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Abstract
Myocardial infarction (MI) remains a leading cause of mortality worldwide, posing a significant
challenge to healthcare systems. The limited regenerative capacity of cardiac tissue following MI
results in chronic cardiac dysfunction, highlighting the urgent need for innovative therapeutic
strategies. In this study, we explored the application of a multidimensional nanofibrous hydrogel
for myocardial regeneration. We developed a composite hydrogel system by integrating fibrin,
polycaprolactone (PCL), and alginate. In this system, fibrin supported cell proliferation and
significantly enhanced angiogenesis when combined with human umbilical vein endothelial cells
(HUVECs). PCL contributed to the alignment of encapsulated cells, improving their organization
within the scaffold. Adipose-derived stem cells (ADSCs) were encapsulated within the hydrogel for
their versatile regenerative potential, while C2C12 cells were incorporated for their ability to form
muscle tissue. Additionally, the inclusion of alginate not only enhanced the mechanical properties
of the hydrogel to better match the biomechanical demands of cardiac tissue but also played a
critical role in reducing the immune response, thereby improving the system’s biocompatibility.
This study presents an advanced platform for myocardial regeneration using a nanofibrous
hydrogel system designed to meet the dual requirements of mechanical robustness and cellular
compatibility essential for cardiac tissue engineering. The triculture system, consisting of ADSCs,
C2C12 cells, and HUVECs, harnesses the regenerative capabilities of each cell type, promoting
both angiogenesis and tissue regeneration. This comprehensive approach addresses the immediate
needs for cellular survival and integration while effectively overcoming long-term mechanical and
immunological challenges.

1. Introduction

Cardiovascular diseases, particularly myocardial
infarction (MI), represent a leading cause of mor-
tality worldwide, highlighting a significant burden
on global health systems [1]. The heart’s inherent
inability to regenerate damaged myocardial tissue
post-infarction leads to progressive cardiac dysfunc-
tion and failure [2]. This challenge underscores the
urgent need for innovative therapeutic approaches
that extend beyond current clinical management,

which primarily focuses on symptom relief and the
prevention of further cardiac decline. Treatments
such as percutaneous coronary intervention and
coronary artery bypass grafting, alongside pharma-
cological interventions, primarily aim to preserve
remaining cardiac function rather than restore lost
myocardial tissue, as detailed by multiple sources [3,
4]. While these strategies aim to preserve remain-
ing cardiac function and prevent additional damage,
they do not address the restoration of lost myocardial
tissue.

© 2025 IOP Publishing Ltd. All rights, including for text and data mining, AI training, and similar technologies, are reserved.
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Advancements in MI therapy have increas-
ingly relied on tissue engineering and regenerative
medicine [5], exploring the potential of biomaterials
[6, 7], stem cell therapy [8, 9], and scaffold-based car-
diac repair [10–12]. These innovative methods aim
to address the limitations of traditional treatments by
promoting the regeneration of cardiac tissues through
cellular therapies and bioactive scaffolds. However,
challenges remain in achieving the integration and
functional performance of engineered tissues within
the host environment [13].

According to Chen et al, polyurethane/cellulose-
based hydrogels demonstrate excellent cell reten-
tion and proliferation properties; however, their high
young’s modulus (1.5–87.2 MPa) presents limita-
tions for myocardial applications [14]. In contrast,
Roshanbinfar et al found that collagen hydrogels
with polyethyleneimine-gold nanoparticles exhibit
low mechanical stability (91.99–146.22 Pa), which
can limit their suitability as myocardial patches [15].
The target young’s modulus for myocardium regen-
eration is approximately 18–55 kPa, as suggested by
Berry et al [16]. In this study, we developed a multi-
dimensional nanofibrous hydrogel with a modulus of
33± 8.31 kPa, closely matching themechanical prop-
erties of nativemyocardiumandmaking it well-suited
for cardiac applications.

To address these challenges, we introduce a com-
posite scaffold composed of fibrin, polycaprolactone
(PCL), and alginate, each selected for its unique
properties that supportmyocardial regeneration. PCL
has been integrated into cardiac repair hydrogels
for its high porosity and biocompatibility, which
enhance cellular infiltration and integration within
myocardial tissue. Fibrin, recognized for its role in
wound healing, provides a natural scaffold that sup-
ports cell attachment and proliferation, creating an
ideal environment for initiating tissue repair [17,
18]. According to Jarrell and Jacot, PCL-fibrin com-
posites are beneficial for fostering angiogenesis and
improving tissue integration in myocardial repair
[19]. However, fibrin’s pro-inflammatory potential
presents a challenge when exposed directly in vivo.
To counter this, we employed a PCL-Fibrin–Alginate
tri-layer structure, incorporating alginate for its anti-
inflammatory properties, which protect fibrin from
direct exposure, thereby balancing vascular regen-
eration with immune modulation. Alginate plays a
crucial role in further enhancing the scaffold’s func-
tionality by improving mechanical stability, minim-
izing the immune response, and modulating the scaf-
fold’s mechanical properties to match the surround-
ing tissue, promoting better integration and function
[20, 21].

This study employs a triculture system com-
posed of adipose-derived stem cells (ADSCs),
C2C12 cells, and HUVECs, each selected for spe-
cific regenerative properties. ADSCs are used for

their immunomodulatory effects and angiogenic
therapeutic potential [22]. Although C2C12 cells
are not cardiac-derived, several studies have demon-
strated their potential in cardiac regeneration, sup-
porting their inclusion as an exploratory model in
this proof-of-concept study. For instance, C2C12
cells combined with selenium nanoparticles, algin-
ate, and pectin have been shown to form a biocom-
patible scaffold exhibiting antioxidative properties,
enhanced mechanical strength, and cellular behavi-
ors suited for cardiac tissue engineering applications
[23]. Moreover, research shows that C2C12 cells
transplanted into the myocardium of syngeneic mice
successfully differentiate into myotubes and survive
for up to three months, indicating their adaptabil-
ity to cardiac environments [24]. C2C12 cells can
also achieve alignment in microgrooved structures,
mimicking myocardial organization and promot-
ing structural integration [25], and have demon-
strated cardiac-like sodium currents when exposed to
a cardiac cell environment [26]. Additionally, C2C12
cells, when co-cultured with human umbilical vein
endothelial cells (HUVECs), enhance endothelial net-
work formation and angiogenesis and secrete pro-
angiogenic factors through properties, they often
require complex culture conditions and lengthy mat-
uration times, making C2C12 cells a practical choice
for initial proof-of-concept studies [27].

The success of these engineered tissues depends
heavily on vascularization, which is why HUVECs
have been incorporated [28, 29]. HUVECs facilitate
the formation of new blood vessels, ensuring the scaf-
fold supplies adequate nutrients and oxygen, critical
for the survival and integration of regenerated tissues.
The synergy between fibrin and HUVECs enhances
angiogenesis within the scaffold, thereby boosting
the scaffold’s effectiveness in supporting regenerative
processes.

