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Fabrication and characterization of electrospun
polycaprolactone/Urechis unicinctus derived-ECM
composite scaffolds for small-diameter vascular
grafts

*

Jongwon Mun, Seung Pil Pack‘® and Hyeongjin Lee

Small-diameter vascular grafts (SDVGs; =6 mm inner diameter) often fail due to thrombosis, poor
endothelialization, and low patency. To overcome these limitations, we developed electrospun
composite scaffolds incorporating decellularized Urechis unicinctus ECM (UdECM), a marine invertebrate
source rich in collagen, glycosaminoglycans, and elastin. UJECM was blended with polycaprolactone
(PCL) at 1, 5, and 10 wt% and electrospun into fibrous matrices. We characterized scaffold hydrophilicity
(water contact angle, water uptake), mechanical properties, and cell behaviors (e.g., viability, proliferation,
tube formation) using EA.hy926 endothelial cells, and performed in vitro blood clotting assays. UdJECM-
containing scaffolds exhibited improved hydrophilicity and mechanical strength compared to pure PCL,
with the 10 wt% UdJECM scaffold demonstrating the highest stiffness while retaining suitable elongation.
Endothelial cells grown on UdECM-enhanced scaffolds showed increased viability and tube formation,
indicative of a pro-angiogenic environment. Anticoagulant tests revealed reduced blood cell adhesion
with higher UJECM content. These findings underscore the potential of marine-derived ECM to enhance
the functionality of synthetic vascular grafts by promoting both endothelialization and thromboresistance.

Introduction

Cardiovascular diseases (CVDs) remain the leading cause of
mortality worldwide, creating a critical demand for vascular
grafts in bypass surgeries."” In particular, there is an acute need
for small-diameter vascular grafts (SDVGs) for procedures such
as coronary artery bypass and peripheral artery repair.'”
Autologous vessels (e.g., saphenous vein or internal mammary
artery) are the gold-standard conduits due to their excellent
biocompatibility and long-term patency.>® However, autograft
availability is limited a significant fraction of patients lack
suitable autologous vessels because of prior harvest or
disease,*® and harvesting procedures can cause donor site
morbidity.” Synthetic grafts made of materials like expanded
polytetrafluoroethylene (ePTFE) or Dacron have been successful
in large-diameter applications, but they consistently fail in
small diameters due to acute thrombosis, low patency, and
intimal hyperplasia caused by the hemodynamic conditions in
narrower vessels.® Consequently, there is a compelling clinical
impetus to develop a small-diameter vascular graft with patency
and performance approaching native vessels.”*®

Tissue engineering offers a promising strategy to address
this need by creating small-diameter vascular grafts (SDVGs)
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that combine biocompatible materials and cells to regenerate
a functional blood vessel.' An ideal tissue-engineered vascular
graft (TEVG) scaffold should be biocompatible, support endo-
thelialization, possess appropriate mechanical strength and
compliance, and degrade at a rate that promotes tissue
remodeling without premature loss of integrity."* Electro-
spinning has emerged as a versatile technique to fabricate such
scaffolds, as it produces nanofibrous membranes that closely
mimic the architecture of native extracellular matrix (ECM).">*
Electrospun tubular scaffolds can be readily formed with
controlled fiber diameter and porosity, facilitating cell attach-
ment and infiltration while maintaining sufficient burst
strength for implantation.'* Indeed, many recent studies have
adopted electrospun fibrous scaffolds for vascular graft appli-
cations, demonstrating favorable properties for guiding tissue
regeneration and cell integration.>**"

Among candidate scaffold materials, poly(e-caprolactone)
(PCL) has been extensively used for vascular tissue engineering
due to its FDA-approved biocompatibility, favorable biome-
chanical properties, and amenability to electrospinning.*® PCL
is a slowly biodegradable aliphatic polyester (degradation on
the order of 2-3 years in vivo), which helps a graft maintain
mechanical support during the critical initial months of
vascular remodeling.* Electrospun PCL scaffolds have shown
adequate tensile strength and suture retention for small vessel
applications."?** However, a well-known limitation of PCL is its
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hydrophobic, bioinert surface that lacks cell-recognition motifs,
often resulting in suboptimal endothelial cell adhesion and
delayed endothelialization when used alone. Without modifi-
cation, a pure PCL graft may risk thrombosis or intimal
hyperplasia due to poor endothelial coverage.” Therefore,
various strategies have been explored to improve the bioactivity
of PCL-based vascular scaffolds, including surface functionali-
zation, co-culture with cells, and blending with natural poly-
mers or ECM components.™*

