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Biomimetic multi-layer scaffolds with aligned
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A key challenge in tissue engineering is designing three-dimensional (3D) biomimetic scaffolds that

overcome the limitations of traditional 2D nanofibrous structures while promoting cellular activities and

tissue regeneration. In this study, a multi-layered scaffold was developed by combining electrospun

polyurethane (EPU) nanofibers containing methylprednisolone with hyaluronic acid (HA)-gelatin (G)

hydrogels at varying ratios. The 3D structure enhanced porosity and mechanical properties. Increasing
the HA: G ratio from 1:10 to 1:2 expanded pore size from ~208 pm to ~489 um, creating a more
favorable microenvironment for cell activities. Additionally, elongation at break increased from ~103% in

EPU alone to ~196% in the EPU/HG (1:10), showing an improvement in the viscoelastic behavior of

modified EPU. Controlled release of methylprednisolone was demonstrated over 80% delivery within 14
days. Biological evaluations with human umbilical vein endothelial cells (HUVECs) highlighted the
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scaffold’s potential to support cell activities, including extensive filopodia anchoring. Also, cell viability

assays confirmed the biocompatibility of all multi-layer scaffolds. These findings suggest that the

DOI: 10.1039/d5ra08241b

rsc.li/rsc-advances engineering applications.

1. Introduction

Cardiovascular diseases are the leading cause of death world-
wide,"* resulting in over 650 000 deaths each year in the United
States alone.® They accounted for 27.4% and 43% of all deaths
in 2019 in India and China, respectively.* In India, the cardio-
vascular mortality rate is 185 per 100 000 people, while in China
it is 322 per 100000 people. These statistics highlight the
substantial burden of cardiovascular diseases across countries
with large populations.* Due to the limited regenerative ability
of cardiac tissue, surgical interventions such as organ trans-
plantation and cell implantation may be necessary after heart
attack."** However, due to challenges like donor shortages and
the limited effectiveness of these methods in fully restoring
heart function, tissue engineering approaches are often
preferred.»® Tissue engineering can potentially develop
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developed biomimetic nanofiber/hydrogel scaffolds hold significant promise for cardiovascular tissue

cardiovascular grafts or tissues that can be effectively implan-
ted, addressing challenges related to the slow turnover rates of
cardiovascular cell types.*?

Scaffolds for cardiac tissue engineering should form a three-
dimensional fibrous structure with anisotropic fiber orientation
that can guide cell alignment and permit cell infiltration."”®
Biodegradable polymers stand out as highly attractive materials
for cardiovascular tissue engineering applications with their
adjustable degradation rates, optimal porosity, and elastomeric
properties.® Scaffolds’ design influences cell behavior and is
vital for regeneration.'®'* Electrospinning is a key technique for
creating sub-micron to nanofiber scaffolds with high surface
area.”" Fibrous scaffolds mimicking the extracellular matrix
(ECM) are crucial for tissue engineering, especially in tissues
like tendons, vascular, cardiac, and muscles with aligned
fibers."** Microstructure of the scaffold plays a fundamental
role in directing cell behavior, and evidence indicates that the
topography of electrospun nanofibers may guide cells differ-
entiation toward specific phenotypes.*>*® However, electrospun
mats suffer from inherently limited cell infiltration due to their
flat, 2D nature and small micro/nanoscale pores; which can be
addressed by developing hybrid constructs that combine
electrospun fibers with hydrogels."”*®
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Polyurethane (PU) is a versatile polymer with a broad range
of applications and properties due to its structure composed of
soft and hard segments, making it a popular material in the
biomedical field." In particular, electrospun PU (EPU) nano-
fibers have shown great potential for cardiovascular tissue
engineering due to their mechanical strength and elasticity;
which closely mimic the native ECM for the endothelial cells
and cardiomyocytes.”” However, lack of appropriate biological
properties can limit the PU scaffold-cell interactions including
certain cell types such as endothelial and myocardial cells.** To
overcome this limitation, researchers have explored modifica-
tions using natural macromolecules.” In this regard, the inte-
gration of PU with natural hydrogels is an effective strategy to
enhance the biological functions of PU.

Natural hydrogels play a crucial role in tissue engineering
due to their excellent plasticity and biocompatibility.'®** These
highly water-swollen polymeric networks create a tissue-like
environment that supports cell growth and allows for the
diffusion of nutrients and waste.'>** Hyaluronic acid (HA),
a glycosaminoglycan (GAG) structurally similar to the ECM,
holds significant promise in tissue regeneration.**** Natural
materials like HA enable biomimicry, influencing the immu-
nomodulatory response of host tissues through their peptide
sequences, such as arginine-glycine-aspartic (RGD).** As
a naturally derived polysaccharide, HA plays critical roles in
biological processes, including angiogenesis and inflammation,
leading to the development of various HA-based scaffolds to
harness these properties.>>*° It promotes cell proliferation and
supports tissue-specific functions such as chondrogenesis,
osteogenesis, neurogenesis, cardiogenesis, and angiogenesis.
Additionally, HA modulates inflammation by binding mono-
cytes and influencing the immune response, further enhancing
its potential for regenerative medicine applications.>**’

On the other hand, gelatin (G), a natural polymer derived from
collagen, offers several advantages for tissue engineering appli-
cations by enhancing the biocompatibility and biodegradability
of fabricated scaffolds.” Its cost-effectiveness and lower antige-
nicity compared to biomolecules like collagen, along with the
inclusion of RGD sequences resembling the native ECM, make
gelatin a valuable macromolecule in tissue engineering.** While
gelatin lacks sufficient mechanical strength and stability in
aqueous media, it has found extensive use in cardiovascular
tissue engineering due to its similarity to collagen, a prominent
component of ECM in organs like vascular and heart.*?®

Despite hydrogels' advantageous properties, their mechan-
ically weak nature presents a limitation, prompting efforts to
enhance these properties through crosslinking.'*** Among the
available crosslinking techniques, chemical methods are more
effective than physical ones.”® Carbodiimides, such as N-di-
methylaminopropyl-N'-ethyl carbodiimide hydrochloride (EDC),
are chemical crosslinkers that form amide bonds by activating
carboxylic acids and reacting with free amines.”*** The combi-
nation of EDC with N-hydroxysuccinimide (NHS) is commonly
used to improve the efficiency of crosslinking reactions.*

The fiber/hydrogel scaffolding approach not only enhances
biocompatibility but also creates a 3D structure that augments
bioactivity, contributing to improve overall performance.*
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Additionally, these scaffolds containing EPU nanofibers have
shown enhanced biomimetic scaffolds’ mechanical properties,
which may lead to a more favorable response toward tissue
regeneration.” The exciting strategy of combining electrospun
fibers and hydrogels creates biomimetic scaffolds that leverage
the synergistic benefits of both structures and overcome their
limitations;* offering enhanced structural support, improved
cell behavior, and a more biocompatible microenvironment.