The layered structure of our scaffold is designed
to address the complex demands ofmyocardial regen-
eration, with each layer performing specific functions
that collectively contribute to the recovery of heart tis-
sue. In this study, we fabricate a myocardial regener-
ation platform using multidimensional nanofibrous
hydrogels, designed to meet the dual requirements
of mechanical robustness and cellular compatibility
essential for cardiac tissue engineering (figure 1). Our
approach integrates biocompatiblematerials with cel-
lular engineering to develop a scaffold that balances
mechanical compliancewith the strength necessary to
withstand cardiac stresses.

We conducted thorough evaluations of the hydro-
gel’s mechanical properties, swelling ratio, and
biocompatibility, ensuring that it supports both the
physical and biological aspects of myocardial repair.
The triculture system, composed of ADSCs, C2C12
cells, and HUVECs, exploits the regenerative poten-
tial of each cell type to promote angiogenesis and
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Figure 1. Schematic illustration of method for fabricating a multidimensional nanofibrous hydrogel-integrated triculture system
for microenvironment modulation and myocardial regeneration.

muscle tissue formation, thereby enhancing the scaf-
fold’s overall functionality. A key feature of the scaf-
fold is the inclusion of alginate to modulate the
immune response, a crucial factor in minimizing
inflammation and ensuring long-term implantation
success. This was validated in vivo using a rat MI
model, where the scaffold demonstrated significant
capability in tissue integration and regeneration.

Our research advances the field of cardiac regen-
eration by presenting a scaffold that not only meets
the immediate requirements for cell survival and
integration but also addresses long-term challenges
related to mechanical and immunological compatib-
ility. This approach underscores the scaffold’s poten-
tial to transform regenerative therapies in cardiology,
setting a new benchmark for future efforts in cardiac
tissue engineering.

2. Materials andmethods

2.1. Cell culture
Human ADSCs were purchased from CEFO (Seoul,
Republic of Korea). HUVECs were purchased from
Lonza Inc. (Bazel, Switzerland)., while C2C12 cells
were sourced from the Korean Cell Line Bank (Seoul,
Republic of Korea). The cells were maintained in T-
75 flasks at 37 ◦C under a humidified atmosphere
containing 5% CO2 until they were utilized for
experiments. ADSCs and C2C12 cells were cultured
usingDulbecco’sModified Eagle’sMedium (DMEM),

supplemented with 1% penicillin-streptomycin
(Welgene, Gyeongsan, Republic of Korea) and 10%
FBS (Cellsera, Australia). HUVECs were cultured
using Endothelial Basal Medium (EBM-2, Lonza)
supplemented with Endothelial Growth Supplement
Single Quots (EGM-2, Lonza) and 1% v/v antibiotic-
antimycotics.

2.2. Preparation of multidimensional nanofibrous
hydrogel
To fabricate the hydrogles for myocardial regener-
ation, PCL fibers were initially generated through
the electrospinning method. Initially, a 20 wt% PCL
solution (Molecular Weight: 80 000 g mol−1, Sigma
Aldrich, St. Louis, MO, USA) dissolved in 2,2,2-
trifluoroethanol was extruded via a syringe pump
from a 7.5 kV positive voltage-applied 18G metal
needle at a consistent rate (0.8 ml h−1) for a dura-
tion of 30 min. The electrospun PCL membrane was
cut into 5 mm square shapes and placed on the bot-
tom of a 96-well plate. Subsequently, 1.25 × 105 of
ADSCs and C2C12 cells were each dispersed in 20 µl
of DMEM, and dispensed onto the PCL membrane,
followed by incubation for 30 min at 37 ◦C in a 5%
CO2 environment. Immediately afterwards, 2.5× 105

cell of HUVECs were dispersed in 80 µl of fibrin pre-
cursor solution (20 mg ml−1 in 3 w/v % NaCl) and
dispensed onto the membrane. Then, 8 µl of throm-
bin (2.5 U ml−1 in 20 mM CaCl2) was added to
facilitate crosslinking. After extracting the PCL-fibrin
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hybrid scaffold using amicro spoon spatula, a second-
ary layer of alginate hydrogel was applied to encase
the fibrin hydrogel. In brief, the retrieved PCL-fibrin
hybrid scaffold was submerged in 6-well plate con-
taining 5 ml of 1 wt% sodium alginate hydrogel pre-
cursor solution, and 5ml of a 1 wt% calcium chloride
solution was introduced for 30 s at room temperature
to facilitate alginate crosslinking.

2.3. Characterization of multidimensional
nanofibrous hydrogel
The mechanical characteristics of the multidimen-
sional nanofibrous hydrogels were evaluated by car-
rying out assessments on the compressive modulus of
the fibrin hydrogel, PCL-fibrin hybrid scaffold, and
the multidimensional nanofibrous hydrogels scaf-
folds themselves using Instron 3343 universal testing
system (Instron Corp., Norwood, MA, USA). Each
scaffold was submerged in phosphate buffered saline
(PBS, Welgene) to undergo swelling for a period of
30 min. Subsequently, any surplus fluid was removed
diligently to prepare the scaffolds for analysis. They
were then placed on the testing machine and subjec-
ted to a compressive force. Both the compressive stress
and strain exerted on the scaffolds were recorded.
From these measurements, calculations were made to
determine the true stress and strain values. The vis-
coelastic property of the scaffolds was analyzed thor-
oughly using a dynamic shear modulus deformation
approach. The specimens were positioned carefully
between a metal plate measuring 2 cm, maintaining
a gap of 1 cm between them [30]. Their vibration-
shear deformation was evaluated using a rheometer
(MCR 102, Anton Paar, Graz, Australia). The storage
modulus of the samples was determined by subjecting
them to a continuous deformation mode, applying a
consistent strain of 10% across a frequency range of
0.1–300 Hz (rad s−1), all at a controlled temperature
of 25 ◦C.

2.4. Swelling test
To assess the water uptake and retention capabilities
as an implantable hydrogel for myocardial regener-
ation, the swelling capacity was measured at 37 ◦C.
The hydrogel samples were dried in a 70 ◦C oven
overnight and then rehydrated in PBS. Excess PBS
present on the surface of the hydrogel was absorbed
using filter paper, and the samples were weighed
three times to obtain reliable data. The swelling ratio
of the hydrogels was calculated using the formula
(Wt − W0)/W0 × 100, where Wt represents the
weight of the swollen hydrogel at a specific time, and
W0 denotes its initial dry weight, providing a quant-
itative measure of the hydrogel’s fluid absorption and
retention capacity.

