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Stem cell therapy has demonstrated promise in regenerative medicine due to their ability to differentiate into
various cell types and secrete growth factors. However, challenges such as poor survival rate of transplanted cells
under ischemic and immune conditions limit its effectiveness. To address these issues, we developed a poly-
caprolactone (PCL)-fibrin-alginate matrix hydrogel, which combines adipose-derived stem cells and human
umbilical vein endothelial cells with a PCL fiber, encapsulated within fibrin and alginate hydrogel to enhance cell
survival, proliferation, and immune modulation. This structure offers protection to the encapsulated cells,
supports angiogenesis, and modulates the immune response, significantly improving therapeutic outcomes in a
mouse model of hindlimb ischemia. Our in vitro and in vivo results demonstrate the scaffold’s ability to support
cell viability, promote angiogenesis, and modulate inflammatory responses, indicating its potential as a prom-
ising platform for ischemic tissue repair and regenerative medicine. This innovative approach to cell-based
therapy highlights the importance of scaffold design in enhancing the therapeutic efficacy of stem cell treat-
ments for ischemic diseases.

1. Introduction

Stem cell therapy has emerged as a transformative approach in
regenerative medicine, offering potential solutions for conditions with
limited treatment options [1]. This field has gained significant mo-
mentum due to its ability to address complex medical issues that tradi-
tional treatments cannot effectively manage [2]. Among various stem
cell types, adipose-derived stem cells (ADSCs) are known as a valuable
resource for tissue repair and regeneration due to their ability to
differentiate into multiple cell types and secrete a wide array of growth
factors [3-5]. Specifically, ADSCs secrete factors such as vascular
endothelial growth factor (VEGF), fibroblast growth factor (FGF), and
hepatocyte growth factor (HGF), which are crucial for angiogenesis and
tissue healing [6-8]. However, despite of the advantages, the clinical
application of ADSCs faces challenges [9].

The hostile microenvironment of ischemic tissues, characterized by
immune rejection and poor vascularization, presents significant chal-
lenges for cell survival and therapeutic efficacy [10]. High rates of
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apoptosis in transplanted cells further diminish their regenerative po-
tential. To overcome these limitations, recent research has prioritized
strategies that directly promote vascular network formation and miti-
gate inflammatory responses for enhancing tissue regeneration and
long-term therapeutic success. A recent study demonstrated that
implanting a hydrogel with microchannel networks significantly
improved blood perfusion to ischemic sites by forming functional
vascular structures [11]. This approach showed therapeutic benefits in
mouse and porcine models of hindlimb ischemia, where the micro-
channel networks facilitated pro-angiogenic M2 polarization of macro-
phages, leading to enhanced endothelial cell recovery and reduced
inflammation. Similarly, recent study has explored the use of photo-
crosslinkable gelatin methacrylate (GelMA) hydrogels, which supported
vascular network formation by incorporating human blood-derived
endothelial colony-forming cells (ECFCs) and bone marrow-derived
mesenchymal stem cells (MSCs) [12]. These cell-laden GelMA hydro-
gels formed extensive capillary-like networks in vitro and rapidly
developed functional anastomoses with host vasculature in
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immunodeficient mice. Furthermore, the degree of GelMA meth-
acrylation was shown to modulate vascularization and inflammatory
responses, optimizing therapeutic outcomes. Another study focusing on
acute myocardial infarction reported the development of an injectable
hydrogel synthesized from chitosan modified by boronate-protected
diazeniumdiolate, capable of releasing nitric oxide in response to reac-
tive oxygen species [13]. This dual-function hydrogel demonstrated
anti-inflammatory effects, reduced cardiac remodeling, and enhanced
tissue repair, ultimately restoring cardiac function in a mouse model of
myocardial ischemia/reperfusion injury. Another investigation
reviewed the use of injectable anti-inflammatory hydrogels for treating
acute myocardial infarction [14]. The study highlighted the potential of
hydrogels to deliver various therapeutic molecules, including
anti-inflammatory drugs, antioxidants, and immune-regulation drugs, to
reduce inflammatory responses in ischemic conditions. Collectively,
these studies highlight the potential of hydrogel-based scaffolds to
address ischemic tissue repair through mechanisms that directly
enhance vascularization and modulate inflammatory responses. By
aligning our focus on these pivotal aspects, we aim to advance the
therapeutic efficacy of regenerative materials for ischemic conditions.

Furthermore, there are concerns regarding the safety of stem cell
therapies, including the risk of teratoma formation and the potential for
unpredictable cell behavior [15], [16]. Recent research has focused on
the development of hydrogel-based scaffolds to address these challenges
[17]. Hydrogels, with their three-dimensional network of hydrophilic
polymers, provide a supportive microenvironment that facilitates cell
encapsulation, protection from immune rejection and extended cell
survival [18]. For example, a study demonstrated that encapsulating
ADSCs in a hydrogel matrix significantly improved their survival and
function in a mouse model of myocardial infarction [19]. Hydrogels
composed of materials such as fibrin, alginate, and polycaprolactone
(PCL) have shown promise in enhancing cell survival, promoting
angiogenesis, and modulating immune responses [20]. Among these,
PCL provides robust mechanical properties and excellent structural
integrity, making it an ideal candidate for load-bearing applications.
However, its synthetic nature results in a lack of sufficient cell adhesion
motifs, limiting its compatibility with cellular attachment and prolifer-
ation [21]. Studies have shown that PCL alone struggles to support
effective cell integration, with evidence pointing to suboptimal tissue
adhesion and regeneration outcomes [22,23]. This limitation highlights
that PCL, when used alone, has certain constraints that make it chal-
lenging to meet the dual requirements of mechanical robustness and
biological performance. On the other hand, fibrin, a natural biopolymer,
is highly biocompatible and promotes cell adhesion and angiogenesis
[24]. Specifically, when fibrin is in direct contact with cells, it promotes
tube formation through integrin-mediated adhesion and interaction
with cell surface receptors, such as integrins avp3 and a5p1 [25,26].
Despite these advantages, its intrinsic weakness in mechanical proper-
ties presents a significant challenge. Fibrin scaffolds often fail to main-
tain structural stability under physiological conditions, making them
unsuitable for standalone use [27]. While alginate provides a biocom-
patible matrix that shields cells from immune attack [28], it inherently
lacks cell adhesion motifs, which limits its ability to support effective
cell attachment and proliferation. This limitation makes alginate bio-
logically suboptimal for tissue regeneration without additional modifi-
cations to enhance its compatibility for cellular interactions [29,30].
Therefore, it is essential to develop complementary combinations of
scaffolds that can offset the individual weaknesses of each material
while maximizing their respective strengths to achieve optimal perfor-
mance in regenerative applications. Furthermore, studies using similar
materials, such as alginate and fibrin, have consistently demonstrated
long-term cell viability, with survival rates remaining high beyond two
to three weeks, underscoring the potential of these materials to support
sustained cellular function in therapeutic applications. [31-33].