Moreover, controlling inflammation is critical in cardiac
tissue engineering because the immune response after
myocardial infarction orchestrates both the destructive and
reparative phases of healing, and dysregulation of this tightly
timed sequence leads to fibrosis, impaired remodeling, and
heart failure and directly determining whether a scaffold will
integrate successfully and support regeneration.**>* Inflam-
mation after MI can be modulated using broad anti-
inflammatory agents, targeted cytokine inhibitors, immune-
modulatory biomaterials, pathways that regulate monocyte
recruitment, strategies that promote the M1-to-M2 macrophage
transition, ROS-responsive therapeutic systems, and emerging
cell-based interventions.****** Within this spectrum of
approaches, glucocorticoids remain among the most widely
used and mechanistically understood anti-inflammatory agents
for cardiac repair. Among glucocorticoids, methylprednisolone
(MP) stands out for its ability to suppress inflammatory medi-
ators, reduce chemokine expression, clear apoptotic cells, and
promote an anti-inflammatory macrophage phenotype.** In MI
models, MP has shown therapeutic potential by reducing
inflammation, minimizing injury, and enhancing blood flow
and capillary formation.*® For instance, Yao et al. developed
a reactive oxygen species (ROS)-responsive PU loaded with MP,
which showed antioxidant properties in vitro and significantly
improved cardiac function and revascularization in vivo.*

In this study, fiber/hydrogel scaffolds were developed with
a sandwich-like architecture, consisting of two hydrogel layers
of HA and G surrounding a middle EPU mat containing the anti-
inflammatory drug (i.e., MP). This three-dimensional structure
provides mechanical stability and topographical cues through
the EPU fibers, while the hydrogel layers enhance cellular
interaction. It is hypothesized that varying the HA: G ratio can
modulate the scaffold's mechanical properties, swelling
behavior, degradation rate, and drug release profile, ultimately
yielding a biocompatible construct with improved endothelial
cell adhesion and viability, with potential applications in
cardiovascular therapies.

2. Materials and methods

2.1. Materials

MDI-polyester/polyether polyurethane (CAS No. 430218) was
purchased from Sigma-Aldrich. Tetrahydrofuran (THF, Extra
Pure Grade, CAS No. 109-99-9) and dimethylformamide (DMF,
Extra Pure Grade, CAS No. 68-12-2) were obtained from Neutron
(Iran). Hyaluronic acid (1.2 x 10° Da, purity 99.4%) was sourced
from Chitotech (Iran), while gelatin (Type B, pure bovine, Bloom
160-180) was acquired from Faravari Darooi Gelatin Halal
(Iran). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hydrochloride (EDC-HCI, CAS No. 25952-53-8, purity >99%) and
N-hydroxysuccinimide (NHS, CAS No. 6066-82-6, assay 98%)
were purchased from Roth and Merck, respectively. Methyl-
prednisolone (500 mg) was supplied by Ronak Pharmaceutical
Company (Tehran, Iran). Glutaraldehyde (OHC(CH,);CHO) and
3-(4,5-dimethyldiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) were obtained from Sigma-Aldrich.

Human umbilical vein endothelial cells (HUVECS) were ob-
tained from Pasture National Cell Bank (Iran). Dulbecco's
Modified Eagle's Medium (DMEM) was sourced from Gibco
(Canada), and fetal bovine serum (FBS) was purchased from
DNA Biotech Company (Iran). Trypsin-EDTA, penicillin-strep-
tomycin, and isopropyl alcohol were acquired from Merck.
Phosphate-buffered saline (PBS) was purchased from Medicago.

2.1.1. Nanofiber fabrication. Nanofibrous scaffolds were
fabricated through the electrospinning technique, as previously
described.” In summary, a solution consisting of 11% w/w PU
dissolved in a blend of THF and DMF (50 : 50 v/v) was prepared
at room temperature. The PU solution was loaded into a 5 mL
plastic syringe fitted with a 22-G needle positioned at approxi-
mately 18 cm from the collector. The electrospinning process
was performed under a high voltage of 18 kV with an injection
rate of the solution at 0.8 mL h™ . To fabricate electrospun mats
containing MP drug, 40 mg mL ™" of MP was first added to the
PU solution, as reported in a previous study.*® The electrospun
PU-drug (EPUD) nanofibers were produced under the same
conditions as the pure EPU. Methylprednisolone was dissolved
in the PU solution prior to electrospinning, resulting in
encapsulation of the drug within the fiber matrix. To induce
fiber alignment, a rotating collector was utilized at a speed of
2300 rpm, a parameter adapted and slightly modified from the
study by Bahrami et al."* Additionally, random nanofibers were
produced using a setting of 300 rpm. The drum diameter was
5 cm. The linear surface speed (v) was calculated as eqn (1):

Linear surface speed (m s™!) = 270r x (rpm/60) (1)

where r is the drum radius (m).

2.1.2. Hydrogel preparation. An aqueous solution of HA-G
with a concentration of 5 w/v% was prepared by first dissolving
G in distilled water using a 40 °C water bath for 20 min, followed
by the addition of HA and stirring for 30 min. The blending
ratios (w/w) of HA: G were set at 0:100, 1:10, 1:4, and 1:2,
denoted G, HG (1:10), HG (1:4), and HG (1 : 2), as indicated in
Table 1. Separately, solutions of EDC and NHS were prepared in

Table 1 Sample codes and their preparation conditions

View Article Online

RSC Advances

deionized water at room temperature with a 1:1 molar ratio.
The molar ratio of EDC to the total amount of COOH groups in
HA-G solution was set at 1:1, based on the crosslinking
conditions reported by Bahrami et al.*® Finally, 0.25 mL of each
EDC and NHS solution was added to the HA-G mixture and
gently stirred to initiate crosslinking.

2.1.3. Fiber/hydrogel scaffold assembly. The sandwich
structural scaffold was prepared using a manual assembly; the
bottom and top layers were hydrogel and the inner layer was
nanofibrous EPU containing MP. This construct was obtained
using multi-step process. In a silicone mold, a small amount of
the HA-G solution containing EDC/NHS crosslinking agents,
with previously mentioned ratios, was added as the base layer.
Following this, the EPUD mat was carefully placed onto the
hydrogel layer and immediately, the assembly was completed by
covering the EPUD mat with an additional layer of hydrogel.
Then, the scaffolds were stored at 4 °C for 24 h to achieve
complete crosslinking of the hydrogels. Subsequently, the
scaffolds underwent freezing at —20 °C and were subjected to
a 24 h freeze-drying process. All the samples preparation
conditions are summarized in Table 1. Also, the fabrication
process of the multi-layered scaffold is shown in Fig. 1.