Incorporating extracellular matrix (ECM) components into
synthetic scaffolds is an effective approach to enhance their
biocompatibility and biofunctional performance. Natural poly-
mers such as collagen, elastin, gelatin, and fibrin inherently
provide cell-attachment sites (e.g., RGD sequences) and
biochemical cues that promote cell adhesion, migration, and
differentiation.”*** Blending or coating PCL scaffolds with
collagen and gelatin for example, has been shown to signifi-
cantly improve endothelial cell attachment and proliferation in
vitro compared to pure PCL scaffolds.*®* Beyond single
proteins, using whole decellularized ECM from tissues can offer
a complex composition of collagen, glycosaminoglycans (GAGs),
and growth factors, more closely resembling native microenvi-
ronments.> Decellularized natural scaffolds (such as acellular
vascular graft, small intestinal submucosa) have demonstrated
excellent biocompatibility and regenerative capacity by
leveraging the retained ECM architecture and bioactive
factors.?® Nonetheless, decellularized tissue grafts from human
or mammalian sources can be limited by donor tissue avail-
ability and potential immunogenicity if any residual antigens
remain.”” As a result, there is growing interest in alternative
biomaterial sources, including those from marine organisms, to
supply bioactive ECM components for tissue-engineered
constructs. Marine invertebrates and fish are abundant and
offer collagens and polysaccharides with low risk of trans-
mitting human pathogens or triggering immune reactions,
making them attractive for biomaterials research.””** Never-
theless, prior PCL/ECM systems including PCL blended or
coated with collagen or gelatin have only shown improvements
in wettability and endothelialization over pure PCL.>*** Yet their
reliance on single proteins seldom reconstructs an elastin- and
sulfated-GAG-rich environment needed for compliance and
hemocompatibility, motivating exploration of marine, multi-
component dECM sources.*** Although marine-derived dECM
(and fish collagen/PCL hybrids) offer favorable biocompatibility
and practical supply advantages,* evidence specific to small-
diameter vascular graft applications remains limited.

Urechis unicinctus, commonly known as the spoon worm or
sea intestine, has recently gained attention as a novel bioma-
terial source.*~** This U. unicinctus body wall is rich in type I
collagen, constituting over 70% of its dry weight, as well as
glycosaminoglycans (GAGs) that contribute to its connective
tissue architecture.**** These components underscore the U.
unicinctus potential as a biomimetic structural matrix. In addi-
tion, U. unicinctus extracts exhibit promising bioactivities: GAGs
show potent antiplatelet and anticoagulant effects, evidenced
by ex vivo platelet assays and in vitro clotting tests suggesting
antithrombogenic advantages for vascular grafts. Furthermore,
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neuronal peptides (urechistachykinins 1 and II) have antimicro-
bial activity without hemolysis, broadening this marine inver-
tebrate's biomedical potential.*****¢ While U. unicinctus is
commercially harvested along the Korean west coast, its
biomedical use remains at an exploratory stage.

In this study, we utilized material obtained from existing
harvesting streams to demonstrate its feasibility as a novel ECM
source, without implying established clinical or large-scale
biomedical application. Building on this premise, we therefore
hypothesized that incorporating decellularized U. unicinctus
ECM (UdECM) into an electrospun PCL scaffold would combine
the robust mechanical properties of PCL with the bioactive,
antithrombotic cues of the marine ECM, thereby enhancing the
scaffold's performance as a SDVGs. To investigate this, we
fabricated and characterized an electrospun PCL/UdECM
composite scaffold, evaluated the scaffold micro-structure,
hydrophilicity, mechanical properties, and cytocompatibility,
and assessed its ability to support endothelial cell growth and in
vitro blood clotting assays. Ultimately, by leveraging bioactive
marine-derived ECM within a synthetic fiber matrix, our aim
was to develop a hybrid scaffold that addresses the critical
requirements of SDVGs namely biocompatibility, mechanical
suitability, and resistance to thrombosis.

Materials and methods
Materials

Specimens of Urechis unicinctus (commonly known as the fat
innkeeper worm) were harvested from the west coast of the
Republic of Korea and obtained from a commercial supplier.
Sodium dodecyl sulfate (SDS) and Triton™ X-100 (both from
Sigma-Aldrich, USA) were used for decellularization. Poly(e-
caprolactone) (PCL; M,, = 80000, Sigma-Aldrich, USA) was
selected as the electrospinning polymer. For electrospinning
solvents, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Daejeong
Chemical, Korea) was employed. To achieve crosslinking, N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC; Sigma-Aldrich, USA) and N-hydroxysuccinimide (NHS;
Sigma-Aldrich, USA) were utilized. Pluronic® F-127 (Sigma-
Aldrich, USA) was used to gently remove the crosslinked scaf-
folds from the stainless-steel mandrel.

Preparation of decellularized ECM from Urechis unicinctus
(UdECM)

Prior to decellularization, both ends of U. unicinctus were tri-
mmed to remove ciliated tissues. The body was longitudinally
incised to extract internal organs and bodily fluids, followed by
extensive washing with phosphate-buffered saline (PBS) to
eliminate mucus. Cleaned body-wall tissues were cut into
uniform sections (10 mm x 10 mm) and immersed in 1% SDS
at 4 °C under gentle stirring for 3 days. Following this treat-
ment, the decellularized tissues were washed three times with
PBS, then incubated in 0.25% Triton™ X-100 at 4 °C for 24 h,
and once again washed with PBS (three cycles) to remove any
residual reagents. The resulting decellularized tissues were
freeze-dried for 48 h and stored at —80 °C. For further
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processing, the freeze-dried samples were cryo-milled (Freezer/
Mill, Spex SamplePrep, NJ, USA) into fine powders, hereafter
referred to as UJECM (Fig. S1). The UdECM powder was sealed
and stored at —80 °C until use.