The co-culture of ADSCs with human umbilical vein endothelial cells
(HUVECs) within these hydrogel scaffolds has been shown to enhance
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cell proliferation and angiogenic potential [34]. For instance, in vitro
studies have demonstrated that co-culturing ADSCs with HUVECs leads
to increased secretion of VEGF and improved formation of capillary-like
structures [35]. Co-culturing allows for paracrine signaling between
ADSCs and HUVECs, which is crucial for the secretion of angiogenic
factors and the promotion of vascular networks [36]. However, creating
a stable and supportive environment for both cell types under ischemic
conditions remains a challenge [37]. Ischemic conditions, such as those
found in critical limb ischemia (CLI), pose a significant barrier to
effective stem cell therapy [38]. CLI is a severe form of peripheral
arterial disease where blood flow to the limbs is critically reduced,
leading to severe pain, ulcers, and even gangrene [39]. In CLI, reduced
blood flow leads to tissue necrosis and a hostile microenvironment for
transplanted cells [40]. The survival rate of stem cells in such environ-
ments is notably low due to oxidative stress, inflammation [41]. This
underscores the need for a delivery system that not only supports cell
viability but also enhances the therapeutic potential of stem cells [42].

In this study, we developed an innovative multilayer hydrogel cage
to address the limitations of current stem cell therapies. This advanced
structure incorporates HUVECs and ADSCs within PCL fibers embedded
in a fibrin hydrogel, encapsulated by an outer layer of alginate hydrogel.
The PCL fibers provide robust mechanical support, ensuring structural
integrity for implantation in ischemic tissues, while the fibrin enhances
cell adhesion and promotes angiogenesis, crucial for tissue regeneration.
The outer alginate layer acts as a protective barrier, shielding encap-
sulated cells from the host immune system while maintaining scaffold
stability. This multilayer hydrogel cage supports cell survival, and pro-
liferation, and creates an optimal environment for tissue repair. By
combining materials that offer mechanical strength and biocompati-
bility, our hydrogel cage aims to enhance the therapeutic potential of co-
cultured ADSCs and HUVEGCs, paving the way for more effective treat-
ments for ischemic conditions. Extensive in vitro tests are conducted to
evaluate improvements in cell viability, proliferation, and angiogenic
factor secretion, as well as the scaffold’s ability to modulate immune
responses and support tissue healing. This study presents a promising
new direction in stem cell therapy for ischemic conditions, potentially
offering significant advancements in regenerative medicine and paving
the way for future clinical applications.

2. Materials and methods
2.1. Cell culture

Human adipose derived stem cells (ADSCs) were acquired from
CEFO, Seoul, republic of Korea. These cells were isolated from healthy
human adipose tissue collected via liposuction or surgical excision, with
the procurement process receiving approval from CEFO’s Ethical Com-
mittee (approval number CB-IRB-120224). Human umbilical vein
endothelial cells (HUVECs) were procured from Lonza Incorporation
(Bazel, Switzerland). The cells were propagated in T-75 flasks and kept
at 37 °Cin a humidified chamber with 5 % CO; atmosphere. ADSCs were
grown in Dulbecco’s Modified Eagle Medium (DMEM), enriched with
10 % fetal bovine serum (FBS, Cellsera, Australia) and 1 % antibiotic-
antimycotic solution (Welgene, Gyeongsan, Korea). HUVECs were
maintained in Endothelial Basal Medium (EBM-2) provided by Lonza,
fortified with an Endothelial Growth Supplement (EGM-2, Lonza) and
1 % antibiotic-antimycotic solution.

2.2. Preparation of PFA scaffold with embedded cells

The creation of hydrogels began with the production of PCL fibers
using an electrospinning technique. A 20 % (w/v) PCL solution (Mo-
lecular Weight: 80,000; Sigma Aldrich, St. Louis, MO, USA) was dis-
solved in 2,2 2-trifluoroethanol (TFE). This solution was dispensed
through an 18 G stainless steel needle, connected to a syringe pump, and
charged with a 7.5 kV potential, at a flow rate of 0.8 mL/h for 30 mins.
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Fig. 1. Schematic illustration of PCL-fibrin-alginate (PFA) scaffold fabrication.