2.5. Scanning electronmicroscope (SEM) imaging
The external structures of the scaffold were examined
using SEM from Helios 5 UC (FEI, ThermoFisher,

Waltham, MA, USA). A layer of platinum was coated
on the scaffolds through a sputter-coating process
prior to this analysis. The SEM investigation was con-
ducted under an acceleration voltage of 10 kV to
ensure high-resolution imagery and detailed insight
into the scaffold’s surface topography.

2.6. Compatibility test
The compatibility of the hydrogel composite against
ADSCs, HUVECs, and C2C12 cells was evaluated
by using hydrogel extracts. Briefly, hydrogel extracts
were prepared by swelling the hydrogel composite in
serum free media at a concentration of 0.2 g ml−1

in an incubator for 48 h at 37 ◦C. For live and dead
assay, ADSCs, HUVECs, and C2C12 cells were seeded
at a density of 5 × 104 cells per well on 24-well
plates for 48 h. After treating the cells with hydro-
gel extract solution in the same manner as described
above, the cell viability at day 1,4, and 7were observed
by adding 2µMcalcein acetoxymethylester (AM) and
4 µM ethidium homodimer-1. To assess cell cytotox-
icity within the scaffolds in a directmannerwhen cells
were present inside the scaffold, ADSCs, HUVECs,
and C2C12 cells were individually inserted and cul-
tured within the scaffolds for 7 d. Subsequently, the
cells were treatedwith calcein AMand 4µMethidium
homodimer-1 for 30 min, and fluorescence images
were obtained (Carl Zeiss, Oberkochen, Germany).

2.7. In vitro cell proliferation test
The in vitro cell proliferation study over the scaf-
fold for myocardial regeneration were carried out by
EZ-Cytox (DoGenBio, Seoul, Republic of Korea). In
brief, scaffold extracts were prepared by swelling the
scaffold composite in the media containing 10% FBS
serum at a concentration of 0.2 g ml−1 in an incub-
ator for 48 h at 37 ◦C. Scaffolds were sterilized in
0.1% (v/v) peracetic acid (Sigma-Aldrich, USA) and
the scaffolds were rinsed in sterile PBS for 3 h. ADSCs,
HUVECs and C2C12 cells were seeded at a density of
5× 104 cells per well on 24-well plates for 48 h. After
treating the cells with hydrogel extract solution in the
same manner as described above, the cell prolifera-
tion at day 1, 4, and 7 were observed by adding water
soluble tetrazilium salt solution at 30 min, and the
absorbance was measured at 450 nm using a micro-
plate reader (Synergy H1, BioTek, VT).

2.8. Quantitative reverse transcription polymerase
chain reaction (qRT-PCR)
qRT-PCR was used to quantify the relative expression
levels of genes. The samples were lysed in TRIzol™
reagent (Invitrogen, Carlsbad, CA, USA), and total
RNA was extracted with chloroform and precipit-
ated with isopropanol. After the supernatant was
removed, the RNA pellet was washed with 75%
(v/v) ethanol, air-dried, and dissolved in 0.1% (v/v)
diethyl pyrocarbonate-treated water. For qRT-PCR,
the SsoAdvanced™ Universal SYBR Green Supermix
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Kit (Bio-Rad, Hercules, CA, USA) and the CFX
Connect™ real-time PCR Detection System (Bio-
Rad) were used. The primer sequence is described in
supplementary data.

2.9. Tube formation test
The angiogenic potential of the scaffold for myocar-
dial regeneration was evaluated in a controlled
setting using an in vitro tube formation assay.
Initially, growth factor-reduced Matrigel (Corning
Incorporated, New York, NY, USA) was evenly spread
across each well to form a basement membrane mat-
rix layer. The coated well plate underwent incuba-
tion at room temperature for 30 min, followed by
further incubation in a humidified atmosphere (5%
CO2, 37 ◦C) for 1 h. HUVECs were then seeded onto
the 2D bottom surface of each well. These HUVECs
were cultured for 16 h in a transwell system, with cell-
encapsulated hydrogels placed in the upper chamber,
containing HUVECs alone, HUVECs with ADSCs,
andHUVECswithADSCs andC2C12 cells. After 16 h
of incubation, the tubular structures formed on the
2D surface were imaged using a microscope. ImageJ
software was used to count the tubular nodes and
junctions observed in these images.

2.10. Enzyme-linked immunosorbent assay
(ELISA)
In 24-well plates, mouse macrophages were cultured
at a density of 5 × 104 cells per well for a period
of 24 h to prepare for proinflammatory cytokine
analysis via ELISA. Post-incubation, the cells were
exposed to a variety of scaffold eluates. Following a
24 h period of treatment, the supernatant was col-
lected from these cultures and centrifuged to remove
any cellular debris. After centrifugation, the concen-
trations of TNF-α (Abcam, Cambridge, UK), IL-1β
(Abcam), and IL-6 (Abcam) cytokines were quantit-
atively determined using specific ELISA kits.

2.11. Western blot assay
The RAW 264.7 macrophage cell line (ATCC,
Manassas, VA, USA) was cultured and subjected to
treatment with various scaffold elutes for durations
of 6 and 24 h. After the treatment, the cells were
washed and lysed with RIPA buffer, which was aug-
mented with Xpert phosphatase inhibitor cocktail
solution (GenDEPOT, Barker, TX, USA). Proteins
from the cells were then resolved by 10% SDS-PAGE
and transferred onto PVDFmembranes. Thesemem-
branes were blocked using 5% skim milk and then
incubated with primary antibodies. The antibodies
used included β-Actin (Cell Signaling Technology,
Danvers, MA, USA), TGF-β (Cell signaling), IL-1β
(Abcam), and CD206 (Abcam). After the incuba-
tion with primary antibodies, the membranes were
incubated with a secondary antibody (Abcam). The
protein bands were visualized on the PVDF mem-
branes using a Las 4000 device (Fujifilm Life Science,

Tokyo, Japan) in conjunction with Clarity Western
ECL substrate (Bio-Rad).

2.12. MI model
8-week-old female SD-rats (180–200 g, DBL) were
anaesthetized by inhalation of 2% isoflurane (Ifran®,
Hana Pharm. Co. Seoul, Republic of Korea). The
rats were intubated with an intravenous catheter
(18G) for mechanical ventilation. After a left thor-
acotomy, the ligation of the left anterior descend-
ing artery was performed with suture (7–0 Prolene,
Ethicon„ San LORENZO, Puerto Rico) to induce
MI. Patches were attached around infarction site
with fibrin adhesive (Greenplast®, GreenCross Co.,
Yongin, Republic of Korea). The handling of all anim-
als was approved and certified by the Institutional
Animal Care and Use Committee at Sungkyunkwan
University (SKKUIACUC2021-12-14-2).