Quantification of DNA and ECM components in UJECM

To evaluate the degree of decellularization and the main ECM
constituents in UJECM, DNA, collagen, sulfated glycosamino-
glycans (sGAGs), and elastin were quantified using specialized
assays. DNA was extracted using a Qiagen DNeasy Blood &
Tissue Kit (Qiagen Inc., USA), and total DNA content was
measured with a Quant-iT PicoGreen dsDNA Assay kit (Thermo
Fisher Scientific, USA) according to the manufacturer's
protocol. For collagen content, 20 mg of UdECM were digested
in 0.5 M acetic acid containing 0.1% (w/v) pepsin at 4 °C for 24
h, followed by centrifugation at 3000 xg for 10 min; the soluble
fraction was analyzed with the Sircol™-2.0 Soluble Collagen
Assay (Biocolor, UK). Sulfated glycosaminoglycans (SGAGs) were
quantified using the Blycan™ Sulfated GAG Assay (Biocolor,
UK) by incubating 20 mg of UdECM in papain extraction
reagent at 65 °C for 3 h, then centrifuging at 10 000xg for 10
min to collect the supernatant. Elastin content was measured
using the Fastin™ Elastin Assay Kit (Biocolor, UK), wherein 20
mg of UdECM were extracted in 0.25 M oxalic acid at 100 °C for
1 h, followed by centrifugation at 13 000xg for 10 min. Absor-
bance values for collagen, sGAGs, and elastin were recorded at
556 nm, 656 nm, and 513 nm, respectively, using a microplate
reader (TECAN, Switzerland). All measurements were per-
formed in triplicate, and data are expressed as mean =+ standard
deviation.

SDS-PAGE protein profiling

Protein composition in UdJECM was further characterized by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Freeze-dried UJECM (10 mg) was dissolved in 0.5
M acetic acid. After complete dissolution, 5x SDS sample
loading buffer was added, and the mixture was incubated at 100
°C for 10 min to denature proteins. The denatured samples were
loaded onto a 10% separating gel (4% stacking gel). Electro-
phoresis was initially run at 50 V for 10 min, followed by 110 V
until sufficient protein separation was achieved.

Preparation of PCL/UJECM composite electrospinning
solutions

Electrospinning solutions were prepared according to the
compositions summarized in Table 1. UJECM powder was first
dispersed in 10 mL of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP;
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Daejeong Chemical, Korea) and sonicated using a probe-type
sonicator (VCX750, Vibra-Cell, USA) at 20% amplitude with 10-
second on/off pulses for 10 cycles. After complete dispersion,
PCL pellets were added to the UJECM solution to achieve a total
solute content of 0.6 g. The mixture was continuously stirred at
200 rpm for 24 h at room temperature to obtain a homogeneous
solution. The final concentration of the electrospinning solu-
tion was approximately 6% (w/v).

Fabrication of PCL/UdECM electrospun composite scaffolds

Electrospinning was carried out onto a rotating stainless-steel
mandrel (diameter = 5 mm) at 500 rpm. This relatively low
rotational speed was intentionally chosen to yield randomly
oriented fibers, thereby providing isotropic mechanical
behavior that supports uniform circumferential compliance of
the tubular graft under pulsatile loading.>” A 21G metal needle
(NanoNC, Korea) was positioned at a spinneret-to-collector
distance (SCD) of 10 cm (100 mm) from the mandrel and
polymer solutions were electrospun under an applied voltage of
10 kV at a feed rate of 0.08 mL h™" for 2 h. The temperature and
relative humidity were maintained at 25 °C and 35%, respec-
tively, by the laboratory air-conditioning system. To decouple
processing from composition, the SCD, applied voltage, and
feed rate were kept constant across all experiments. Standard-
ization of flight time, solvent evaporation, and charge dissipa-
tion ensured that differences in fiber morphology could be
attributed primarily to UdECM content rather than process
variations. Freshly prepared solutions were used within 24 h of
mixing, and needles were routinely replaced to prevent tip
fouling. Each composition was fabricated in three independent
batches for downstream analyses. After electrospinning,
chemical crosslinking was performed by immersing the scaf-
folds in 50 mL of 99% ET-OH containing 100 mM EDC/NHS at 4
°C for 4 h. The scaffolds were then rinsed with ET-OH and
deionized water at 4 °C for 1 h to remove residual crosslinkers.
To facilitate scaffold removal without damaging the fibers, the
mandrel was incubated in 20% (w/v) Pluronic® F-127 for 30 min
at 4 °C, then allowed to gel at room temperature for an addi-
tional 30 min, and finally placed in a 37 °C water bath for 15
min. Residual Pluronic® F-127 was removed by washing in
triple-distilled water at 4 °C for 2 days. The resulting scaffolds
were freeze-dried for 48 h and stored at —80 °C until further
analysis.

Fourier transform infrared spectroscopy (FTIR)

FTIR (Nicolet iS10, Thermo Fisher Scientific, Madison, WI, USA)
was conducted to verify the incorporation of UJECM within the

Table 1 Composition of electrospinning solutions prepared with varying ratios of PCL and UJECM in HFIP

PCL (g) UdECM (g) HFIP (mL) Final concentration (w/v%)
Pure PCL 0.6 0 10 6
PCL/UdECM-1 0.594 0.006 10 6
PCL/UdECM-5 0.57 0.03 10 6
PCL/UdECM-10 0.54 0.06 10 6
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electrospun scaffolds. Samples included PCL-only controls and
PCL/UdECM composites containing 1, 5, and 10 wt% UdECM.
Spectral data were acquired in the 600-4000 cm ™' range at
a resolution of 4 cm™", and the average of 30 scans was used for
analysis.