The PCL fibers were crafted into 5 mm squares with precision cutting
tools and placed into a 96-well culture plate. To load ADSCs onto the
scaffold, 1.25 x 10° ADSCs were suspended in 20 pL of DMEM and
carefully pipetted directly onto each PCL nanofiber square. These were
incubated for 30 mins at 37 °C in a 5 % CO2 atmosphere to allow efficient
cell attachment to the fibers. Following ADSC incubation, a fibrin-
thrombin hydrogel containing HUVECs was prepared to form the
endothelial layer. Specifically, 2.5 x 10° HUVECs were suspended in an
80 pL fibrinogen solution (20 mg/mL in phosphate-buffered saline,
PBS). The fibrinogen solution was gelled by adding 8 pL of thrombin
(2.5 U/mL in 20 mM CacClz) and allowed to crosslink for 30 mins at 37
°C. The fibrin-thrombin hydrogel was then layered over the ADSC-
incubated PCL sheet, ensuring even coverage and integration. Finally,
the composite PCL-fibrin scaffold was carefully removed using a
specialized tool and coated with an alginate hydrogel to form the outer
layer. This was achieved by immersing the scaffold in a 6-well plate
filled with 5 mL of a 1 % (w/v) sodium alginate solution, followed by the
addition of 5 mL of a 1 % (w/v) calcium chloride solution to initiate
gelation. Crosslinking was completed within 30 s at ambient conditions
(Fig. 1).

2.3. Characterization of the PFA scaffold for limb ischemia therapy

For the evaluation of scaffolds tailored for heart tissue repair, a high-
definition CCD camera was employed for initial visualization and spatial
analysis. The scaffolds were placed 10 cm from the device’s lens for
optimal image capture. Detailed examinations of the external scaffold
architecture were conducted with a Helios 5 UC SEM system (Thermo
Fisher Scientific, Hillsboro, OR, USA), following sputter deposition of a
fine platinum coating on the scaffold surfaces for enhanced electron
imaging. SEM analyses were performed at an operating voltage of 10 kV
to capture fine details of the scaffold’s surface morphology. The me-
chanical properties of the various scaffold configurations were assessed
for their compressive behavior using an Instron 3343 mechanical testing
unit (Instron Corporation, Norwood, MA, USA). The scaffolds, including
the fibrin hydrogel, PCL-fibrin hydrogel, and PFA hydrogel, were
equilibrated in PBS for 30 mins to reach full saturation. Excess moisture
was carefully eliminated from each scaffold before testing. Data on stress
and deformation were gathered under compressive loads, allowing for
accurate stress-strain curve generation. To characterize the viscoelastic
nature of these materials, dynamic mechanical analysis was imple-
mented. Samples were arranged between metal plates of 2 cm diameter,
ensuring a 1 cm separation for consistent application of shear forces.
Their dynamic response to shear forces was analyzed with an MCR 102
rheometer (Anton Paar, Graz, Austria), focusing on the storage modulus.
A steady shear strain of 10 % was applied across a frequency sweep from
0.1 to 300 Hz (rad/s) at a stable temperature of 25 °C, providing insights
into the samples’ elastic storage capacity under cyclic loading
conditions.
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2.4. Swelling and degradation test

The swelling test for hydrogel samples was conducted to evaluate
their ability to absorb and retain fluids. Initially, the hydrogels were
dried in an oven set to 70 °C overnight. Following this drying process,
they were rehydrated using a phosphate-buffered saline solution (PBS,
Welgene). Any surplus PBS on the hydrogel surface was gently removed
with filter paper. The weight of each hydrogel sample was measured
three times at regular intervals, with all measurements conducted at a
consistent temperature of 37 °C. The key metric calculated from this test
is the swelling ratio (SR) of the hydrogels. This ratio is determined using
the formula SR = (W, - Wp) / Wy x 100, where W is the weight of the
hydrogel after it has swollen at a certain time point, and Wy is its initial
dry weight before rehydration. This formula and the resulting swelling
ratio provide a quantitative insight into the hydrogel’s capacity to
absorb and retain liquid, which is critical for its intended applications.

The degradation test was conducted to evaluate the stability and
degradation behavior of hydrogel scaffolds over a 2-week period under
simulated physiological conditions. The preparation of scaffolds for this
test followed the same procedure as described for the preparation of PFA
scaffolds. After preparation, the scaffolds were incubated in phosphate-
buffered saline (PBS, Welgene) at 37 °C. To assess weight changes due to
degradation, the scaffolds were carefully removed from the PBS each
day, and excess surface water was gently removed by rolling them on
tissue paper. This step ensured that only the scaffold’s remaining weight,
free from external surface moisture, was recorded. The weight of each
scaffold was measured daily throughout the 2-week period

2.5. Biocompatibility test

The biocompatibility evaluation of hydrogel composites on various
cell types, including ADSCs and HUVECs, was conducted using an in-
direct method based on hydrogel extracts, in alignment with the ISO
10993-12 guidelines. Briefly, the hydrogel extracts were produced by
immersing the hydrogel composite in a serum-free medium, with a
concentration of 0.2 g/mL, and incubating it for 48 hrs at 37 °C. For the
LIVE/DEAD assay, ADSCs and HUVECs were cultivated in 24-well plates
at a density of 50,000 cells per well for 48 hrs. The cells were then
exposed to the hydrogel extract solution prepared as mentioned earlier.
The viability of these cells was monitored on days 1, 4, and 7. This was
achieved by administering 2 uM of Calcein AM and 4 pM of Ethidium
Homodimer-1 30 mins before conducting fluorescence imaging at room
temperature. These observations were further validated using a laser
scanning microscope from Carl Zeiss (Oberkochen, Germany). To
directly assess biocompatibility, ADSCs and HUVECs were separately
integrated and cultured inside the scaffolds for 7 days. The cells were
then treated with Calcein AM and 4 uM Ethidium Homodimer-1 for
30 mins. Fluorescence imaging was then conducted to gather further
insights.