2.2. Characterization

2.2.1. Surface morphology. The morphology of the scaf-
folds was assessed using scanning electron microscopy (SEM;
AIS-2100, Seron Technology). Before SEM imaging, scaffolds
were sputter-coated with gold (SC7620, EMITECH) to enhance
conductivity. Using Image] software (National Institutes of
Health, USA), the average fiber diameter and fiber orientation
were determined from SEM images. More than 100 randomly

Fiber/hydrogel assembly

ilicone Rp s ‘
—_—
{ EDCINHScrosslmker/

°

Final scaffold

HA:G hydrogel
-
R

HA chain

o
G chaln:

Fig. 1 Fabrication process of the multi-layered scaffolds.

Sample PU concentration Drug concentration HA-G HA:G EDC/NHS molar
code (wiw) (mg mL™Y) concentration (w/v) (wiw) ratio

EPU 11% 0 0% 0:0 0

EPUD 11% 40 0% 0:0 0

EPUD/G 11% 40 5% 0:100 1:1

EPUD/HG (1:10) 11% 40 5% 1:10 1:1

EPUD/HG (1:4) 11% 40 5% 1:4 1:1

EPUD/HG (1:2) 11% 40 5% 1:2 1:1

© 2026 The Author(s). Published by the Royal Society of Chemistry
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selected nanofibers were analyzed to calculate the fiber diam-
eter and angle of fiber orientation, with the orientation deter-
mined by measuring the angle between the fiber and the
horizontal line. Histograms were generated to illustrate the
distribution of fiber orientation across the entire 0° to 180°
range.

2.2.2. Porosity and pore size. The surface porosity of
electrospun scaffolds was assessed using an image processing
technique developed by Ghasemi-Mobarakeh et al.’” In this
approach, each grayscale SEM image of the fibers was converted
into a binary image using Image] software with varying
threshold values, and porosity was calculated across different
layers. The surface porosity was then determined as the ratio of
white pixels to the total number of pixels, which can be math-
ematically expressed as eqn (2):

Porosity (%) = (1 — (n/N)) x 100 (2)

where, n represents the number of white pixels and N is the total
number of pixels in the binary image, respectively. To measure
pore size, at least 30 pores from different SEM images were
randomly selected, and an ellipse was fitted to each pore. The
larger diameter of the ellipse was measured using Image] soft-
ware to determine the pore size.*

2.2.3. Chemical composition. To assess the chemical
composition of the scaffold surfaces, attenuated total reflec-
tance Fourier transform spectroscopy (ATR-FTIR) analysis was
conducted using the NICOLET iS10, Thermo Scientific. FTIR
spectra were obtained in the wavenumber range of 4000 cm ™ to
550 cm ™" with a resolution of 4 em ™.

2.2.4. Water contact angle. In this test, water droplets with
a volume of 5 puL were placed at three distinct points on the
surface of each sample using a micro-syringe. After a duration
ranging from 10-60 seconds, digital photographs were captured
using a Sony digital camera. Subsequently, the contact angle
between the water droplet and the surface was measured using
Digimizer software.

2.2.5. Swelling ratio. The freeze-dried scaffolds underwent
precise weighing (Wg4) and were immersed in PBS at 37 °C for
24 h. Subsequently, excess surface fluid was delicately removed
from the scaffolds using filter paper, and subsequent weighing
(Ws) was conducted. The swelling ratio was determined using

eqn (3):

Swelling ratio (%) = (W5 — Wy)/Wy) x 100 (3)

2.2.6. Crosslinking density. The degree of hydrogel cross-
linking was assessed by quantifying the free amine groups in
the hydrogel using the 2,4,6-trinitrobenzene sulfonic acid
(TNBS) colorimetric assay.* Briefly, 11 mg of dry samples were
treated with 1 mL of 4 wt% NaHCO; (pH 8.5) and 1 mL of
0.5 wt% TNBS solution for 4 h at 40 °C. Following this, 3 mL of
6N HCl was added to each sample, and the mixture was incu-
bated at 60 °C for 2 h to hydrolyze and dissolve any remaining
sample residue. After cooling to room temperature, the hydro-
lysate was diluted with 5 mL of distilled water and extracted
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with diethyl ether three times to remove unreacted TNBS. A
5 mL aliquot of the aqueous phase was then heated in a hot
water bath for 15 minutes to evaporate any remaining ether. The
aliquot was diluted with 15 mL of distilled water, and the UV
absorbance was measured at 345 nm. All samples were
compared to a blank, which was prepared by adding HCI before
TNBS to prevent any reaction with the gelatin. The crosslinking
density was calculated using eqn (4):

Crosslinking denSity (0/0) = (1 - (Acrosslinked/Anon-crosslinked))
x 100 (4)

Where; Acrosslinked and Anon—crosslinked represent the absorbance
of non-crosslinked and crosslinked samples, respectively.

2.2.7. Weight loss. Weight loss kinetics of the scaffolds
were assessed through immersion in PBS and subsequent
incubation at 37 °C, with periodic PBS renewal every 2 days. At
designated intervals (7, 14, 21, and 28 days), residual samples
were extracted, subjected to washing to eliminate excess PBS,
and subsequently freeze-dried. The weight loss percentage was
quantified utilizing eqn (5):

Weight loss (%) = (W; — W)IW;) x 100 (5)

Herein, W; denotes the initial scaffold weight, while W, repre-
sents the scaffold weight at each specific time point,
respectively.

2.2.8. Drug release. The release of MP from scaffolds was
investigated by cutting MP-loaded scaffolds into 1 x 1 c¢cm®
pieces and placing them inside an active dialysis bag with 5 mL
of PBS. The bag was then immersed in a beaker containing
30 mL of PBS (pH 7.4) and maintained at 37 °C. Drug release
was monitored at various time points up to 240 hours. At
specific intervals, 1 mL of the PBS solution was withdrawn and
replaced with fresh PBS. The collected solution was analyzed for
released drug content using a UV spectrophotometer (Micro UV-
vis Spectrophotometer, BOECO) at a wavelength of 246 nm. The
concentration of released MP at each time point, determined
from the standard curve of MP, was recorded. The percentage of
cumulative MP release (E,) was calculated using eqn (6):

n—1

E. (%) = (VO X Cot Vex Y Ci) /M, x 100 (6)
1

where, V, and V; represent the volumes of the released and
replaced media, respectively. M; stands for the MP content
encapsulated in the nanofiber scaffold, and C,, denotes the MP
concentration in the sample.