Water contact angle measurement

The hydrophilicity of the electrospun scaffolds was assessed via
water contact angle measurements. Scaffolds were cut into 8 x
8 mm?” squares, and a 10 pL droplet of Rhodamine B solution
(Sigma-Aldrich, USA) was gently placed on each sample surface.
Contact angles were recorded at 0, 5, 10, 15, and 20 seconds and
analyzed using Image] software. Data are presented as mean =+
standard deviation (n = 4).

Water absorption test

The water absorption capacity of the scaffolds was examined by
immersing 8 x 8 mm® samples in distilled water at 37 °C for 2
h. After immersion, the samples were lightly blotted to remove
excess water and weighed immediately. The water absorption
(%) was calculated using the following equation:

Water Absorption (%) = W, — Wyl Wy x 100

where W, is the wet sample weight and W, is the initial dry
sample weight (n = 4).

Mechanical testing

The mechanical properties of electrospun scaffolds were eval-
uated using a universal testing machine (UTM; Top-tech 2000,
Chemilab, Suwon, South Korea). For tensile testing, samples
were cut into rectangular strips with dimensions of 4 x 8* mm.
The tensile strength and Young's modulus were measured using
a 10 kef load cell at a constant extension rate of 5 mm min "
Young's modulus was calculated from the slope of the linear
region of the stress-strain curve. All experiments were con-
ducted in quadruplicate, and results are expressed as mean +

standard deviation (n = 3).

Scanning electron microscopy (SEM)

Fiber morphology was observed by SEM (SNE-3000 M, SEC Inc.,
South Korea) at an accelerating voltage of 10 kV. Samples were
sputter-coated with gold (thickness ~5 nm) prior to imaging.
Fiber diameter was measured using Image]J software for at least
60 fibers per sample, and the data are reported as mean =+
standard deviation (n = 60).

In vitro cell culture

To evaluate cytocompatibility, EA.hy926 human vascular endo-
thelial cells (ATCC, USA) were cultured in Dulbecco's Modified
Eagle's Medium-High Glucose (DMEM-H, Sigma-Aldrich, USA)
supplemented with 10% fetal bovine serum (FBS, Thermo
Fisher Scientific, USA) and 1% penicillin-streptomycin (P/S,
Thermo Fisher Scientific, USA). Cells were cultured at 37 °C in
a 5% CO, incubator, with medium changes every 2 days.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Assessment of cell viability and proliferation

Scaffolds (8 x 8 mm®) were seeded with EA.hy926 endothelial
cells at a density of 5 x 10* cells per scaffold and incubated for 1
and 7 days. Live cells were stained with 0.15 mM Calcein AM
(Invitrogen, USA) and dead cells with 2 mM Ethidium Homo-
dimer-1 (Invitrogen, USA), and the resulting fluorescence
images were captured by a confocal laser scanning microscope
(LSM700, Carl Zeiss, Germany). To visualize cell morphology
and cytoskeletal organization, samples were further cultured for
3 and 14 days, fixed in 3.7% paraformaldehyde, permeabilized
in 0.1% Triton X-100, and stained with DAPI (1:10000) and
Alexa Fluor™ 488 Phalloidin (1:100), after which confocal
microscopy (LSM700) was used for imaging. Cell proliferation
on scaffolds (8 x 8 mm?) was quantified at days 1, 3, and 7 via
the MTT proliferation assay (Roche, USA), according to the
manufacturer's instructions, with each condition tested in
quadruplicate (n = 4) and data presented as mean =+ standard
deviation.

Tube formation assay

An in vitro tube formation assay was performed to evaluate the
angiogenic potential of the scaffolds. Matrigel® (100 pL per
well; Corning, USA) was added to 24-well cell culture plates and
allowed to polymerize at 37 °C for 30 min. EA.hy926 cells (5 x
10* cells per well) were seeded onto the solidified Matrigel, and
scaffolds were placed in Transwell inserts positioned above the
cell layer. After 6 hours of incubation at 37 °C in a 5% CO,
atmosphere, tube formation was observed by optical micros-
copy. Images captured at 2 and 6 hours were analyzed using
Image] software to quantify the number of junctions and total
tube length per field. All experiments were conducted in tripli-
cate (n = 3).

In vitro coagulation assay

The anticoagulant properties of the scaffolds were tested using
an in vitro coagulation assay. Scaffolds (8 x 8 mm?) were
prepared using a biopsy punch and placed in 24-well plates.
Fresh rat whole blood (200 uL) gently applied to each disc and
incubated at 37 °C for 5 minutes. Subsequently, 500 pL of
distilled water were carefully added to lyse non-coagulated
blood. After 10 minutes of stabilization, the supernatant was
collected and transferred to a 96-well plate. Absorbance was
measured at 450 nm using a microplate reader. All experiments
were conducted in quadruplicate, and results are expressed as
mean =+ standard deviation (n = 4).