2.6. In vitro analysis of cell growth on the scaffold

The in vitro cell proliferation evaluation on scaffolds was conducted
using the WST assay method (EZ-Cytox, DoGenBio, Korea). Scaffold
extracts were generated by immersing the scaffold composite in a me-
dium enriched with 10 % FBS at a density of 0.2 g/mL and incubating it
for 48 hrs at 37 °C. The scaffolds were first sterilized using 0.1 % acetic
acid (Sigma-Aldrich) and then thoroughly rinsed in sterile PBS for 3 hrs.
ADSCs and HUVECs were cultured at a density of 50,000 cells per well in
24-well plates for 48 hrs. The cells were treated with the scaffold extract
solution, and cell proliferation was observed on days 1, 4, and 7 with the
absorbance at 450 nm using a microplate reader (Synergy H1, BioTek,
Vermont).
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Fig. 2. Characterization of the PFA scaffold composed with electrospun fibers and two separate hydrogel layers aimed to enhance the angiogenesis. (a) Digital
camera images of the PFA scaffold (scale bar = 5.0 mm). (b) Representative SEM image illustrating the compartmentalized architecture of the PFA scaffold (scale bar
=100 pm). (c) The storage modulus of the scaffolds depending on the components. (d) The loss modulus of the scaffolds depending on the components. (e) Swelling
ratio (n = 3) and (f) equilibrium swelling ratio (n = 5) of the scaffolds at different swelling intervals, * **p < 0.001, * ** *p < 0.0001 versus fibrin group.
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2.7. Real-time quantitative polymerase chain reaction (QRT-PCR)
analysis

Total RNA was extracted from the cells in vitro experiment and the
tissue in ischemic limb in vivo experiment using the TRIzol method. Total
RNA was reverse transcribed into complementary DNA (cDNA), and
qRT-PCR was conducted using the SYBR Green system (Thermo Fisher,
Waltham, MA, USA) and the QuantStudio 5 system (Applied Biosystems,
Waltham, MA, USA), following the manufacturer’s protocol. The rela-
tive expression levels of human GAPDH, MMP1, VEGFR, CD31, FGF2,
and mouse f-actin, CD31, a-SMA, TGFp-1, IL-1p, IL-6 were assessed.
Human-specific gene primers were used for the in vitro cell analysis.
Mouse gene primers were used for in vivo mouse ischemic limb analysis.
Detailed primer sequences for the various genes can be found in Table S1
and S2.

2.8. Tube formation assay

To evaluate the angiogenic potential of the scaffolds for tissue
regeneration, an in vitro tube formation assay was conducted. Growth
factor-reduced matrigel (Corning Incorporated, New York, NY, USA)
was evenly spread across each well to create a basement membrane
matrix layer. The coated well plate was incubated at room temperature
for 30 mins, followed by further incubation in a humidified atmosphere
(5% CO5, 37 °C) for 1 hr. HUVECs were seeded into each well and
cultured for 16 hrs using a transwell system alongside a multilayer
scaffold incorporating scaffold alone, HUVECs alone, and HUVECs with
ADSCs. After a 16 hrs incubation period, the formed tubular structures
were imaged using a microscope. ImageJ software was employed to
count the tubular nodes and junctions.

2.9. Analysis of proinflammatory cytokines in mouse macrophages using
enzyme-linked immunosorbent assay (ELISA)

RAW 264.7 macrophage cell line (ATCC, Manassas, VA, USA) was
cultured at a density of 5 x 10* cells per well in 24-well plates and
incubated for 24 hrs in preparation for the analysis of proinflammatory
cytokines using ELISA. After the incubation period, the cells were
exposed to various scaffold eluates and 1 pg/mL lipopolysaccharide
(LPS). Following 24 hrs of treatment, the culture supernatant was
collected and subjected to centrifugation to eliminate any cellular
debris. The concentrations of proinflammatory cytokines, including
TNF-a ((Abcam, Cambridge, UK), IL-1p (Abcam), and IL-6 (Abcam),
were quantitatively measured using dedicated ELISA Kkits.

2.10. Immunoblotting analysis of protein expression

For in vitro inflammatory factor expressions analysis, the RAW 264.7
macrophage cell line (ATCC) was purchased and cultured with various
scaffold eluates for 6 and 24 hrs durations. After the scaffold eluates
treatment, the cells were rinsed and lysed using RIPA buffer (Sigma
Aldrich) supplemented with Xpert phosphatase inhibitor cocktail solu-
tion (GenDEPOT, Barker, TX, USA). For in vivo immune modulatory
effect analysis, the tissue in ischemic limb in vivo experiment was
completely lysed with RIPA buffer supplemented with Xpert phospha-
tase inhibitor cocktail solution for protein extraction. The proteins were
separated by 10 % SDS-PAGE and transferred onto PVDF membranes.
The membranes were blocked with 5 % skim milk and then incubated
with primary antibodies. The primary antibodies included p-actin (Cell
Signaling, Beverly, MA, USA), TGF-p (Cell Signaling), IL-1p (Abcam),
GAPDH (Abcam), CD206 (Abcam), TNF-a (Cell Signaling), and IL-6 (Cell
Signaling). Following incubation with primary antibodies, the mem-
branes were exposed to a secondary antibody (Abcam). Protein bands
were visualized on PVDF membranes using a Las 4000 device (Fujifilm,
Tokyo, Japan) and Clarity Western ECL substrate (Bio-Rad, Hercules,
CA, USA).
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2.11. Mouse hindlimb ischemia model

Four-week-old female athymic mice (ICR strain, 20-25 g, obtained
from Orient, Seongnam, Gyeonggi, Korea) were anesthetized using
xylazine (10 mg/kg, Bayer, Seoul, Korea) and ketamine (100 mg/kg,
Yuhan, Seoul, Korea). The femoral artery along with its branches was
tied off using 6-0 silk sutures (AILEE, Busan, Korea). Additionally, the
external iliac artery and all proximal arteries were ligated. The femoral
artery was removed from its origin at the external iliac artery to its di-
vision into the saphenous and popliteal arteries. All animal protocols
and experimental procedures were approved by the Institutional Animal
Care and Use Committee of Sungkyunkwan University (Approval No.
SKKUIACUC2020-12-41-1).