2.2.9. Mechanical properties. The mechanical characteris-
tics of the scaffolds were assessed through uniaxial tension
testing conducted parallel to the fiber orientation using a SAN-
TAM STM-1 machine. The testing involved applying tension at
a displacement rate of 5 mm min " until failure. Three samples
for each condition underwent analysis.

2.2.10. Biological evaluation. The biological activity of EPU,
EPUD, EPUD/HG (1:10), EPUD/HG (1:4) and EPUD/HG (1:2)
was investigated through cell morphology and viability using
HUVECs on the scaffolds. In this study, high-glucose Dulbecco

© 2026 The Author(s). Published by the Royal Society of Chemistry
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modified Eagle medium (DMEM) with 10% FBS and 1% peni-
cillin-streptomycin were used as a culture medium. Before cell
seeding, scaffolds sterilized by immersion in 70% ethanol for
one hour and then washed repeatedly with PBS to remove
residual ethanol. Moreover, cells cultured on a tissue culture
plate (TCP) were considered to be the control group.

2.2.10.1. Cell attachment and morphology. The HUVECs were
seeded onto scaffolds at a density of 2 x 10* cells per well and
incubated under standard conditions of 37 °C and 5% CO,. After
24 hours, the cell-seeded scaffolds were rinsed with PBS and fixed
using a 2.5% glutaraldehyde solution. To assess cell attachment
and morphology via SEM, the fixed cells were dehydrated
through a graded ethanol series (50%, 60%, 70%, 80%, 90%, and
100% v/v) and subsequently sputter-coated with gold.

2.2.10.2. Cell viability. The cytotoxicity of the EPU, EPUD,
EPUD/HG (1:10), EPUD/HG (1:4), and EPUD/HG (1:2) scaf-
folds was assessed using the MTT colorimetric assay, which
evaluates cell viability by measuring metabolic activity. This
assay relies on the reduction of light yellow MTT to purple
formazan, reflecting the cells’ metabolic activity levels.*’

HUVECs were seeded into a 96-well plate at a density of 10"
cells per well in 100 pL of culture medium and incubated for 24
hours. After incubation, the medium was removed, and the
wells were rinsed with PBS. MTT solution (0.5 mg mL ™" in PBS)
was then added to each well and incubated at 37 °C for 4 h.
Following this, the MTT solution was discarded, and the
formazan crystals were dissolved in isopropyl alcohol. The
optical density (OD) at 490 nm was measured using an ELISA
microplate reader (Biotek-ELx808). Cell viability was calculated
using eqn (7):

Cell viability (%) = (1 — (ODyampie/ODeontron)) X 100 (7)

2.2.11. Statistical evaluation. All experiments were per-
formed at least three times and quantitative data were expressed
as mean + SD (standard deviation). The results were statistically
compared with one-way ANOVA, using GraphPad Prism version 9
software (California, USA). A p-value <0.05 was set to be statisti-
cally significant. Statistically significant values were presented as
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

3. Results and discussion

3.1. Surface morphology

As observed in Fig. 2A, both EPU and EPUD fibrous samples
exhibited uniform, smooth, and defect-free characteristics. The
average fiber diameter of EPU and EPUD samples was 544 +
171 nm and 498 + 126 nm, respectively. Results showed that the
addition of the drug to the polymer solution decreased the fiber
diameter significantly, which can be attributed to drug-induced
disruption of chain entanglement and decreased solution
viscosity.”* These factors increased free volume, leading to
thinner jets during electrospinning and finer fibers.*

As shown in the fiber orientation graphs in Fig. 2, increasing
the collector speed led to the production of fibers with a preferred
orientation. For a drum diameter of 5 cm, the surface speeds were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) SEM images of EPU and EPUD and corresponding distri-
bution of fiber diameter and orientation; (B) SEM cross-sectional
image of the EPUD/HG (1: 4) multi-layered scaffold.

approximately 6.02 m s~ at 2300 rpm and 0.79 m s~ at 300 rpm.
These substantially different surface velocities promote fiber
alignment at high speed and random deposition at low speed.** In
the EPU sample, 63% of the fibers fell within the 80-120° range of
alignment, while in the EPUD sample, 40% of the fibers were in
this range, meaning that the distribution of fiber alignment in the
EPU sample was more diverse compared to the EPUD sample.*®
The degree of fiber alignment is strongly governed by the relative
velocities of the polymer jet and the collector surface. At low
collector speed (300 rpm in our study), the linear surface speed of
the drum is small relative to the jet's whipping motion; therefore,
fibers are deposited in a chaotic manner and form a random
network. Increasing the collector speed (2300 rpm) substantially
increases the collector surface linear speed, which reduces the
residence time of the jet on the collector surface, imposes
a directional drag on the deposited fibers, and mechanically
stretches and orients fibers along the rotational axis.”>** A study
indicated that increasing the collector speed reduces the time
required for the random alignment of charged fibers, resulting in
enhanced fiber alignment.®® Charged fibers, upon intersecting
subsequent fibers, experience repulsive forces that lead to their
random alignment. Therefore, an increase in the collector speed
reduces the time for the random alignment of charged fibers and
ultimately results in improved fiber alignment.*® Drug incorpo-
ration decreased fiber diameter and alignment. Increased
stretching forces elongated fibers and required a higher collector
speed to prevent disorganization.* Also, viscosity and conduc-
tivity changes may further disrupt alignment.**

SEM cross-sectional image of the EPUD/HG (1:4) fiber/
hydrogel sample is presented in Fig. 2. As observed, EPUD
fibers were situated between two layers of HA-G hydrogel,
resulting in uniform hydrogel width throughout the structure.
The fibrous layer thickness was approximately 39 um, while the
overall scaffold thickness was 490 pum.