2.13. Histological examination
The cardiac tissues that were retrieved at 3 d for
immune analysis and 28 d for cardiac regenera-
tion post-surgery were embedded in optimal cut-
ting temperature compound (SciGen Scientific Inc.,
Gardenas, CA, USA). The samples were frozen at
−20 ◦C and sliced into 10 µm-thick sections using a
microtome (Cryostat, Leica). The sliced samples were
stained with hematoxylin and eosin (H&E) to verify
tissue regeneration and with Masson’s Trichrome
(MT) staining to assess fibrosis.

2.14. Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUENL) assay
To observe the apoptotic activity of cardiac tissue, the
Fluorescein In Situ Apoptosis Detection Kit (Merck
Millipore, Darmstadt, Germany) was used according
to the manufacturer’s instructions. The final fluor-
escence images were captured using a fluorescence
microscope (DMi8).

2.15. Immunohistochemistry
The sliced samples were stained with primary anti-
bodies targeting anti-cTnT, anti-CD31, anti-CD68,
anti-NOS2, and anti-CD206 antibodies (all antibod-
ies were purchased from Cell Signaling Technology).
After staining with the primary antibodies, fluor-
escein isothiocyanate-conjugated anti-rabbit anti-
bodies (Cell Signaling Technology) were used to
detect the signals. The immunohistochemically
stained samples were counterstained with DAPI,
and the images were obtained using a fluorescence
microscope (DMi8). Image analysis and fluores-
cence intensity quantifications were performed using
ImageJ (National Institutes of Health, USA).

2.16. Hypoxic and normoxic cell culture condition
for ADSCs, HUVECs, C2C12 cells tri-culture
ADSCs and C2C12 cells were seeded at a density of
1.25 × 105 cells each, and HUVECs at a density of
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2.5 × 105 cells, in a 6-well plate and cultured for 2 d.
Following this initial culture period, the cells were
incubated for 30 min at 37 ◦C in a 5% CO2 atmo-
sphere. Normoxic conditions were maintained with
18% O2, while hypoxic conditions were set at 2% O2,
in cell culture dishes as described in prior study [31].

2.17. Statistical analysis
Data are presented as mean ± standard devi-
ation. The analysis was conducted with the aid of
GraphPad Prism 8 software (GraphPad, San Diego,
CA). Statistical significance was evaluated using one-
way ANOVAwith Tukey’s test, and the significance of
differences was set at

∗
p< 0.05.

3. Result

3.1. Characterization of multidimensional
nanofibrous hydrogel for myocardial regeneration
The multidimensional nanofibrous hydrogel
developed for myocardial regeneration was extens-
ively characterized for its structural, mechanical,
and swelling properties. The hydrogel’s structure
was analyzed using SEM and digital camera ima-
ging, revealing well-organized compartmentalization
of PCL fibers, fibrin gel, and alginate. SEM images
(figure 2(a)) provided a detailed view of the scaffold’s
microarchitecture, illustrating the fine alignment of
PCL fibers within the fibrin matrix and the seam-
less encapsulation by the outer alginate layer. Digital
camera images (figure 2(b)) further demonstrated
the uniform distribution and integration of these
components within the hydrogel. Additionally, the
diameter of the fibrin layer alone is 2.72 ± 0.25 mm,
while the hydrogel including the alginate layer meas-
ures 3.86 ± 0.19 mm, with the alginate coating layer
itself being 1.14 mm thick (figure S1).

The compressive modulus of the hydrogel was
measured to assess its mechanical strength. As shown
in figure 2(c), the fibrin hydrogel exhibited a com-
pressive modulus of 3.60 ± 0.37 kPa, which, while
suitable for supporting cell proliferation, was insuf-
ficient to withstand the dynamic mechanical forces
experienced in the heart [32]. The integration of
PCL fibers significantly enhanced the compressive
modulus to 5.92 ± 1.78 kPa, providing improved
structural integrity. With the addition of an algin-
ate coating, the compressive modulus increased fur-
ther to 33 ± 8.31 kPa. These findings are suppor-
ted by dynamic rheologymeasurements (figure 2(d)),
which showed that the storage modulus of the
PCL-embedded fibrin hydrogel with alginate coat-
ing remained consistently higher across all tested fre-
quencies. Swelling tests were also conducted to eval-
uate the hydrogel’s capacity to absorb and retain flu-
ids, a critical property for sustaining cellular activit-
ies and facilitating nutrient transport within the scaf-
fold. The swelling ratios of different hydrogel com-
positions were measured over time. As shown in

figure 2(e), the fibrin hydrogel alone reached an equi-
librium swelling ratio of 1231± 35.18%, demonstrat-
ing superior fluid retention but also suggesting the
potential for excessive swelling, which could lead to
structural instability. The incorporation of PCL fibers
slightly reduced the swelling ratio to 1142± 16.30%,
indicating that the fibers provided some structural
restraint against over-swelling. The alginate-coated
hydrogel exhibited the highest equilibrium swelling
ratio at 1535± 27.59%, reflecting its enhanced capa-
city to retain moisture and nutrients, which is essen-
tial for cell survival and proliferation. This combina-
tion of high swelling capacity andmechanical robust-
ness makes the alginate-coated hydrogel particularly
well-suited for myocardial regeneration.

3.2. Assessment of compatibility of
multidimensional nanofibrous hydrogel
The survival and proliferation of cells are crit-
ical indicators of the hydrogel’s compatibility and
its potential to support myocardial regeneration.
To evaluate the cytocompatibility of the hydrogels,
ADSCs, HUVECs, and C2C12 cells were cultured
under both scaffold eluate and direct encapsulation
conditions. As illustrated in figures 3(a)–(c), a high
percentage of live cells (green) were observed across
all cell types (ADSCs, HUVECs, and C2C12 cells)
in the scaffold eluate. The absence of a significant
red signal (dead cells) suggests that the hydrogel
does not release cytotoxic substances and is highly
biocompatible. Furthermore, cells directly encapsu-
lated within the hydrogel were measured on days 1, 4,
and 7 and showed no significant cytotoxic response.
(figure 3(d)). These results demonstrate the hydro-
gel’s ability to maintain a supportive microenvir-
onment for cellular activities. The proliferation of
ADSCs, HUVECs, and C2C12 cells within the hydro-
gel was monitored over a 7 d period using the EZ-
Cytox assay. As shown in figure 3(e), all cell types
exhibited smooth and continuous proliferation, with
significant increases in cell numbers observed on
days 4 and 7 compared to day 1. The triculture sys-
tem (ADSCs, HUVECs, and C2C12 cells) displayed
particularly robust proliferation, indicating that the
hydrogel not only supports cell survival but also pro-
motes active cell growth and division. This is critical
for the regeneration of complex myocardial tissues,
where the interaction between multiple cell types is
necessary for the formation of functional tissue.

