. This composite
system addresses critical challenges in recapitulating the
mechanical, biochemical, and topographical cues necessary
for effective myogenesis. The electrospinning of PCL
fibers with controlled orientation, followed by plasma
treatment and GelMA incorporation, offers a tunable
platform that addresses key limitations in traditional 2D
cultures systems and unmodified polymer scaffolds. The
scaffold components were carefully selected based on their
specific properties and functions. GelMA, derived from
gelatin through methacryloyl modification, preserves the
inherent bioactivity of natural ECM proteins while gaining
photocrosslinking capability [30, 31]. This dual function-
ality enables both cell-matrix interactions through integrin-
binding motifs and precise control over mechanical prop-
erties through UV-mediated crosslinking. PCL was selec-
ted for its favorable mechanical properties, processability,
and FDA approval for biomedical applications [32, 33].
However, its hydrophobic nature necessitates surface
modification for optimal cell response [34], which was
addressed through plasma treatment in this study.

One of the central findings of this study is the critical
role of fiber alignment in guiding cell behavior. Orientation
of electrospun fibers plays a crucial role in guiding cellular
behavior and determining scaffold properties [35]. By
manipulating electrospinning parameters such as collector
rotation speed and needle-to-collector distance, we
achieved precise control over fiber orientation [36, 37].
Aligned PCL fibers significantly enhance directional uni-
formity, which is known to provide topographical cues that

@ Springer



1114 Tissue Eng Regen Med (2025) 22(8):1103-1118

o
=
=
[}
5
(o]
=)
=

#
X%k
B 10-
*
i —
5 8-
©
S
O 6
D
©
— m
+— —
5 4
e =
-
g - =
=
—
| =
0- T
g P AN
+ oo R\o ﬁ.\\v xg xg
5 W& DL
CRC )
o b.o O ¢ ¢©
& (— NN
>» Vo 0
< 60 Qoe
_ O
() Ib v.
o
+ - Q.
[
7]
=
= e
e 500+ = 400+
] S
® ®
400+
E E 300
S 300 S
% S 200
§ 200+ s
| 2 100- G
£ 100 2
7 B g 2000
Qo T T T 1 Qo T T T 1 %
400 -50 0 50 100 400 -50 0 50 100 E 1500
Myocyte orientation (degree) Myocyte orientation (degree) H
F 'S 1000
[
E S
3 s00-
800 £ 400+ 7
‘% % 8 0 T T T 1
6004 E 1004 100 -50 0 50 100
E 2 Myocyte orientation (degree)
o o
S 400 S 200
c c
K] K]
3 200 3 100
b b
a 0 T T T 1 a 0 T T T 1
-100 -50 0 50 100 -100 -50 0 50 100
Myocyte orientation (degree) Myocyte orientation (degree)

@ Springer



Tissue Eng Regen Med (2025) 22(8):1103-1118

1115

«Fig. 4 A Fluorescent images of F-actin staining (Scale bar: 150 pum)
on day 7 of differentiation. B Graph showing the aspect ratio. Bars
represent mean =+ standard deviation. Significant differences are
noted as p-value (¥*) < 0.0001 and p-value (¥, #) < 0.01. The
symbol * and ** indicates difference from 2D cell group, # indicates
difference from random fiber + gel group, and C-G Cell orientation
analysis using ImagelJ for all experimental groups, presented in the
same order as shown in panel (A)

influence cell orientation and cytoskeletal organization
[38—41]. SEM and orientation analysis confirmed these
alignment effects, which are especially crucial in myogenic
differentiation, where parallel alignment mimics native
muscle tissue architecture.

Surface modification through oxygen plasma treatment
effectively improved the hydrophilicity and bioactivity of
the PCL fibers. FT-IR and contact angle measurements
confirmed the successful introduction of hydroxyl and
carboxyl groups, resulting in significantly lower water
contact angles and improved protein adsorption. These
surface modifications translated into enhanced BSA

adhesion, supporting the notion that oxygen plasma treat-
ment creates a more cell-conducive environment.
Enhanced protein adsorption is a prerequisite for integrin-
mediated adhesion [14], which subsequently facilitates
better cell spreading, survival,
differentiation.