2.12. Histological analysis in vivo

Tissues from the ischemic limb were collected 28 days after the
various treatments and embedded in optimal cutting temperature
compound (SciGen Scientific Inc., Gardenas, CA, USA), frozen at —22 °C,
sliced into 10 um-thick sections. The sections underwent staining with
hematoxylin and eosin (H&E) as well as Masson’s Trichrome (MT) to
assess muscle damage and inflammation.

2.13. Immunohistochemistry in vivo

The tissue sections were stained using anti-CD31 and anti-SM a-actin
antibodies (Abcam). Signals were visualized with fluorescein
isothiocyanate-conjugated secondary antibodies (Jackson Immuno
Research Laboratories, West Grove, Pennsylvania, USA). The sections
were counterstained with DAPI and observed using a fluorescence mi-
croscope (DMi8, Leica).

2.14. Statistical analysis

The data are reported as mean values with accompanying standard
deviations. Statistical analysis was performed using GraphPad Prism 8
software (GraphPad, San Diego, CA). Group comparisons were con-
ducted using one-way ANOVA, followed by post hoc multiple compar-
ison tests with a 95 % confidence interval. Statistical significance was
indicated by P-values less than 0.05.

3. Results and discussion
3.1. Characterization of the composite scaffold for limb ischemia therapy

In this study, we have developed a novel composite scaffold incor-
porating alginate, fibrin, and PCL, demonstrating significant potential in
the treatment of limb ischemia. Our scaffold, characterized by its unique
hemispherical form and microscale structure, exhibits properties
conducive to tissue integration and cellular interaction. Our investiga-
tion into a composite scaffold for treating limb ischemia has provided a
detailed characterization of its structural and mechanical attributes,
crucial for its intended biomedical application. The scaffold combines
alginate, fibrin, and PCL, each contributing distinct properties that
synergize within the scaffold group. The CCD camera image (Fig. 2A)
shows the scaffold’s macrostructure, presenting a hemispherical form
indicative of our precision engineering to create a consistent and clini-
cally relevant size of 5 mm. This size is carefully considered to maximize
coverage and integration with the host tissue while minimizing inva-
siveness. In addition, the fibrin-only scaffold exhibits significantly
weaker structural integrity compared to the composite PFA scaffold
(Figure S1). This underscores the necessity of integrating alginate and
PCL into the composite, which collectively enhance the scaffold’s me-
chanical robustness and suitability for biomedical application. The SEM
image (Fig. 2B) provides a microscale perspective, revealing the scaf-
fold’s highly organized internal structure. The PCL fiber provides a basic
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cocultured with ADSCs (day 3, n = 3, *p < 0.05 versus HUVECs group).

cell adhesion matrix that supports the initial cell attachment of ADSCs
[43]. The fibrin, identified by the red arrows, forms a fibrous network
reminiscent of the body’s natural extracellular matrix, essential for
supporting cell attachment and migration. This network is reinforced by
the alginate, which imparts the necessary mechanical strength and
structural integrity, ensuring the scaffold’s stability within the dynamic
environment of the limb.

The rheological assessment of the composite scaffold reveals critical
insights into its mechanical behavior and potential for clinical applica-
tion in limb ischemia therapy. Specifically, the storage modulus profile
(Fig. 2C) highlights the PFA scaffold’s excellent elasticity, maintaining a

high modulus over a wide range of angular frequencies. This high
storage modulus indicates that the scaffold possesses a robust structure,
capable of withstanding significant deformation before yielding, supe-
rior to the values of fibrin and fibrin + PCL scaffolds. The PFA scaffold
exhibits an enhanced modulus compared to fibrin alone, highlighting
the alginate’s role in augmenting the composite’s structural rigidity. The
loss modulus data (Fig. 2D) provides a measure of the scaffold’s ability
to dissipate energy through internal friction. The lower loss modulus,
compared to the storage modulus, indicates a material that, while
elastic, can absorb and dissipate energy from dynamic loads, such as
those experienced during limb movement [44]. This property is crucial
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Fig. 4. Angiogenic potential of PFA scaffold as evaluated by in vitro tube formation assay using HUVECs in a transwell system. (a) Representative light microscope
images showing tube formation from HUVECs cultured with PFA scaffold (scale bars = 500 pm). (b) The number of nodes formed in the assay with different cell types
(n = 3). (C) The number of junctions formed in the assay with different cell types (n = 3). * **p < 0.001, * ** *p < 0.0001 versus each group.

for scaffolds designed to interface with soft tissue, suggesting a material
that can conform to the changing mechanical environment without
causing damage to the surrounding or embedded cells. Additionally, the
degradation profile demonstrates that while the PF scaffold is almost
completely degraded within 3-4 days, the alginate-coated PFA scaffold
retains over 70 % of its weight for more than a week, underscoring the
critical role of alginate in enhancing structural stability (Figure S2).