3.3. Assessment of regenerative potential of
encapsulated cells in multidimensional
nanofibrous hydrogel
In tissue engineering, 3D culture systems are increas-
ingly recognized for their superior ability to replicate
the human body’s environment, providing enhanced
cell-cell and cell-matrix interactions that are crucial
for maintaining cellular functions and promoting tis-
sue regeneration [33]. These enhanced interactions
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Figure 2. Characterization of the multidimensional nanofibrous hydrogels for myocardial regeneration. (a) Representative SEM
images revealing the compartmentalized structure of the scaffold (scale bar= 100 µm). (b) Digital camera images of the
multidimensional nanofibrous hydrogels (scale bar= 5 mm). (c) Compressive modulus of the scaffolds with different
components. (n= 3). (d) Dynamic rheology measurements (storage modulus and loss modulus) of the scaffolds with different
components. (e) Swelling ratio (n= 3) and (f) equilibrium swelling ratio (n= 5) of the scaffolds at different swelling intervals.
∗∗p< 0.01, ∗∗∗∗p< 0.0001 compared to fibrin hydrogel group. NS indicates no significant difference between groups.

in 3D systems lead to the upregulation of angiogenic
factors, which are essential for effective tissue repair
and angiogenesis [34]. In this study, we specifically
evaluated the regenerative potential of a 3D triculture
system, comprising ADSCs, HUVECs, and C2C12

cells, encapsulated within the multidimensional nan-
ofibrous hydrogel, focusing on the mechanisms driv-
ing angiogenesis and the expression of critical regen-
erative factors (figure 4(a)). The hypoxic conditions
simulated by the three-dimensional alginate-coated
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Figure 3. Compatibility evaluation of the multidimensional nanofibrous hydrogel for myocardial regeneration, with all
fluorescence images captured on days 1, 4, and 7. (a) Fluorescence images of live (green) and dead (red) ADSCs in hydrogel eluate
(Scale bar: 100 µm). (b) Fluorescence images of live and dead HUVECs in hydrogel eluate. (c) Fluorescence images of live and
dead C2C12 in hydrogel eluate (scale bar: 100 µm). (d) Fluorescence images of live and dead ADSCs, HUVECs, and C2C12 cells
directly encapsulated within the hydrogel (Scale bar: 300 µm). (e) Cell proliferation test of different cell types cultured in hydrogel
eluates, using WST-based EZ-Cyto assay for indirect evaluation (n= 3, ∗p< 0.05, ∗∗p< 0.01 compared to each group at day 1).

scaffold were shown to activate the HIF-1α/VEGF
pathway, which plays a critical role in promoting
angiogenesis [35]. As shown in figure 4(b), The
angiogenic potential under varying oxygen condi-
tions was evaluated by comparing HIF-1α and VEGF
expression across 2D normoxia, 2D hypoxia, and 3D

hydrogel environments. HIF-1α expression under 2D
hypoxia increased 3.79-fold compared to 2D nor-
moxia. This expression level was further enhanced in
the 3D hydrogel, reaching a 6.09-fold increase over
the 2D normoxic condition. VEGF expression fol-
lowed a similar pattern, with a 6.656-fold increase
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Figure 4. Verification of 3D hydrogel triculture effect for myocardial regeneration. (a) Schematic illustration of 3D hydrogel
triculture effect compared to 2D cell culture condition. (b) Comparative analysis of HIF-1α and VEGF expression of ADSCs,
HUVECs, and C2C12 cells cultured on a 2D cell culture plate and a 3D alginate-coated scaffold, comparing 2D normal tri-culture
conditions, 2D hypoxia (2% O2) conditions, and 3D hydrogel conditions. (c) Quantitative comparison of wound healing
expression (MMP1) and angiogenesis marker (CD31, FGF2) expression in the scaffold as evaluated by qRT-PCR at day 3
(∗p< 0.05 compared to HUVECs only group, #p< 0.05 compared to 2D normoxia group,+p< 0.05 compared to
HUVECs+ ADSCs group).

under 2D hypoxia and a 12.589-fold increase in the
3D hydrogel compared to 2D normoxia. These res-
ults suggest that, while hypoxic conditions alone
enhance VEGF expression, the 3D hydrogel envir-
onment further amplifies this effect. This increase
is likely due to the cell-cell interactions and cell-
hydrogel interactions within the 3D scaffold, which
create a more physiologically relevant microenviron-
ment that mimics hypoxia and promotes angiogenic
factor expression. This elevated gene expression
under hypoxic conditions suggests that the scaffold

effectively mimics the in vivo myocardial environ-
ment, promoting the formation of new blood ves-
sels, which are essential for tissue regeneration and
survival. qRT-PCR was used to measure the expres-
sion levels of wound healing and angiogenic markers,
including MMP1, CD31, and FGF2. As depicted in
figure 4(c), co-encapsulation of ADSCs andHUVECs
within the hydrogel significantly upregulated MMP1
expression to 6.06 ± 0.37-fold and CD31 expression
to 2.81 ± 0.53-fold compared to the HUVEC-only
group. The inclusion of C2C12 cells further amplified
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Figure 5. Angiogenic potential of multidimensional nanofibrous hydrogel. (a) Representative microscopic images of tube
formation assay conducted in a transwell system, with cell-encapsulated hydrogels placed in the upper chamber and HUVECs
cultured on the 2D bottom surface (scale bars= 500 µm). (b) The number of junctions and (c) nodes formed on the 2D surface
in response to various cell types embedded in the scaffolds in the transwell setup (n= 3, ∗p< 0.05 compared to the scaffold
without cells group). NS indicates no significant difference between groups.

these effects, with MMP1 expression increasing to
8.80± 1.02-fold and CD31 expression to 3.32± 0.86-
fold. FGF2 expression also showed a notable increase,
particularly in the ADSCs + HUVECs group, where
it reached 14.24 ± 1.60-fold, slightly decreasing to
13.68 ± 4.05-fold with the addition of C2C12 cells.
These findings underscore the synergistic effects of
the triculture system in promoting the regenerative
processes necessary for myocardial repair.