Blood cell adhesion assay

Adhesion of blood components on scaffold surfaces was eval-
uated using fresh rat whole blood. Scaffolds were cut into 8 x 8
mm? pieces and placed in 24-well plates. A volume of 200 uL of
fresh whole blood was pipetted onto each sample and incubated
at 37 °C for 30 minutes. Samples were subsequently washed
three times with PBS to remove non-adherent cells and fixed in
2.5% glutaraldehyde for 2 hours at room temperature. Dehy-
dration was carried out through a graded ethanol series (50%,
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60%, 70%, 80%, 90%, and 100%). After drying, the scaffold
surfaces were examined by scanning electron microscopy (SEM;
SNE-3000M, SEC Inc., South Korea) to assess blood cell
attachment and morphology (n = 4).

Statistical analysis

All data are presented as mean =+ standard deviation (SD).
Statistical analyses were performed using SPSS software (SPSS,
Inc., USA). A Student's ¢-test was used to compare two groups,
while one-way analysis of variance (ANOVA) followed by Tukey's
honest significant difference (HSD) post hoc test was applied for
comparisons among three or more groups. p-values of < 0.05 (*),
< 0.01 (**), and < 0.001 (***) were considered statistically
significant.

Results and discussion

Characterization of decellularized Urechis unicinctus ECM
(UdECM)

To evaluate the potential of extracellular matrix derived from
Urechis unicinctus (UJECM) as a bioactive component for
vascular tissue engineering, we performed a comprehensive
characterization of its biochemical composition and decellula-
rization efficiency (Fig. 1). A macroscopic comparison of the
native body wall and decellularized UdECM revealed the
successful removal of pigmented cellular components, resulting
in a translucent, whitish ECM (Fig. 1(b)). This visible change

(a)

Extracted skin

Decellularized skin

View Article Online

Paper

indicates effective decellularization while preserving the
tissue's overall structural integrity.>”

SDS-PAGE analysis showed distinct protein bands ranging
from approximately 120 to 30 kDa (Fig. 1(b)), suggesting that
multiple ECM-associated proteins were retained post-decellu-
larization. In particular, the prominent band at ~120 kDa likely
corresponds to intact type I collagen chains, while the lower
molecular weight bands may represent collagen degradation
fragments, glycoproteins, or matrix-associated peptides.***° The
preservation of these protein profiles indicates that essential
structural and bioactive ECM components remained largely
intact following decellularization.

Quantitative DNA analysis confirmed the efficient removal of
cellular nucleic acids, with residual DNA levels reduced to 26.06
+ 0.94 ng mg " of dry tissue well below the widely accepted
threshold of 50 ng mg ' thereby minimizing the risk of
immunogenicity in downstream applications (Fig. 1(c)).*
Biochemical assays further showed the retention of key ECM
macromolecules, including total collagen (121.16 + 2.47 ug
mg ' vs. native:143.13 + 6.86 pg mg '), GAGs (24.11 & 0.32 g
mg ' vs. native: 45.56 + 2.24 pg mg '), and elastin (128.67 +
10.34 ug mg ™' vs. native: 56.82 + 7.02 pug mg ') (Fig. 1(d)-(f)).
Collagen provides tensile strength and structural integrity,
whereas GAGs facilitate matrix hydration, growth factor reten-
tion, and cell-matrix interactions. In particular, the substantial
retention of elastin is particularly advantageous for vascular
applications, where elastic recoil and compliance are crucial for
proper hemodynamic function.****

Freeze-dried Freeze-milled

Urechis unicinctus tissue tissue (UJECM) UdJECM UdJECM powder
(b) (c) (e) (f)
kDa Native Decell s,k %
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Fig. 1 Preparation and characterization of decellularized extracellular matrix (UJECM) derived from Urechis unicinctus. (a) Decellularization
process of Urechis unicinctus body wall, yielding translucent UJECM, followed by freeze-drying and milling. (b) SDS-PAGE analysis comparing
protein profiles between native and decellularized tissues. (c—f) Quantitative biochemical assays of ECM components in native and decellularized
samples: (c) DNA content (n = 4), (d) collagen content (n = 4), (e) glycosaminoglycan (GAG) content (n = 4), and (f) elastin content (n = 4). All
values represent mean + SD. Statistical significance was determined using Student's t-test. p-values of < 0.05 (*), < 0.01 (**), and < 0.001 (***)

were considered statistically significant.
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Although some loss of ECM components is expected during functionality. Collectively, these findings indicate that the
decellularization, the preserved levels appeared sufficient to decellularization protocol effectively removes immunogenic
maintain  both mechanical integrity and biological material while retaining a broad spectrum of functional matrix
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constituents. These attributes underscore the potential of
UdECM as a biologically active additive for improving the
performance of synthetic polymer-based vascular graft
scaffolds.

Fabrication and characterization of electrospun PCL/UdECM
scaffolds

Fig. 2(a) illustrates the fabrication process of electrospun PCL/
UdECM tubular scaffolds. UJECM powder was homogeneously
dispersed in HFIP with PCL under continuous stirring for 24
hours, followed by electrospinning onto a rotating mandrel to
form cylindrical structures (Fig. S1). The schematic shows the
formation of the Taylor cone, jet stretching, and whipping zones,
ultimately generating uniform fibers deposited onto the collector.
Representative photographs (bottom insets, Fig. 2(a)) confirm the
feasibility of producing small-diameter, vascular graft-like
constructs using this approach. Because HFIP is a polar, strongly
hydrogen-bond-donating, volatile solvent, it generally stabilizes
the Taylor cone and accelerates jet solidification in PCL/ECM
blends.*** Under these constant HFIP conditions and a fixed
SCD (10 cm), morphology trends observed across groups are
interpreted primarily as UJECM content-dependent effects rather
than solvent or distance variations.*