Fig. 3 depicts the distribution of pore size in hydrogel struc-
tures. The average pore size of the hydrogel scaffolds fell within
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the range of 200-500 um, which is favorable for cellular pene-
tration.* The results from SEM images indicated that as the HA :
G ratio increased, the size of the pores also increased from ~208
pm to ~489 pm. The pore size distribution graphs illustrated
a significant increase in pore size with higher ratios of HA. The
freezing process, known for utilizing ice as a porogenic template,
was crucial in constructing a porous structure, in which water
molecules played a significant role; the varying ratios of the HA :
G influenced ice crystal growth during freezing.*> Pure HA,
abundant in hydroxyl groups, attracted water molecules more
readily, leading to larger ice crystals during freezing than
gelatin.** Consequently, increasing HA content promoted the
formation of larger pore sizes in the resulting hybrid scaffolds.*

Porosity plays a critical role in tissue engineering scaffolds,
significantly influencing cellular behavior, nutrient diffusion,
and waste removal processes.*® The surface porosity of samples
EPU, EPUD, EPUD/G, EPUD/HG (1:10), EPUD/HG (1:4), and
EPUD/HG (1:2) was 62.99% =+ 9.39, 61,27% + 9.57, 65.03% =+
6.67, 69.01% =+ 3.85, 69.24% =+ 2.30, and 71.89% =+ 5.61,
respectively. All samples exhibited porosity levels exceeding
60%, which is considered optimal for tissue engineering
applications.”” The results showed that addition of hydrogel
layers slightly increased the porosity of the scaffolds. Further-
more, within the composite scaffolds, increasing the HA: G
ratio resulted in a minor but noticeable rise in porosity. This
effect was attributed to the formation of larger pores, a conse-
quence of larger ice crystal formation during the freezing
process. These larger pores created more void space within the
structure, thereby enhancing overall porosity.**

3.2. Chemical composition

FTIR analysis was conducted to investigate the polyurethane's
molecular interactions after adding MP and HA-G hydrogel
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Fig. 3 SEM and binary representation for porosity and pore size
measurement of HA—G hydrogels with different HA : G ratio and pore
size distribution graphs.
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before and after crosslinking with EDC/NHS. The absorption
spectra of cast PU and PUD solutions and hydrogels with
different weight percentages of HA and G, before (named as nX-)
and after crosslinking, in the wavelength range of 550-4000 cm ™ *
are shown in Fig. 4A. The characteristic peaks related to poly-
urethane were identified with N-H stretching at 3334 cm ™', C-H
stretching at 2943 cm ™, and C=O0 stretching at 1700 cm™*.*>%,
The addition of MP slightly altered the carbonyl region, sug-
gesting hydrogen bonding between PU and MP.>* Also, the
change in peak at 1661 cm ™" corresponded to the ketone groups
of MP and confirmed its incorporation.” These shifts indicated
that the drug was successfully integrated into the polyurethane
matrix, primarily through hydrogen bonding, without signifi-
cantly disrupting the polymer structure.

The broad absorption band around ~3300 cm™', corre-
sponding to hydrogen-bonded N-H stretching, was used as the
normalization reference for FTIR spectra because it is mini-
mally affected by the extent of crosslinking.*® For the HA-G
hydrogels, amide I (~1631 cm ™), amide II (~1529 cm '), and
amide III (~1240 cm ') bands were observed, corresponding to
C=0 stretching and N-H bending vibrations, which reflect the
secondary structure and triple-helical organization of gelatin.*
Following normalization, the crosslinked hydrogels exhibited
higher Amide I and Amide II peak intensities compared to the
uncrosslinked samples (Fig. 4B). This increase reflects the
formation of additional amide bonds during the carbodiimide-
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Fig. 4 (A) FTIR spectra of HA-G hydrogels with different HA : G ratios,
non-crosslinked and crosslinked with EDC/NHS. (B) Amide | and I
peaks in HA-G hydrogels.
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Fig. 5 The contact angle of PU, PUD, and HA-G hydrogel film with
different HA : G ratios. *p < 0.05, **p < 0.0l and n = 3.

mediated crosslinking reaction, which enhances the overall
amide-related absorbance.* The spectrum also exhibited a peak
at 2943 cm ™', corresponding to N-H stretching vibrations with
C-H bonds.? Also, peaks at 1455 cm ™' and 1080 cm ™' were
associated with ester linkages (C-O stretching and -CH
bending). Symmetric and asymmetric carboxylate stretches
were observed at 1414 cm ' and 1614 cm™ % Overall, these
results along with the TNBS assay confirm the successful
formation of the crosslinked network and presence of both HA
and gelatin in the hydrogel, supporting the intended structural
integrity of the scaffold.

3.3. Water contact angle

Since surface hydrophilicity significantly influences biological
interactions such as adhesion, proliferation, and migration of
cells, the contact angle of water droplets on the sample surface
was measured to assess surface hydrophilicity.> The addition of
MP and hydrogel samples with different HA: G ratios was ex-
pected to change the surface properties of the samples. As
shown in Fig. 5, the contact angle of PU film was less than 70°,
similar to the results reported by Eivazi Zadeh et al.>® A signif-
icant decrease in the contact angle was observed with the
addition of the MP to the PU, which can be attributed to the
presence of the hydrophilic groups of the MP in the PUD film,
enhancing its wettability.”* In all hydrogel samples, a contact
angle of less than 70° was observed, indicating a hydrophilic
nature of the HA-G structure. Moreover, a significant decrease
in the contact angle was noted with the increase in HA : G ratio.
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Fig. 6 Swelling ratio of multi-layered scaffolds with different HA: G
ratios after 24 h. **p < 0.01, ****p < 0.0001 and n = 3.
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This finding was due to the increased hydrophilic groups in the
HA-G structure.” Samples with a higher HA: G ratio had the
lowest contact angle, indicating greater hydrophilicity of hya-
luronic acid compared to gelatin.>®

3.4. Swelling ratio

The water absorption capability is a fundamental characteristic of
tissue engineering scaffolds that can indirectly reflect their mass
transfer properties.”” The swelling ratio of the samples after 24
hours is depicted in Fig. 6. With an increase in the HA: G ratio
from 1:10 to 1: 2, the swelling ratio of the scaffold increased from
900% to 2246%. This was attributed to the increased hydroxyl
groups in the fiber/hydrogel structure and the enlargement of pore
size in the scaffold.” Hyaluronic acid, due to its numerous
hydrophilic groups (e.g., -COOH and -OH), which carry a negative
charge, exhibited a high water absorption capacity. Over time,
water permeability within the polymer network improved, leading
to greater swelling. The high hydrophilicity of the scaffold
improved the interaction between cells and the scaffold.***
Despite high swelling ratios, no structural damage, fragmentation,
or delamination was observed during the swelling process. The
HA-G network remained cohesive, and the presence of the aligned
PU fiber layer reinforced the construct, allowing it to maintain its
shape and mechanical integrity during handling. The scaffolds
could be manipulated with tweezers without tearing, indicating
that the swelling primarily reflects the hydrophilic nature of HA
rather than structural instability.