3.4. Evaluating angiogenic potential of
multidimensional nanofibrous hydrogel
The angiogenic potential of the hydrogel system was
further evaluated using a tube formation assay to
assess the ability of HUVECs to form capillary-like
structures in a transwell setup. In this configura-
tion, the cell-encapsulated hydrogel was placed in the
upper chamber, while HUVECs were cultured on the
2D bottom surface. As shown in figure 5(a), when
HUVECs were cultured alone in the 2D setup with
the control hydrogel (without cells) in the transwell,
the number of junctions and nodes (24.0 ± 10.81)
was not significantly different from the control hydro-
gel without cells (24.33 ± 6.35). These findings sug-
gest that the presence of HUVECs alone is insufficient
to enhance angiogenesis. However, when HUVECs

were co-cultured with ADSCs in the transwell sys-
tem, there was a significant increase in both junc-
tions (36.33 ± 3.21) and nodes, indicating a marked
improvement in angiogenic potential. The addition of
C2C12 cells to the hydrogel system further increased
junction and node formation to 41.0 ± 6.0, as
shown in figures 5(b) and (c). These results emphas-
ize the critical role of the multicellular environment
provided by the hydrogel in promoting the formation
of a robust vascular network, which is essential for
effective myocardial regeneration.

3.5. Evaluating inflammatory response induced by
multidimensional nanofibrous hydrogel
The expression levels of representative proinflam-
matory cytokines, including TNF-α, IL-6, and IL-
1β, were measured in macrophages exposed to the
hydrogel components. As shown in figures 6(a)–
(c), macrophages treated with fibrin and alginate-
coated fibrin hydrogels exhibited proinflammatory
cytokine levels comparable to the control group.
Specifically, TNF-α levels in the fibrin hydrogel
group were 578.97 ± 221.35 pg ml−1, higher than
the control group (399.56 ± 49.48 pg ml−1), but
lower than those in the LPS-treated group. The
fibrin–alginate hydrogel group showed even lower
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Figure 6. In vitro proinflammatory cytokine expression induced by multidimensional nanofibrous hydrogel using macrophages.
(a)–(c) Concentration of proinflammatory cytokines as evaluated by ELISA (n= 4). (d) Western blot analyses of CD206 and
IL-1β in eluate-induced mouse macrophages in control (C), fibrin (F), and alginate-fibrin scaffold (A) groups (∗∗∗∗p< 0.0001
compared to LPS treated group).

TNF-α levels at 328.58 ± 17.45 pg ml−1, suggest-
ing that the alginate coating mitigates the inflammat-
ory response induced by fibrin alone. For IL-6, the
levels in the fibrin (108.00 ± 16.68 pg ml−1), con-
trol (108.67 ± 32.84 pg ml−1), and fibrin–alginate
hydrogel (106.67 ± 14.11 pg ml−1) groups did not
indicate a significant inflammatory response in any
of the hydrogel-treated groups. These findings sug-
gest that, despite a slight increase in TNF-α in the fib-
rin hydrogel group, the overall expression of proin-
flammatory cytokines is minimal, indicating that the
hydrogel systems are generally biocompatible and
unlikely to induce harmful inflammation. Western
blot analysis further corroborated these results, show-
ing that the expression of proinflammatory mark-
ers such as CD206 and IL-1β did not significantly
increase in macrophages exposed to the hydrogel
eluates (figure 6(d)). These results confirm that the
hydrogel systems, particularly the alginate-coated fib-
rin hydrogel, maintain a low proinflammatory pro-
file, making them suitable for potential tissue engin-
eering applications.

3.6. Evaluating the myocardial regeneration
induced bymultidimensional nanofibrous
hydrogel
Body weight and heart weight are important indic-
ators of cardiac condition following MI, as signi-
ficant weight loss and cardiac atrophy are com-
monly associated with severe heart damage. As
shown in figure 7(a), the average body weight
of MI-induced rats in the cell carrier group was
280.67 ± 9.04 g, which was significantly higher than
the 254.83 ± 11.89 g observed in the non-treated
(NT) group, 258.08 ± 10.05 g in the carrier-only
group, and 251.33 ± 16.88 g in the cell-only group.
This increase in body weight suggests that the anim-
als in the cell carrier group experienced less sys-
temic deterioration and better overall health, likely
due to improved cardiac function. Heart weight ana-
lysis revealed similar results. The average heart weight
in the cell carrier group was 1.52± 0.14 g, compared
to 1.22± 0.06 g in the NT group, 1.23± 0.05 g in the
carrier-only group, and 1.21± 0.08 g in the cell-only
group. The higher heart weight in the cell carrier
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Figure 7. Improved myocardial regeneration induced by multidimensional nanofibrous hydrogel in rat MI model (day 28). (a)
Body and heart weight in PBS, carrier (hydrogel only), cell (cells without hydrogel), and cell carrier (cells with hydrogel) groups
(n= 6). (b) Relative Col 1, Myl3, Myh6, and Mybpc3 gene expression in PBS, carrier, cell, and cell carrier groups (n= 4). (c)
Representative immunohistochemical images of vertically cross sectioned hearts stained with H&E and MT staining (scale
bar= 2 mm). (d) Representative images of TUENL- (green) and cTnT-positive (cardiomyocyte marker, red) signals in rat MI
model after the treatments (scale bar= 200 µm). (e) Representative immunohistochemical images showing CD31-positive
signals in rat MI model after the treatment. White arrow indicates the CD31-positive signal (scale bar= 100 µm). ∗p< 0.05,
∗∗p< 0.01, ∗∗∗p< 0.001 compared to PBS group, ##p< 0.01 compared to each group.

group indicates reduced cardiac atrophy and sug-
gests that the hydrogel scaffoldwith encapsulated cells
effectively mitigated cardiac deterioration post-MI.

Moreover, enhanced expression of myocardial
markers such as Col 1, Myl3, Myh6, and Mybpc3 in
the cell carrier group suggests significant recovery of
myocardial function. Histological analysis usingH&E

and MT staining further reinforced these findings,
showing improved cellular organization and reduced
fibrosis in the cell carrier group. Furthermore, sig-
nificant recovery of the ventricular cavity and wall
thickness was observed in the cell carrier group
(figure S4). In figure 7(d), the merged image of
TUNEL- and cTnT-positive signals indicates that
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the cell carrier group showed a significant increase
in cTnT expression, reflecting enhanced cardiomyo-
cyte survival and function (figure S5(a)). In con-
trast, TUNEL-positive apoptotic cells were preval-
ent in the PBS, carrier-only, and cell-only groups,
whereas they were notably absent in the cell car-
rier group (figure S5(a)). This suggests that the cell-
laden hydrogel not only supports myocardial regen-
eration but also effectively prevents cell death, which
is critical for long-term cardiac repair. As shown in
figure 7(e), immunohistochemical analysis of CD31,
an endothelial marker, revealed weak expression in
the carrier-only group, indicating limited angiogen-
esis. However, CD31 expression was significantly
higher in the cell carrier group compared to all other
groups (figure S5(b)), suggesting that the cell-laden
hydrogel promotes angiogenesis, essential for supply-
ing nutrients and oxygen to the regenerating myocar-
dial tissue.