For swelling behavior, the time-dependent swelling ratio (Fig. 2E)
demonstrates that the PFA scaffold’s rate of fluid absorption is rapid and
reaches a plateau that exceeds the swelling capacity of fibrin and fibrin
+ PCL scaffolds. This indicates the interconnected porous structure
facilitated by the presence of alginate, which allows for substantial fluid
intake, essential for nutrient transport and metabolic waste removal in a
cellular environment. Finally, the equilibrium swelling ratio (Fig. 2F)
provides a long-term perspective on the scaffold’s fluid management
capability. The PFA scaffold significantly outperforms the individual
components, achieving a swelling ratio that underscores the synergistic
effect of combining alginate, fibrin, and PCL. This elevated swelling
capacity at equilibrium suggests that the scaffold can maintain a more
hydrated state over extended periods, which is beneficial for absorbing
exudate. The PFA composite scaffold’s rheological properties and
swelling behavior are optimized to support the dynamic mechanical
stresses of limb tissues while providing a conducive environment for
cellular processes, making it an excellent candidate for limb ischemia
therapy.

3.2. Cytocompatibility and functional analysis of PFA scaffold for
enhanced angiogenesis in limb ischemia therapy

The PFA scaffold designed for limb ischemia therapy was subjected

to rigorous cytocompatibility assessments to determine its support for
cell viability and angiogenic potential. Live/Dead assays conducted on
ADSCs and HUVECs revealed a high proportion of viable cells (green
fluorescence) over dead cells (red fluorescence) across all time points (1,
4, and 7 days), with notably higher viability observed within the scaffold
similar with the eluate (Fig. 3A and B). This indicates a supportive
cellular microenvironment offered by the scaffold’s architecture. Cell
proliferation assays quantitatively demonstrated that both ADSCs and
HUVECs exhibited progressive growth over 7 days (Fig. 3C). The
increased proliferation of HUVECs is particularly indicative of the
scaffold’s potential to support endothelialization, a critical step in
angiogenesis. To further evaluate the cytocompatibility of the PFA
scaffold in a co-culture system, ADSCs and HUVECs were co-cultured,
and Live/Dead assays were conducted (Figure S3). The results demon-
strated high cell viability and supportive interactions across all time
points (1, 4, and 7 days). This indicates that the scaffold provides an
optimal microenvironment for both cell types within the co-culture
system. Furthermore, 3D live/dead imaging corroborated these find-
ings, showing consistent cell viability in ADSCs and HUVECs co-cultured
within the PFA scaffold over 1, 4, and 7 days, highlighting its robust and
supportive environment for cellular activity (Figure S4). Quantitative
analysis of cell viability revealed that the PFA scaffold consistently
supported over 90 % live cell populations in ADSCs and HUVECs co-
culture across all time points, underscoring its potential for angiogenic
applications (Figure S5). The gene expression analysis further corrobo-
rated the beneficial impact of co-culture on angiogenesis within the
scaffold. The co-culture approach significantly upregulated angiogenic
and endothelial markers, emphasizing the importance of cell-cell in-
teractions in enhancing angiogenesis, a key component in treating limb
ischemia. There was a significant upregulation of angiogenic markers,
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Fig. 5. Evaluating in vitro inflammatory factor expressions induced by the PFA scaffold. (a) ELISA results showing TNF-o, IL-6, and IL-1p expression levels in
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FGF2 and VEGFR, in HUVECs when co-cultured with ADSCs, as opposed
to HUVECs cultured independently. The endothelial marker CD31 and
the matrix remodeling enzyme MMP1 also showed substantial upregu-
lation in the co-culture group (Fig. 3D), delineating the collaborative
effect on endothelial marker expression and potential for capillary for-
mation [45]. The statistically significant upregulation of these genes in
the co-culture condition (p-values < 0.05 for FGF2, and < 0.01 for
VEGFR, CD31, and MMP1) provides strong evidence of the PFA scaf-
fold’s ability to foster a cellular environment that is not only favorable
for individual cell types but also for the synergistic interaction between
them, which is essential for effective angiogenesis. To further analyze
the increase in angiogenesis markers due to co-culture, we further
analyzed factors according to cell co-culture in 2D and 3D environments.
Co-culturing of HUVECs with ADSCs in 3D scaffold significantly en-
hances the cellular expression of hypoxia-inducible factor-1 alpha
(HIF-1a) and VEGF, key markers implicated in angiogenesis (Figure S6).
As illustrated in the accompanying bar graphs, the relative mRNA
expression levels of HIF-1a increased markedly in 3D HUVECs+ADSCs
co-cultures compared to 2D conditions. Similarly, VEGF expression
levels were notably elevated in the 3D co-culture system. These findings
suggest that the 3D scaffold provides a conducive microenvironment
that promotes cellular behaviors associated with hypoxia response and
angiogenic signaling, potentially offering a substantial benefit over
conventional 2D culture systems in tissue engineering applications [46].
In summary, the data compellingly demonstrate that the PFA scaffold,
through the co-culture of ADSCs and HUVEGCs, distinctly promotes an
angiogenic milieu. This scaffold is thereby validated as a potent enabler
of the intricate cellular choreography required for angiogenesis,

essential for the restoration of blood flow in limb ischemia therapy.