Water absorption capacity of hydrogels is primarily influ-
enced by the hydrophilic group content, the pore size of the
structure, and their crosslinking density.*” The absorbed water
by the hydrogel increases the volume of the scaffold. The
crosslinking bonds restrict the expansion of the hydrogel.
Consequently, a higher density of lateral bonds leads to less
water absorption.* It is worth mentioning that according to
equilibrium swelling theories of mutually interacting polymer
networks, such as the Flory-Rehner model, two opposing forces
determine the swelling behavior of hydrogel structures. Firstly,
thermodynamically compatible polymer chain and swelling-
promoting liquid forces; and secondly, the restoring force of
the polymer chains. The balance between these opposing forces
leads to a swelling equilibrium.>

3.5. Crosslinking density

Crosslinking of gelatin-based hydrogels with EDC/NHS involves
reactions between amine and carboxylic groups in gelatin,
forming amide bonds.*® In HA-G hydrogels, this reaction might
occur between carboxylic groups of hyaluronic acid and amine
groups of gelatin.®® EDC activates carboxylic groups in hyalur-
onic acid into O-acylisourea intermediates, leading to amide
linkages through nucleophilic attacks by amine groups in
gelatin (Fig. 7A).*~® NHS stabilizes these reactions, preventing
rearrangement and ensuring effective crosslinking.>*** Also,
Fig. 7B shows that the HA-G hydrogel layer adhered to the
polyurethane surface primarily through hydrogen bonding.
These interactions occur between the urethane groups of PU
and the hydroxyl, and amide groups present in HA and gelatin.*
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Fig. 7 (A) Schematic of the crosslinking reaction between hyaluronic
acid and gelatin using EDC/NHS, (B) intermolecular interactions
between PU and HA-G hydrogel.

As Fig. 8 shows, the crosslinking density displayed an overall
decreasing trend with the increasing HA : G ratio. These findings
were consistent with the results shown by Zhang et al. and Choi
et al..*>** It has been reported that scaffolds with higher content
of HA possess lower crosslinking efficiency.*® HA, as a non-
sulfated glycosaminoglycan, has only two functional groups,
hydroxyl and carboxyl, making it less reactive with crosslinking
agents like EDC. In certain cases, chemical modifications are
necessary to activate these groups for more effective cross-
linking.*> Moreover, the observed decrease in crosslinking degree
with increasing HA content is likely due to EDC competitively
activating carboxyl groups of both gelatin and HA simulta-
neously, thereby reducing overall crosslinking efficiency.®

3.6. Weight loss

The weight loss profile of tissue engineering scaffolds is a crit-
ical characteristic that influences their performance. Since
scaffolds mimic the natural ECM of tissue, their weight loss rate
must align with the rate of new tissue formation. To support cell
behavior and tissue regeneration, scaffolds should maintain
sufficient structural integrity throughout the healing
process.’** The rate of weight loss for all scaffolds was inves-
tigated in PBS solution at 37 °C for a period of four weeks.
Fig. 9 illustrates the degradation profile of EPUD and all
composite scaffolds in PBS. As can be seen, EPUD exhibited
a weight loss of approximately 7.3 & 2.3% over the four weeks.
In contrast, the weight loss percentage of all composite scaf-
folds exceeded 83%. This marked a significant difference in
weight loss between EPUD and the composite scaffolds. It was
also shown that in the first week, there was a significant
difference between EPUD/HG (1:2) and both EPUD/G and
EPUD/HG (1:10). However, in the subsequent weeks, mass loss
percentage continued to increase without significant differ-
ences among samples with varying HA:G ratios. There was
a clear trend between weight loss percentage and HA: G ratio;
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Fig. 8 Crosslinking density of HG hydrogels with different HA: G
ratios crosslinked with EDC/NHS. **p < 0.01, ***p < 0.001 and n = 3.

the higher ratios of HA:G, the weight loss percentage
increased.

Cardiovascular regeneration can take up to 1-3 months, with
the early 2-6-week period being critical for scaffold support and
cellular activity. A 4-6 week degradation window has previously
been reported as appropriate for hydrogels used in myocardial
tissue engineering.***® Therefore, the observed degradation
profile supports early regenerative processes while the PU fiber
layer maintains structural integrity during subsequent
remodeling.

Hydrogel degradation depends on several factors, including
hydrogel composition, crosslinking density, and environmental
factors.®” According to Zhang et al., an increase in hyaluronic
acid content within composite scaffolds correlates with a higher
weight loss rate.* Additionally, the weight loss behavior of
hydrogels is closely linked to their water uptake capacity.®® As
demonstrated in the swelling ratio section, hyaluronic acid is
more hydrophilic than gelatin; thus, increasing the HA : G ratio
(i.e., the amount of HA relative to G) leads to higher fluid uptake
by the scaffold, resulting in a higher weight loss percentage.®®
Moreover, crosslinking density decreases as the HA:G ratio
increases, a factor that also influences weight loss. It has been
reported that higher crosslinking density leads to lower weight
loss in hydrogels.®”*

While weight-loss behavior at 37 °C reflects the scaffold's
stability under physiologically relevant conditions, thermal
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Fig. 9 Weight loss percentages of multi-layered scaffolds with
different HA: G ratios during 28 days. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, and n = 3.
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analyses such as TGA and DSC were beyond the scope of the
current study. We acknowledge this limitation and these anal-
yses will be considered in subsequent studies to further eluci-
date the scaffold's thermal and structural stability.

3.7. Drug release

Fig. 10 presents the cumulative drug release profiles of various
samples as a function of time. The initial drug release behavior
exhibited an initial burst release phase within the first few
hours, followed by a gradual decline in the release rate. After
two weeks, the cumulative percentage of released methylpred-
nisolone in the samples EPUD, EPUD/G, EPUD/HG (1:10),
EPUD/HG (1 : 4), EPUD/HG (1: 2), was 97.1 + 1.3%, 80.6 + 2.7%,
87.8 + 1.7%, 85.9 + 1.9%, and 87.6 £ 1.6%, respectively.

The burst release observed during the first two hours was
attributed to the rapid influx of PBS into the scaffold's pores,
which accelerated initial drug release. Once diffusion equilib-
rium was reached, the release rate continued at a slower pace.**

Among all samples, EPUD exhibited the highest cumulative
drug release in PBS after two weeks, with statistically significant
differences compared to other samples. The incorporation of
a hydrogel layer reduced the final drug release, as it acted as
a physical barrier through which the drug had to diffuse.**
Although no significant difference was observed in the cumu-
lative release among the multi-layer scaffolds, a higher HA: G
ratio tended to accelerate the release rate. This trend corre-
sponded directly with the findings from the weight-loss studies,
which demonstrated that scaffolds with higher HA content
underwent greater mass loss over time. As described in the
degradation analysis, hyaluronic acid's higher hydrophilicity
promotes greater water uptake, leading to increased swelling,
faster hydrogel erosion, and consequently higher weight
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loss.*>*® The accelerated degradation observed in high-HA
formulations reduces crosslinking density and weakens the
hydrogel network, thereby facilitating faster diffusion pathways
for the drug.®”* Thus, the increased cumulative drug release in
scaffolds with higher HA:G ratios can be attributed to
enhanced fluid uptake, increased hydrogel degradation, and
lower crosslinking density, the same mechanisms driving their
faster weight loss. Together, these factors contribute to the
observed increase in drug release rate with increasing HA: G
ratios.