3.7. Evaluating immuno-modulatory effect of
multidimensional nanofibrous hydrogel
The immune-modulatory effects of the cell-laden
hydrogel carrier were analyzed by examining the
expression levels of M1 and M2 macrophage mark-
ers. As shown in figure 8(a), the expression of
M1 markers, including NOS2, IL-6, and IL-1β, was
significantly lower in the cell carrier group com-
pared to the PBS group, indicating suppression of
the proinflammatory M1 macrophage response. The
carrier-only and cell-only groups exhibited expres-
sion levels similar to or slightly higher than those
in the PBS group, further highlighting the unique
immune-modulatory effects of the cell-laden hydro-
gel. Conversely, figure 8(b) shows that the expres-
sion of M2 markers, CD206 and Arg1, was highest
in the cell carrier group, indicating a shift toward the
anti-inflammatory, tissue-repairing M2 macrophage
phenotype. The carrier-only and cell-only groups did
not display a significant difference in M2 marker
expression compared to the PBS group. In addi-
tion to gene expression, tissue-level analysis of mac-
rophage activation was conducted using immuno-
histochemical staining. As depicted in figures 8(c)
and (d), M1 macrophage activation, marked by
NOS2, was observed in all groups except the cell
carrier group, where it was minimal (figure S5(c)).
In contrast, M2 macrophage activation, marked by
CD206, was significantly elevated in the cell carrier
group, demonstrating a clear shift toward an anti-
inflammatory response (figure S5(d)). These results
confirm that the cell-laden hydrogel effectively mod-
ulates the immune environment at both the genetic
and cellular levels, promoting a healing-oriented
response that is critical for successful myocardial
regeneration.

4. Discussion

Traditional strategies for myocardial repair, such
as pharmacological treatments [36] and mechan-
ical support devices [37], have primarily focused on
symptom management rather than addressing the
underlying loss of myocardial tissue. As a result,
these approaches often fail to replicate the mech-
anical properties of the heart [38] or only incor-
porate some of the multicellular components [39].
This study demonstrates that the developed hydro-
gel effectively overcomes these limitations, offering a
promising solution for myocardial regeneration.

Themultidimensional design of the hydrogel, fea-
turing the integration of PCL fibers within a fib-
rin matrix and encapsulation by an alginate layer,
addresses a key limitation of previous scaffolds—
the lack of mechanical strength combined with the
ability to mimic the tissue microenvironment. This
design also incorporates a triculture strategy using
cardiac regenerative cells (ADSCs, HUVECs, and
C2C12 cells). As shown in figures 2(a) and (b), the
compartmentalization within the hydrogel provides
distinct mechanical and biological functions. The
compressive modulus of the hydrogels was meas-
ured to assess their mechanical robustness. As shown
in figure 2(c), the fibrin hydrogel exhibited a com-
pressive modulus of 3.60 ± 0.37 kPa, indicating a
relatively soft matrix suitable for cell proliferation
but insufficient to withstand the dynamic mechan-
ical forces of the heart [38]. The integration of PCL
fibers significantly enhanced the compressive modu-
lus to 5.92 ± 1.78 kPa, providing greater structural
integrity. Following the addition of an alginate coat-
ing, the compressive modulus further increased to
33 ± 8.31 kPa, bringing the hydrogel into the range
suitable for cardiac tissue applications. These find-
ings are supported by dynamic rheology measure-
ments (figure 2(d)), which demonstrated that the
storage modulus of the PCL-embedded fibrin hydro-
gel with alginate coating remained consistently higher
across all tested frequencies. The substantial increase
in compressive modulus with the incorporation of
PCL fibers and, notably, the alginate coating, high-
lights the hydrogel’s ability to withstand the dynamic
mechanical environment of the heart. Additionally,
the hydrogel’s high swelling capacity (figure 2(e))
enhances its ability to retainmoisture, which is crucial
for cellular survival and proliferation, addressing the
dual challenges of mechanical robustness and biolo-
gical functionality [40]. The integration of PCL fibers,
along with the crucial addition of alginate, not only
optimizes the mechanical properties of the hydro-
gel for cardiac tissue applications but also effectively
addresses the dual challenges ofmaintainingmechan-
ical robustness and biological functionality.
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Figure 8. Immuno-modulatory effect of multidimensional nanofibrous hydrogel (carrier) on rat MI model. (a) Relative NOS2,
IL-6, and IL-1β gene expression in PBS, carrier, cell, and cell carrier groups (n= 5, day 3). (b) Relative CD206 and Arg1 gene
expression in PBS, carrier, cell, and cell carrier groups (n= 5, day 3). (c) Representative immunohistochemical images of CD68
(macrophage marker, red) and NOS2 (M1 macrophage marker, green) staining. Scale bar= 100 µm. (d) Representative
immunohistochemical images of CD68 (red) and CD206 (M2 macrophage marker, green) staining. Scale bar= 100 µm.
∗p< 0.05 compared to PBS group, ##p< 0.01 compared to each group.

Our hydrogel system demonstrated a strong capa-
city to support cell survival and proliferation. The
high viability and proliferation rates observed in
ADSCs, HUVECs, and C2C12 cells (figure 3(a))
underscore the excellent biocompatibility of the
hydrogel. Additionally, both direct and indirect
assessments confirmed the absence of cytotoxicity,
showing that the hydrogel does not negatively affect
cell survival within the scaffold or the surrounding
cells (figure 3(b)). One of the key aspects of myocar-
dial regeneration is the promotion of angiogen-
esis, which ensures an adequate supply of oxygen
and nutrients to the regenerating tissue. Previous
approaches that involved co-culturing one or two cell
types have often been limited in their ability to fully
replicate the complexity of the disease environment,

ultimately constraining their success in promoting
effective vascularization and tissue integration [41,
42]. The results of this study (figures 4 and 5) demon-
strate that the 3D triculture system within the hydro-
gel significantly enhances the expression of wound
healing and angiogenic factors, includingHIF-1α and
VEGF [35], MMP1 [43], CD31 [44], and FGF2 [45]
as shown in figures 4 and 5. These markers indic-
ate that the hydrogel supports cell growth and act-
ively promotes new blood vessel formation. In 2D
normoxia, HIF-1α and VEGF expression levels were
baseline, whereas in 2D hypoxia, HIF-1α expres-
sion increased by 3.79-fold and VEGF by 6.656-fold.
In the 3D hydrogel, HIF-1α expression increased
6.09-fold and VEGF expression 12.589-fold, suggest-
ing that both the hypoxic environment and the 3D
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structure contribute to VEGF upregulation, crucial
for angiogenesis. The higher VEGF expression in 3D
conditions implies that cell-cell and cell-matrix inter-
actions in the hydrogel create a microenvironment
that effectively mimics hypoxia, fostering additional
VEGF expression.