The mechanical characterization revealed another
important dimension in scaffold optimization. Tensile
strength and Young’s modulus were measured specifically
on the aligned and random PCL fiber mats prior to
hydrogel incorporation, providing insights into the struc-
tural integrity and anisotropic mechanical behavior of the
fibrous scaffold. Aligned fibers demonstrated superior
tensile strength and stiffness compared to their randomly
oriented counterparts, consistent with previous literature
showing that uniaxial fiber orientation enables better stress
distribution along the fiber axis. This mechanical robust-
ness is beneficial not only for maintaining structural
integrity [15] but also for supporting cellular alignment and

and downstream
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[16-18]. While the modulus values of electrospun PCL
fibers exceed those of native muscle tissue, their aligned
architecture mimics the directional mechanical environ-
ment critical for myoblast elongation and fusion.

Moreover, the incorporation of these fibers into GelMA
hydrogel matrices substantially augmented the viscoelastic
properties of the resulting composite. Rheological data
showed that layered constructs-particularly those incorpo-
rating PCL fibers-exhibited significantly higher storage
moduli (G’), underscoring their potential to support cell-
laden 3D matrices under mechanical loading conditions
encountered in dynamic tissue environments [23-25].
These enhanced storage and loss moduli reflect improved
stiffness under dynamic loading conditions of the fiber-
reinforced GelMA hydrogels and suggest that they provide
a more physiologically relevant 3D microenvironment for
skeletal muscle function and regeneration.

The composite scaffolds also demonstrated promising
biological performance. Cell proliferation assays revealed
that although 2D cultures initially supported faster prolif-
eration, the combination of PCL fibers and GelMA
hydrogel-especially with aligned fibers-led to sustained and
eventually superior cell growth by day 7. This is in line
with previous reports suggesting that the 3D microenvi-
ronment provided by hydrogels offers more physiologically
relevant conditions that support long-term cell viability.
The enhanced performance of aligned fiber + GelMA
constructs may be attributed to synergistic effects between
topographical cues from aligned fibers and the biochemical
signals offered by GelMA, including RGD motifs and the
ability to retain growth factors.

Cell morphology and alignment further underscore the
importance of scaffold design. The aspect ratio and ori-
entation analyses of F-actin-stained cells revealed that only
aligned fiber-containing groups induced highly elongated
and directionally aligned cytoskeletal structures, resem-
bling the native morphology of developing myotubes. This
level of guidance was not replicated in random fiber or 2D
control groups, highlighting the unique advantage of ani-
sotropic scaffolds in replicating the aligned architecture of
skeletal muscle.

Most notably, myogenic differentiation, as indicated by
MYH?2 expression and fusion index measurements, was
markedly enhanced in the aligned fiber + GelMA group.
The fusion index in this group not only surpassed that of all
other 3D conditions but also exceeded the values observed
in standard 2D cultures, suggesting that these scaffolds
provide an optimal microenvironment for myoblast fusion
and myotube formation. The data supports the hypothesis
that alignment and biomimetic 3D structure are both cru-
cial in recapitulating the developmental cues necessary for
functional muscle tissue regeneration.

@ Springer

Taken together, these findings demonstrate that the
combination of plasma-treated aligned PCL fibers and
GelMA hydrogel produces a composite scaffold that excels
in mechanical performance, supports robust cell viability
and proliferation, promotes cytoskeletal alignment, and
significantly enhances myogenic differentiation. The inte-
grated fabrication process-including fiber alignment, sur-
face treatment, and hydrogel incorporation-collectively
contributes to a microenvironment that recapitulates key
structural and functional aspects of native muscle tissue.
These outcomes position the PCL/GelMA composite as a
highly promising platform for skeletal muscle tissue engi-
neering applications. Future studies should explore long-
term in vivo integration, vascularization potential, and
responsiveness to dynamic mechanical stimuli to further
validate its clinical applicability.
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