3.3. Enhanced angiogenic potential of co-cultured PFA scaffold evidenced
by in vitro tube formation

in vitro tube formation assays illustrated an enhanced angiogenic
response, evident in the increased complexity and quantity of capillary-
like structures, especially in the HUVECs+ADSCs co-culture group. The
angiogenic potential of the PFA scaffold was further investigated
through in vitro tube formation assays, providing a representative
assessment of the scaffold’s ability to support capillary-like structure
formation. The presence or absence of the scaffold itself, without cells,
showed no significant differences in tube formation (Figure S7).
Microscopic analysis of the tubulogenesis within the control group,
HUVECs group, and the HUVECs + ADSCs co-culture group illustrated a
stark contrast in the complexity of the tube-like networks formed
(Fig. 4A). The control group exhibited a baseline level of tube formation,
while the HUVECs group demonstrated a significant increase in the
number of nodes and junctions, indicative of endothelial cell activity.
However, the most substantial enhancement was observed in the
HUVECs + ADSCs group, which showed a marked increase in the
complexity and quantity of the network structures, with the number of
nodes and junctions dramatically exceeding those in the HUVECs-only
group (Figs. 4B and 4C). Quantitative analysis revealed that the
HUVECs + ADSCs group had significantly higher nodes and junctions
compared to both the control and HUVECs only groups. The high
expression of angiogenesis proteins such as CD31 within the PFA scaf-
fold can be confirmed through fluorescence-stained tube images
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(Figure S8). The data suggests that the presence of ADSCs in the co-
culture is synergistic, enhancing the angiogenic behavior of HUVECs,
which is critical for the formation of a stable and functional capillary
network [47]. This marked increase in tubulogenesis within the HUVECs
+ ADSCs group, compared to the HUVECs alone, underscores the
importance of cellular interplay within the scaffold environment for
promoting angiogenesis. In conclusion, the PFA scaffold not only sup-
ports individual endothelial cell function but also significantly amplifies
the collective angiogenic potential when HUVECs are co-cultured with
ADSCs. This synergistic interaction within the scaffold underscores its
promising application in therapeutic angiogenesis, necessary for effec-
tive treatment of limb ischemia [48].

3.4. In vitro inflammatory cytokine analysis in PFA scaffold

Our scaffold exhibited an ability to modulate inflammatory re-
sponses. The inflammatory response elicited by the PFA scaffold was
scrutinized using in vitro assays to measure the concentration of repre-
sentative cytokines associated with inflammation. ELISA results
demonstrated that the levels of pro-inflammatory cytokines (TNF-a, IL-
6, and IL-1p) were significantly lower in the PFA scaffold and PF groups
compared to the LPS group, which served as a positive control for
inflammation (Fig. 5A). Western blot analyses of TGF-p and IL-1p sup-
ported these findings, with the PFA scaffold group showing a decrease in
the pro-inflammatory cytokine (IL-1p) and increase in the anti-
inflammatory cytokine (TGF-B) relative to the control and fibrin
groups at the investigated time points (Fig. 5B). Notably, the PFA scaf-
fold group exhibited a pronounced reduction in pro-inflammatory cy-
tokines at both 6 and 24 hrs post-elution, suggesting that the scaffold’s
composition might modulate the inflammatory response favorably. The
control group showed basal levels of these cytokines, establishing a
benchmark for comparison. The PF scaffold group displayed a moderate
increase in IL-1f levels, indicating basal inflammatory property.

However, the cytokine levels in PFA scaffold group were lower than both
control and PF scaffold groups at 24 hrs, indicating the superior per-
formance in mitigating an inflammatory response in PFA scaffold. This
can be expected to alleviate the inflammatory response by preventing
the outflow of contents within the PFA scaffold [49]. The significant
reduction in pro-inflammatory cytokines in the PFA scaffold group un-
derlines the potential of the scaffold to modulate inflammatory re-
sponses, which is critical for the prevention of chronic inflammation that
can impair healing and tissue regeneration [50]. In summary, the PFA
scaffold demonstrates an inherent capability to attenuate inflammatory
responses, highlighting its suitability for therapeutic applications in
tissue engineering where inflammation control is paramount.

3.5. Improved limb salvage and regeneration with angiogenesis induced by
PFA scaffold

The therapeutic potential toward angiogenesis based on PFA scaffold
containing cells was verified by in vivo hindlimb ischemia model.
Angiogenic potency of PFA scaffold containing cells by forming tubular
morphology of HUVECs in vitro was proved in the ischemic hindlimb
lesion with attenuated limb salvage ratio and reduced muscle degener-
ation. The angiogenic effect of PFA scaffold containing cells was proved
by analyzing inflammation, muscle degeneration, and limb loss ratio.
Morphological and histological analysis revealed superior outcomes in
mice treated with the PFA scaffold combined with HUVECs and ADSCs,
28 days post-treatment, compared to other groups (Fig. 6). Mice treated
with PFA scaffold containing cells showed decreased ratio of toe necrosis
and foot loss with higher limb salvage compared to other groups
(Fig. 6A). Half of the mice showed limb salvage in PFA scaffold con-
taining cells implanted group. Limb tissues retrieved from ischemic
lesion analyzed histologically to observe inflammation and muscle
degeneration (Fig. 6B and C) showed that PFA scaffold containing cells
had minimal fibrosis with sparse collagen fibers, reflecting a reduced



G. Lee et al. Colloids and Surfaces B: Biointerfaces 250 (2025) 114553

A B PFA
NT 3 Cells
PF 3 PF+Cells

PFA =3 PFA+Cells

poao

S
J
CD31 / DAPI

Cells PF + Cells PFA + Cells

3 cCells
1 PF+Cells
=1 PFA+Cells

o

00
!

#

SM-a / DAPI

O Relative CD31 expression
compared to NT group
e T » ¢
L]
CD31 / DAPI
l l l l
m m

o
1

Cells PF + Cells

PFA + Cells

S
1

N
L

compared to NT group
SM-a / DAPI

b s

Fig. 7. Enhanced angiogenesis in ischemic hindlimb lesion at 28 days after treating PFA scaffold. (A) Relative gene expression of CD31 in ischemic lesions
(#p < 0.05 compared to other groups, n = 6). (B) Representative images of immunohistochemistry stained with CD31 (green) in ischemic lesions. Scale bars = 100
pm. (C) Relative gene expression of SM a-actin in ischemic lesions (#p < 0.05 compared to other groups, n = 6). (D) Representative images of immunohistochemistry
stained with SM a-actin (green) in ischemic lesions. Scale bars = 100 pm. (NT: no treatment, PF: PF scaffold only, PFA: PFA scaffold only, Cells: HUVECs + ADSCs, PF
+ Cells: PF scaffold with HUVECs + ADSCs, PFA + Cells: PFA scaffold with HUVECs + ADSCs).