The significant increase in angiogenesis observed
in the tube formation assay (figure 5) under-
scores the hydrogel’s potential to create a condu-
cive environment for vascular network formation
[44, 46]. Notably, the triculture of all three cell types
demonstrated superior angiogenic potential com-
pared to both the HUVECs monoculture and the
HUVECs+ ADSCs co-culture. When HUVECs were
cultured alone within the hydrogel, the number of
junctions and nodes was 24.0 ± 10.81, which was
not significantly different from the control hydro-
gel without cells (24.33 ± 6.35). However, in the
HUVECs + ADSCs co-culture, there was a signific-
ant increase in junctions (36.33 ± 3.21) and nodes,
indicating an enhanced angiogenic response. The
addition of C2C12 cells in the triculture system fur-
ther amplified these effects, with the number of junc-
tions increasing to 41.0± 6.0. This demonstrates that
the triculture system, by providing a more complex
multicellular environment, significantly improves
the formation of a robust vascular network, which is
essential for effective myocardial regeneration.

Managing the immune response to implanted
biomaterials remains a critical challenge in cardiac
tissue regeneration. Uncontrolled inflammation can
lead to fibrosis and scaffold rejection, ultimately com-
promising the success of regenerative therapies [10].
As demonstrated in figures 6 and 8, our hydrogel
system effectively modulates the immune response
by promoting a transition from a pro-inflammatory
M1 macrophage phenotype to an anti-inflammatory,
tissue-repairing M2 phenotype, both in vitro and
in vivo [47]. As shown in figure 6(a), the analysis of
pro-inflammatory cytokines, including TNF-α, IL-6,
and IL-1β, revealed that, unlike the control group,
both the fibrin and fibrin–alginate coated hydro-
gels did not induce detectable levels of these inflam-
matory markers, indicating an absence of harm-
ful inflammation. Specifically, TNF-α levels were
399.56 ± 49.48 pg ml−1 in the control group,
but were undetectable in the fibrin and fibrin–
alginate hydrogel groups. Similarly, IL-6 levels were
108.67± 32.84 pg ml−1 in the control group, with no
detectable expression in the hydrogel-treated groups.
Furthermore, the increased expression of M2 macro-
phagemarkers, such as CD206 andArg1 (figure 8(b)),
was confirmed at the in vivo level, highlighting the
hydrogel’s ability not only to prevent an inflammat-
ory response but also to actively promote a healing-
oriented immune environment. The body and heart
weight data (figure 7(a)) provide compelling evid-
ence that the cell-laden hydrogel effectively mitigates
cardiac deterioration post-MI, leading to improved

overall health and cardiac function. The average body
weight of MI-induced rats in the cell carrier group
was 280.67 ± 9.04 g, significantly higher than the
254.83 ± 11.89 g in the NT group, 258.08 ± 10.05 g
in the carrier-only group, and 251.33± 16.88 g in the
cell-only group. This increase in body weight suggests
that animals in the cell carrier group experienced less
systemic deterioration and better overall health, likely
due to improved cardiac function. Similarly, heart
weight analysis showed that the average heart weight
in the cell carrier group was 1.52± 0.14 g, compared
to 1.22 ± 0.06 g in the NT group, 1.23 ± 0.05 g in
the carrier-only group, and 1.21 ± 0.08 g in the cell-
only group. The higher heart weight observed in the
cell carrier group indicates reduced cardiac atrophy
and further supports the conclusion that the hydro-
gel scaffold with encapsulated cells effectively mit-
igates cardiac deterioration post-MI. This is further
reinforced by the enhanced expression of myocar-
dial markers (figure 7(b)) Mybpc3 [48], Myh6 [49],
andMyl3 [50], along with improved histological out-
come (figure 7(c)). The prevention of apoptosis, as
indicated by TUNEL staining (figure 7(d)), and the
increase in cTnT expression, suggest that the hydro-
gel not only supports myocardial regeneration but
also effectively prevents cell death, which is crucial
for long-term functional recovery [51]. The robust
angiogenesis, as evidenced by the significant increase
inCD31 expression (figure 7(e)), further supports the
notion that the hydrogel promotes the formation of
a functional vascular network, which is essential for
sustaining the regenerated myocardium.

In this study, we used C2C12 cells, a muscle
cell line with advantages in cardiac regeneration,
as part of our proof-of-concept approach. C2C12
cells offer several benefits, including ease of culture
and adaptability in diverse environments, and have
shown promising outcomes in cardiac tissue engin-
eering. For example, C2C12 cells have been repor-
ted to integrate within biocompatible scaffolds that
exhibit antioxidative properties and enhanced mech-
anical strength, providing a suitable environment for
cardiac tissue applications [23]. Additionally, they
have demonstrated potential for myotube differenti-
ation and survival in the myocardium of syngeneic
mice [25], alignment in microgrooved structures
to mimic myocardial tissue [26], and cardiac-like
sodium current properties in cardiac environments
[52]. When co-cultured with endothelial cells like
HUVECs, C2C12 cells further support angiogenesis,
producing pro-angiogenic factors through extracellu-
lar vesicles and enhancingmuscle regenerationmark-
ers such as MyoD, myogenin, MHC, and troponin T
[53–55].

However, C2C12 cells lack the higher differen-
tiation capacity and regenerative abilities of more
cardiac-specific cells, such as iPSC-derived cardi-
omyocytes (iPSC-CMs), neonatal cardiomyocytes, or
cardiac progenitor cells. Future research should focus
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on utilizing primary cells with superior cardiomyo-
genic and regenerative properties to fully exploit this
platform’s potential as a cell therapy for myocardial
regeneration.

5. Conclusions

This study presents a multidimensional nanofibrous
hydrogel scaffold designed for myocardial regener-
ation, combining mechanical robustness and biolo-
gical compatibility to address challenges in cardiac
tissue repair. Composed of PCL fibers, fibrin gel, and
an alginate coating, the scaffold demonstrates super-
ior mechanical properties, stability, and high swell-
ing capacity—crucial for sustaining cellular activ-
ities and promoting tissue formation. The scaffold
supports the survival and proliferation of ADSCs,
HUVECs, and C2C12 cells without inducing cyto-
toxicity, ensuring biocompatibility. Enhanced gene
expression of MMP1, CD31, and FGF2 within the
scaffold indicates a synergistic effect that promotes
tissue regeneration and angiogenesis. Additionally,
activation of the HIF-1α/VEGF pathway supports
angiogenesis and myocardial repair. In vivo studies
using a rat MI model showed improved myocardial
regeneration when the scaffold was applied with cells.
Overall, the multidimensional nanofibrous hydro-
gel scaffold addresses the mechanical and biological
demands of myocardial regeneration, offering signi-
ficant potential as a therapeutic platform for cardiac
tissue engineering and advancing regenerative ther-
apies in cardiology.
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