As shown in Fig. 2(b), optical images of the fabricated tubes
exhibit smooth and uniform morphologies for all UdECM
concentrations (0, 1, 5, and 10 wt%). SEM reveals a well-orga-
nized fibrous architecture in the pure PCL scaffold, with no
bead formation and consistent fiber diameters. Upon incorpo-
rating UdECM, subtle morphological changes are observed.
While the 1 wt% UdECM scaffold remains similar to pure PCL,
higher UdECM concentrations (5 and 10 wt%) produce
progressively thicker and homogeneous fibers. These differ-
ences likely arise from alterations in solution viscosity, surface
tension, and electrospinning jet stability caused by ECM
constituents such as collagen, GAGs, and elastin.***’ In partic-
ular, no evidence of phase separation or large aggregate
formation was seen, indicating good dispersion and process-
ability of UJECM within the PCL matrix.

Under a constant SCD (10 cm) and identical electrospinning
settings, increasing UJECM loading produced a gradual rise in
mean fiber diameter from 1.09 + 0.47 pm (PCL) and 1.10 £ 0.49
pm (PCL/UJECM 1) to 1.18 + 0.30 pm (PCL/UJECM 5) and 1.30
+ 0.31 pm (PCL/UdECM 10) while maintaining uniform, bead-
free morphologies up to 10 wt% UdECM (Fig. 2(b and c)).***" At
20 wt% (Fig. S3), pronounced bead formation and irregular
fibers emerged, indicating composition-induced electro-
spinning instability and establishing 10 wt% as the practical
upper limit under the present conditions. These trends are
consistent with UdECM-dependent changes in effective
viscosity, surface tension, and solution conductivity that
modulate jet thinning and charge dissipation when process
parameters are fixed.***>**!' As a limitation, we note that
solution rheology and conductivity were not directly measured
in this study.

Fig. 2(d) shows the Fourier transform infrared (FTIR) spectra
of PCL and PCL/UJECM scaffolds. Pure PCL shows
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characteristic absorption peaks at 2860-2940 cm ', corre-
sponding to the symmetric and asymmetric stretching of -CH,
groups in aliphatic polyesters, and a strong carbonyl (C=0)
stretching peak near 1720-1730 cm ™', consistent with earlier
reports on electrospun PCL fibers.***** The broad band span-
ning 1100-1300 cm ™" is assigned to C-O stretching vibrations
typical of polycaprolactone.” With the incorporation of
UdECM, new amide peaks appear at ~1650 cm™ ' (amide I),
~1550 cm " (amide II), and ~1230-1300 cm " (amide III),
corresponding to the proteinaceous components (e.g., collagen
and elastin) present in the ECM.***"* In particular, additional
signals emerge near ~3070 cm ' and ~3300 cm ™', which can
be attributed to amide B and amide A, respectively these bands
originate from N-H stretching vibrations and are often
observed in collagen-containing scaffolds.*”*® The progressive
increase in intensity of all these amide-related peaks with rising
UdECM content confirms the successful integration of ECM
proteins into the PCL fiber network. Such compositional
modifications suggest enhanced bioactivity and improved cell-
matrix interactions, which may be advantageous for vascular
tissue engineering applications that demand regenerative
potential.

Hydrophilicity and mechanical properties of PCL/UJECM
scaffolds

The hydrophilicity and water absorption capacity of tissue-
engineered scaffolds are crucial for promoting initial cell
adhesion, protein adsorption, and nutrient diffusion particu-
larly in vascular applications that require rapid endo-
thelialization and effective waste removal.®* As shown in
Fig. 3(a), the water contact angle measurements reveal
a progressive decrease in surface hydrophobicity with
increasing UJECM content, dropping from 108 + 2° (pure PCL)
to 102 + 2° (PCL/UdECM-1), 92 = 4° (PCL/UdECM-5), and 78 +
3° (PCL/UdECM-10). This result is further corroborated by the
water uptake data (Fig. 3(b)), where the absorption capacity
rises from 354.07 + 15.97% (PCL) to 380.54 + 7.72% (PCL/
UdECM-1), 423.86 + 19.94% (PCL/UdECM-5), and 446.78 +
12.67% (PCL/UdECM-10). This enhancement is attributed to
both increased porosity likely promoted by the presence of ECM
powder during electrospinning and the presence of polar
functional groups (e.g., hydroxyl, carboxyl, amide) in ECM-
derived macromolecules, thereby creating a more hydrophilic
fiber surface that can facilitate cell-material interactions.*
Such a moisture-rich environment is especially beneficial for
vascular grafts, where robust cell infiltration and nutrient
transport are essential.