Relative SM-a expression

o

[ NT 3 PF 0 PFA [ Cells 0 PF+Cels [0 PFA +Cells

A B ¢

5%3- 5%3- . S 8 5%30- .

@ 2 . %9 g2 71 . ©0? y

(- E’ "E‘_ ) Q.f_” 6 g <)

gL 21 e 21 8% 5 g 20

€2 s 2l s Qs L2 4 es

§§1- :1'51- Qg 34 1"310-

> 8 * v 3 v 8 24 R

s g I’fl g 2 E 2 g

s 5 6 1 ﬁ -

28, S8, gucﬂﬁﬁ &) S8 o

c No PFA Cells PF + PFA + No F PFA Cells PF + PFA +
treatment Cells Cells treatment ~ Cells Cells

CD206 e = —_— — IL-6 b4

Fig. 8. Immune modulatory effect of PFA scaffold in ischemic hindlimb lesion at 3 days after the surgery. (A) Relative gene expression of M1 macrophage marker (IL-
6 and IL-1p) in ischemic lesions (n = 4, *p < 0.05 compared to no treatment). (B) Relative gene expression of M2 macrophage marker (TGF-$ and IL-10) in ischemic
lesions (n = 4, *p < 0.05 compared to no treatment). (C) Representative images of western blot analysis for M1 (TNF-« and IL-6) and M2 macrophage marker
(CD206) expression. (NT: no treatment, PF: PF scaffold only, PFA: PFA scaffold only, Cells: HUVECs + ADSCs, PF + Cells: PF scaffold with HUVECs + ADSCs, PFA +
Cells: PFA scaffold with HUVECs + ADSCs).

10



G. Lee et al.

fibrotic response with better preservation of muscle architecture
compared to the other groups.

PFA scaffold containing cells led promoted micro blood vessel for-
mation in the ischemic hindlimb lesion. To confirm the angiogenic effect
of PFA scaffold containing cells on reduced tissue damage, limb tissues
retrieved from the ischemic lesion were analyzed. Representative
angiogenesis, CD31 and SM a-actin, were analyzed by gene and protein
expression. Relative gene expression of CD31 and SM a-actin showed
significant upregulation in mice treated with PFA scaffold containing
cells compared to all other groups (qQRT-PCR, Fig. 7A and C). Addi-
tionally, immunohistochemical staining for angiogenesis in the ischemic
lesion based on CD31 and SM a-actin expression was performed (Fig. 7B
and D). Enhanced green signals indicating the expression of CD31 and
SM a-actin were observed in mice treated with PFA scaffold containing
cells compared to other groups. Taken together, the mice treated with
PFA scaffold containing cells showed attenuated muscle degeneration
and fibrosis due to promoted angiogenesis.

3.6. In vivo immune modulatory effect of PFA scaffold

PFA scaffold containing cells modulated the immune system in mice
with lower expression of M1 macrophage-related marker expression and
higher expression of M2 macrophage-related marker expression at gene
level and protein level. Immune modulatory effect of PFA scaffold
containing cells was ascertained by quantitative and qualitative analysis
based on M1- and M2-macrophage marker expressions. Relative gene
expression of M1- and M2-macrophage markers in the ischemic hin-
dlimb lesion were evaluated by qRT-PCR (Fig. 8A and B). Mice treated
with PFA scaffold containing cells showed significantly downregulated
IL-6 and IL-1j expression compared to no treatment, whereas M2
macrophage markers including TGF-§ and IL-10 were overexpressed in
PFA scaffold containing cells treated mice. Similar patterns were
observed in protein expression as detected in gene expression (Fig. 8C).
M1 macrophage related protein (TNF-a and IL-6) expression was
reduced in mice treated with PFA scaffold containing cells, whereas M2
macrophage related protein (CD206) expression was promoted. The
modulated immune responses concluded from the gene and protein
levels can be attributed to the anti-inflammatory and antioxidant
properties of alginate scaffold. Due to the encapsulation effect of algi-
nate, the release of immunogenic substances, such as fibrinogen, a
component of fibrin gel fragments, was suppressed [51]. This suppres-
sion likely contributed to the observed anti-inflammatory response,
which can be attributed to the intrinsic anti-inflammatory properties of
the stem cells [52]. This might help maintaining a balance between
pro-inflammatory and anti-inflammatory signals, promoting tissue
repair and regeneration. We also observed that ADSCs exhibit a signif-
icant anti-inflammatory response by reducing pro-inflammatory cyto-
kine, IL-6 and IL-1p and promoting the differentiation of macrophages
into the M2 phenotype, suggesting the cocktail used effectively har-
nesses ADSCs property to mitigate inflammation [53]. The significant
modulation of cytokine levels by the PFA scaffold containing cells
highlights its potential for effectively managing immune responses,
which is crucial for preventing chronic inflammation and enhancing
tissue healing in regenerative medicine.

4. Conclusion

This study introduces a multilayered PCL-fibrin-alginate hydrogel
scaffold with significant potential for treating hindlimb ischemia. By
integrating mechanical strength, cellular support, and immune modu-
lation, this scaffold establishes a stable environment that not only pro-
motes  vascular network formation but also  mitigates
inflammation—addressing critical challenges in ischemic tissue repair.
The co-culture of ADSCs and HUVECs within the scaffold enhances
angiogenic signaling and fosters a regenerative environment supportive
of sustained healing. The encouraging in vitro and in vivo results,
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including improved tissue integrity, reduced inflammatory response,
and increased limb salvage rates, underscore the scaffold’s suitability for
future ischemia therapies and its promise for broader applications in
regenerative medicine.
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