Drug release kinetics were further analyzed using first-order,
Higuchi, and Korsmeyer-Peppas (K-P) models to better
understand the underlying release mechanism (Table 2).
Kinetic analysis showed that the Korsmeyer-Peppas model
provided the best fit for all samples, with R* values between
0.983 and 0.990, significantly higher than those obtained from
first-order or Higuchi models. The release exponent n ranged
from 0.154 to 0.237, indicating a predominantly Fickian diffu-
sion mechanism for methylprednisolone release. Incorporation
of hydrogel layers slightly increased the n value compared to
EPUD alone, suggesting that polymer swelling and relaxation
contributed modestly to drug transport; however, diffusion
remained the dominant mechanism (n < 0.45). These findings
support that the composite hydrogels alleviate burst release and
provide a more regulated diffusion-controlled profile, consis-
tent with the observed cumulative release trends.”””

While the in vitro release profiles provide insight into the
scaffold’s controlled-release capabilities, true bioavailability can
only be determined through in vivo pharmacokinetic evaluation,
which was beyond the scope of the present study. Nevertheless,
the controlled release observed suggests potential for enhanced
local drug availability in a therapeutic setting, warranting further
investigation in future in vivo studies.

3.8. Mechanical properties

Mechanical properties of scaffolds play a vital role in creating
engineered scaffolds.®® The properties of the membranes are
particularly important as they provide temporary scaffolds for
cellular behavior, such as ECM secretion, cell spreading, and cell
adhesion.””* Since myocardial tissue is subjected to mechanical
tension, the mechanical properties of the scaffolds should be
strong enough to withstand physiological conditions.’*™ The
maximum tensile strength to failure, elongation at break, and
Young's modulus of scaffolds were reported in Fig. 11.

As shown in Fig. 11A and B, the incorporation of hydrogel
layers resulted in a significant reduction in mechanical

Table 2 Fitting results of the MP release data to different kinetic equations

First-order Higuchi Korsmeyer-Peppas
Sample k(h™) R? ky (™3 R? k(h™) n R’
EPUD 0.0035 0.7312 7.434 —0.6395 0.4221 0.1544 0.9850
EPUD/G 0.0041 0.8178 5.826 0.5388 0.2201 0.2375 0.9834
EPUD/HG (1:10) 0.0050 0.8713 6.240 0.5635 0.2416 0.2305 0.9854
EPUD/HG (1:4) 0.0043 0.8136 6.266 0.4053 0.2592 0.2194 0.9908
EPUD/HG (1:2) 0.0043 0.7777 6.484 0.2850 0.2818 0.2098 0.9863

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Tensile and elongation properties of EPUD and fiber/hydrogel
multi-layer scaffolds: (A) tensile strength; (B) Young's modulus; and (C)
elongation at break. ****p < 0.0001, and n = 3.

properties. Specifically, the maximum tensile strength
decreased from 2.9 MPa in EPUD to 0.1 MPa in EPUD/G, while
the Young's modulus dropped from 3.5 MPa in EPUD to
0.1 MPa in EPUD/G. Human myocardium has a tensile strength
of 3-15 kPa and an end-diastolic Young's modulus of 0.2-
0.5 MPa. The EPUD exhibited higher tensile strength and
Young's modulus than native tissue; however, incorporation of
hydrogel layers reduced these values, consistent with previous
reports.”> Among other samples, EPUD/HG (1 :2) has the near-
est Young's modulus to the native human myocardium (0.15
MPa). Although the tensile strength of the scaffolds is higher
than that of native myocardium, this ensures sufficient struc-
tural support for cell seeding and manipulation.**”

Generally, hydrogels exhibit weaker mechanical properties
compared to electrospun fibers. The size of pores plays an
essential role in defining the mechanical qualities of a material.
Pores are generally considered imperfections, and when
hydrogel layers are added, the size of the pores and overall
porosity increase. As a result, the density of the scaffold
decreases, and there is less polymer to withstand mechanical
tension.”>*® However, there was no significant difference in the
tensile strength and Young's modulus of scaffolds with
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different HA: G ratios. As shown in Fig. 11C, the addition of
hydrogel layers increased the elongation at break from 103% in
EPUD to 175% in EPUD/G, indicating enhanced flexibility,
which is important for accommodating cyclic mechanical strain
in cardiac tissue.” This improvement also contributed to an
increase in the viscoelastic behavior of the fibers. The hydrogel
penetrated the fiber network, acting as an adhesive that
promoted cohesion among fibers and facilitated effective load
transfer between scaffold components.* Together, these results
suggest that the scaffolds provide a mechanically compatible
environment for myocardial cells while maintaining sufficient
structural support. When designing biomaterials for specific
applications, electrospun fibers and hydrogels can work
together to create a beneficial interplay. By using various
manipulation methods, these controllable variables can be
tailored to engineer the mechanical and physical properties of
the material. Incorporating hydrogels has the potential to
enhance the durability of electrospun fibers. Similarly, adding
a fiber component can improve the mechanical properties of
hydrogels while maintaining their beneficial features.?**

3.9. Biological evaluation

3.9.1. Cell morphology. Biomaterials and scaffolds interact
with cells, and their success depends on how well cells adhere to
the surface of the biomaterials, which influences cell behavior.>®
A cytocompatible tissue engineering scaffold facilitates impor-
tant cellular activities such as attachment, proliferation, ECM
secretion, and differentiation.” To assess the behavior of cells
on the scaffolds, HUVECs were cultured on the samples for 7
days, and their morphology was examined using SEM.