Mechanical properties such as stiffness, elasticity, and
tensile strength are critical for the functional performance of
vascular grafts. These scaffolds must withstand dynamic
mechanical stresses, including blood pressure-induced pulsa-
tion, radial compression, and elongation, without losing their
shape or structural integrity.*® As illustrated in Fig. 3(c), PCL/
UdECM tubes maintain their cylindrical shape upon compres-
sion and exhibit near-complete recovery after force removal an
indication of good elasticity and shape memory. This attribute

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Surface wettability, compressibility, and mechanical properties of PCL/UJECM composite vascular scaffolds (1, 5, and 10 wt%). (a) Time-
dependent water contact angle measurements for pure PCL and PCL/UdECM composites, with inset images showing the contact angle at 1
second (n = 4). (b) Quantitative analysis of water absorption capacity (n = 4). (c) Macroscopic views of the tubular scaffolds in the initial,
compressed, and recovery states. Scale bar = 3 mm. (d) Representative stress—strain curves of different scaffold compositions. (e—g) Mechanical
properties of the scaffolds: (e) Young's modulus, (f) tensile strength, and (g) elongation at break (n = 3). All values represent mean + SD. Statistical
analysis was performed using one-way ANOVA with Tukey's post hoc test. p < 0.05 (¥), < 0.01 (**), and < 0.001 (***); NS = not significant.

ensures that the graft can be surgically manipulated without
permanent deformation and maintain patency under physio-
logical conditions, including variable shear stress and pulsatile
loading.

(Fig. 1(d)—(f)) detail the tensile properties of these tubular
scaffolds. Increasing UJECM loading progressively enhances
the Young's modulus, from 2.16 + 0.37 MPa (PCL) to 2.64 £+ 1.01
MPa (PCL/UdECM-1), 4.73 4+ 0.80 MPa (PCL/UJECM-5), and
6.46 + 0.54 MPa (PCL/UdECM-10), with PCL/UJECM-5 and -10
exhibiting significantly higher stiffness than pure PCL (p <
0.001). A similar pattern is observed in tensile strength, which
rises from 2.37 £+ 0.27 MPa (PCL) to 4.06 + 0.07 MPa (PCL/

© 2025 The Author(s). Published by the Royal Society of Chemistry

UdECM-1), 5.51 + 0.20 MPa (PCL/UdECM-5), and 5.81 + 0.09
MPa (PCL/UdECM-10). In particular, the difference between 5
and 10 wt% UdECM groups is not statistically significant (NS),
suggesting that mechanical gains may plateau beyond 5 wt%
ECM incorporation. This improvement likely arises from the
reinforcing effect of structural proteins such as collagen and
elastin, which enhance inter-fiber bonding and matrix cohesion
through hydrogen bonding and other intermolecular interac-
tions.*® Furthermore, the uniform dispersion of ECM macro-
molecules in the polymer solution can facilitate direct
molecular-level interactions between PCL chains and ECM
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functional groups, strengthening the fibrous network and
promoting effective load transfer.>

In contrast, the elongation at break decreases as UdJECM
concentration increases an expected trade-off between stiffness
and flexibility. While pure PCL exhibits the highest ductility
(104.50 + 3.96%), the value drops to 58.36 + 3.31% at 10 wt%
UdECM. Despite this reduction, the remaining ductility is still
sufficient for accommodating physiological deformations in

View Article Online
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small-diameter vessels. Thus, a balance can be struck between
mechanical rigidity (for maintaining lumen integrity) and
elasticity (for adapting to dynamic loading), with the optimum
UdECM content potentially depending on specific surgical or
physiological requirements.

Overall, these findings confirm that increasing UdECM
loading not only improves the scaffold’s hydrophilicity leading
to enhanced water absorption and a more cell-friendly surface
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reveal cell morphology and attachment on scaffold surfaces. Scale bar = 30 um. (b) Live/dead staining (green/red) images of EA.hy926 cells
cultured on different scaffolds at day 1 and day 7, showing high cell viability and cell attachment across all groups. Scale bar = 100 um. (c)
Quantitative cell viability measured at Day 1 and 7 (n = 4). (d) Cytoskeletal organization visualized by DAPI (nuclei, blue) and phalloidin (F-actin,
green) staining at day 3 and day 14. Scale bar =100 pm. (e) MTT assay results showing time-dependent cell proliferation on each scaffold (n = 4).
All values represent mean =+ SD. Statistical analysis was performed using one-way ANOVA with Tukey's post hoc test. p < 0.05 (*), < 0.01 (**), and
< 0.001 (***); NS = not significant.
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but also modulates its mechanical profile in a manner benefi-
cial for vascular applications. Enhanced stiffness and recovery
from compression help prevent graft collapse under pulsatile
flow, while a moderate elongation at break allows the scaffold to
adapt to physiological strains. This synergy of hydrophilic
surface properties, mechanical robustness, and inter-fiber
cohesion underscores the potential of PCL/UJECM tubular
scaffolds for durable, small-diameter vascular grafts.

Cytocompatibility and cellular interactions on PCL/UdECM
scaffolds

In vascular tissue engineering, a scaffold's ability to support cell
adhesion, proliferation, and the formation of a functional
endothelium is crucial for successful graft integration and long-
term patency.”** To evaluate these parameters, we examined
electrospun PCL and PCL/UJECM scaffolds (1, 5, 10 wt%) at
various time points, focusing on initial cell attachment,
viability, cytoskeletal organization, and proliferation (Fig. 4).