Polyurethane, a widely recognized biocompatible synthetic
polymer, has been extensively used to create cardiovascular
scaffolds.>*® SEM images of EPU and EPUD scaffolds showed
that HUVECs adhered well to their surfaces (Fig. 12A). Previous
studies have suggested that biocompatible nanofibrous
substrates support cell attachment by replicating the fibrillar
structure of the ECM."” The high aspect ratio of the electrospun
mats, with their closer resemblance to the ECM structure,
resulted in cells adopting a broad morphology with more filo-
podia, facilitating better cell-matrix interactions.® As noted
earlier, aligned nanofibers can influence cell morphology,
guiding cells to elongate along the direction of fiber align-
ment."* Given that EPU fibers exhibited slightly higher align-
ment compared to EPUD, HUVECs displayed more elongation
in the direction of the fiber alignment. Moreover, methylpred-
nisolone has been shown to exert anti-inflammatory effects
without negatively impacting cell activities, suggesting its
selective role in modulating inflammation while preserving cell
function.”®

As shown in Fig. 12A, multi-layer scaffolds, including EPUD/
HG (1:10), EPUD/HG (1:4), and EPUD/HG (1:2), exhibited
significant cell attachment. Numerous cells with extensive
filopodia were firmly anchored to the hydrogel substrate,
showing the scaffolds’ biomimetic and favorable environment
for cell adhesion. It has been reported that ECM proteins on the
substrate can enhance cell attachment.”” The abundant

© 2026 The Author(s). Published by the Royal Society of Chemistry
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presence of these proteins in the hydrogel is likely due to the
functional groups of gelatin, which contains integrin-binding
sites such as RGD motifs that facilitate cell anchoring and
adhesion.?*®*! Integrin receptors on cells recognize these specific
groups, modulating cellular responses such as adhesion.”*
Additionally, hyaluronic acid further contributes to HUVECs
behavior. A study by Fiorica et al. demonstrated that HA-
containing hydrogels support HUVECs activities in both 2D
and 3D environments.*® It has been reported that more hydro-
philic substrates cause greater culture medium absorption,
which results in increased adsorption of medium proteins and,
in turn, enhancements in cell attachment.®® The results of the
swelling test showed that the addition of HA significantly
increased the ability of fiber/hydrogel scaffolds to absorb water.
Consequently, the incorporation of hyaluronic acid in the
hydrogel enhanced endothelial cell behavior, emphasizing HA's
role in promoting endothelial activity in hydrogel-based
systems.®*%*

3.9.2. Cell viability. Cell viability is a critical indicator of
scaffold performance, reflecting the ability of cells to survive
and proliferate within a given environment.* Ensuring high cell
viability on scaffolds is essential for the successful integration
of the material with host tissue in tissue engineering

© 2026 The Author(s). Published by the Royal Society of Chemistry
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applications."”®** HUVECs were selected for this study due to
their relevance in vascular tissue engineering, where they play
a pivotal role in angiogenesis and endothelial function.®”

On day 1, since EPU served as the control for cell viability
studies, it showed 100% viability. In contrast, the EPUD
exhibited a significant reduction in viability (~70%), which is
consistent with previous reports indicating that methylpred-
nisolone can temporarily suppress HUVEC proliferation.®®
Interestingly, the composite scaffolds showed partial recovery of
viability on Day 1, with values ranging from about 80% to 90%,
depending on the HA : G ratio. Although not all differences were
statistically significant, these results suggest that the hydrogel
acts as a protective matrix, reducing the acute cytotoxic effects
of the drug, as confirmed by drug release studies.

By day 7, EPUD showed modest recovery (~80%), indicating
that cells can partially adapt or recover from initial drug-
induced stress over time. As shown in the drug release study
(Fig. 10), over 85% of the drug was released within 3 days,
indicating that the majority of the drug is released by Day 7,
allowing cells sufficient time to adapt to the new drug concen-
tration in the culture medium. Composite scaffolds maintained
stable viability (~80-82%) during the same period, with no
significant differences among the various HA: G ratios. This
stability suggests that the hydrogel layers create a microenvi-
ronment that supports cell survival, likely by buffering direct
drug exposure and providing a more physiologically suitable
surface for attachment and proliferation.®®® These results
highlight the overall biocompatibility of the scaffold compo-
nents and their suitability for supporting endothelial cells in
potential cardiovascular applications.

Although the scaffolds demonstrated excellent early
biocompatibility, viability metrics alone do not capture func-
tional behaviors such as angiogenesis or cardiogenesis. There-
fore, while the present study focused on establishing the
scaffold's architecture, mechanical integrity, and drug-release
performance, expanded biological analyses will be pursued in
future work.

These multilayer scaffolds are intended for applications such
as vascular patches or pre-vascularized cardiac constructs,
which are typically implanted via surgical procedures. Consis-
tent with other clinically utilized biomaterial grafts, this scaf-
fold would require surgical placement. Future studies will
therefore include assessments of suturability, hemodynamic
performance, and preclinical implantation to evaluate trans-
lational feasibility.

4. Conclusion

In this study, multi-layered scaffolds were successfully devel-
oped by integrating methylprednisolone-loaded PU electrospun
mats with hydrogels of varying hyaluronic acid-to-gelatin ratios
for potential cardiovascular applications. Aligned and bead-free
EPU nanofibers were fabricated, and those incorporating
methylprednisolone exhibited sustained drug release (>80%)
over two weeks in all scaffolds. Incorporating a hydrogel layer
(HA:G ratios of 1:10, 1:4, and 1:2) created a three-
dimensional scaffold, addressing the limitations of two-
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dimensional nanofibrous structures and providing a biomi-
metic environment conducive to cellular activities. The HA: G
ratio significantly influenced scaffold properties. As the HA: G
ratio increased (from 1:10 to 1:2), pore size expanded (~250
pm to ~489 pm), swelling capacity increased (~900% to
~2246%), and weight loss after 28 days rose (~83% to ~93%).
Biological assays demonstrated enhanced HUVECs activities.
Based on a multi-parameter assessment, the EPUD/HG (1:10)
scaffold was identified as the optimal composition. This
formulation exhibited the highest crosslinking density,
mechanical properties closest to native cardiac tissue,
a controlled and sustained drug release profile, and degrada-
tion behavior compatible with the 4-6 week cardiac repair
window, and cell viability within the non-toxic range, support-
ing its suitability for cardiovascular applications. These find-
ings highlight the potential of drug-releasing multi-layered 3D
scaffolds to enhance the bioactivity of tissue-engineered
constructs, supporting their application in cardiovascular
tissue engineering and other regenerative medicine strategies.
Future studies should include extended in vitro evaluations
using specialized cell types, as well as in vivo assessments to
examine scaffold integration, vascularization, and functional
recovery. Further optimization of scaffold composition and
drug delivery strategies may enhance translational potential for
cardiovascular tissue regeneration. From a practical perspec-
tive, the effects of sterilization, long-term storage, and batch-to-
batch reproducibility should also be assessed to facilitate clin-
ical translation.
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