Fig. 4(a) shows scanning electron microscopy (SEM) images
taken at 12 h, providing insights into early cell adhesion and
spreading. On pure PCL, cells appear primarily atop individual
fibers with limited bridging between them. In contrast, PCL/
UdECM scaffolds (1, 5, 10 wt%) display more extensive coverage,
with cells often spanning adjacent fibers. This enhanced early
attachment could be attributed to the bioactive nature of ECM
components, which improve surface hydrophilicity and offer
integrin-binding sites, thereby facilitating cell-fiber.>”*

Live/Dead staining results Fig. 4(b) indicate that all scaffolds
maintain high cell viability (>95%) at both Day 1 and Day 7, with
negligible red fluorescence (dead cells). As shown quantitatively
in Fig. 4(c), there are no statistically significant differences
among the groups, suggesting comparable cytocompatibility in
the early phase of culture. Although visually the PCL/UdECM-5
and -10 groups appear to host slightly denser cell layers by Day
7, the viability values remain similarly high across all
conditions.

To assess cytoskeletal organization and cell distribution over
a longer term, Fig. 4(d) presents DAPI (nuclei) and phalloidin (F-
actin) staining at Days 3 and 14. By Day 3, cells on PCL/UJECM
scaffolds exhibit more robust actin filament formation and
a denser arrangement than those on pure PCL. This trend
becomes more pronounced by Day 14, where increasing UdJECM
loading correlates with a well-developed monolayer and an
extensive actin network. ECM-derived proteins may contribute
binding motifs and optimal local stiffness, promoting stress-
fiber formation and integrin clustering.*® In contrast, cells on
pure PCL remain relatively scattered, potentially due to its
hydrophobic surface and fewer functional groups for direct cell
adhesion.

Fig. 4(e) shows the MTT assay results, reflecting cell prolif-
eration from Day 1 to Day 7. All scaffolds support an overall
increase in cell number, yet the UdECM-containing groups
(PCL/UdECM-1, -5, and -10) display higher optical density (OD)
values than pure PCL at each time point. In particular, PCL/
UdECM-10 exhibits the greatest OD on Day 7, showing a statis-
tically significant (p < 0.001) difference from pure PCL. This

© 2025 The Author(s). Published by the Royal Society of Chemistry
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suggests that a higher UdJECM content may provide additional
bioactive cues such as integrin-recognition motifs or growth-
factor binding domains to further enhance cell growth.*
Nonetheless, the differences among UdECM groups (1, 5, 10
wt%) may depend on specific cell types or extended culture
durations, warranting further optimization. Furthermore, EDC/
NHS crosslinking can stabilize the PCL/UdECM scaffolds by
reducing enzymatic degradation and enhancing resistance to
hydrolytic breakdown, thereby supporting long-term biocom-
patibility. At the same time, prior studies on collagen matrices
have indicated that carbodiimide crosslinking may modify
integrin-binding carboxyl groups, which could subtly alter
native-like cell-ECM recognition while still permitting favorable
cytocompatibility.*

Collectively, these findings confirm that incorporating
UdECM into PCL scaffolds preserves excellent cytocompatibility
while improving early cell attachment, promoting robust cyto-
skeletal organization, and enhancing proliferation over time. In
particular, increasing UdJECM loading correlates with a more
extensive actin network and well-organized cell monolayer by
Day 14, which are important for vascular applications requiring
a stable endothelial lining. Future studies will focus on opti-
mizing UdECM concentration and investigating long-term
functionality in vivo to fully harness the potential of PCL/
UdECM scaffolds for small-diameter vascular grafts.

In vitro endothelial tube formation

Rapid and robust endothelialization is essential for successful
vascular graft integration and the formation of functional
microvasculature in tissue-engineered constructs.”® Fig. 5(a)
provides a schematic overview of the sequential transitions (cell
attachment, cluster formation, cell sprouting, and tube forma-
tion) during the 6-hour incubation. To evaluate the angiogenic
potential of PCL/UJECM scaffolds, we performed an in vitro
endothelial tube formation assay using EA.hy926 cells (5 x 10*
cells per well) (Fig. 5(b)-(e)).

Fig. 5(b) shows representative optical images at 2 h and 6 h.
In the pure PCL group, cells remain mostly as single cells or very
loosely arranged at 2 h, showing minimal extension into inter-
connected structures by 6 h. Likewise, PCL/UdECM-1 does not
exhibit notable cluster formation early on, although cells appear
more adherent compared to pure PCL. In contrast, PCL/
UdECM-5 and PCL/UdECM-10 support more pronounced
cluster-like arrangements and cell sprouting as early as 2 h,
forming extensive capillary-like networks by 6 h. These
morphological differences suggest that ECM-derived compo-
nents facilitate cohesive cell assembly and network maturation
over time.

Fig. 5(c)-(e) show the quantitative results of the tube
formation assay, including the number of junctions, tubes, and
total tube length per field at 2 and 6 hours. As UJECM loading
increases, overall angiogenic metrics improve. While PCL/
UdECM-1 shows a modest yet statistically significant rise (p <
0.05) in junction formation at 2 h, PCL/UdECM-5 and PCL/
UdECM-10 further enhance both the number of connections
and total tube length (p < 0.01 or 0.001). By 6 h, the differences
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Fig. 5 Proangiogenic potential of PCL/UJECM composite scaffolds evaluated by in vitro tube formation assay. (a) Schematic illustration of the
tube formation assay setup and the typical progression stages of endothelial tube formation: cell attachment, cluster arrangement, sprouting,
and network maturation. EA.hy926 endothelial cells (5 x 10* cells per well) were seeded on Matrigel, and scaffolds were placed in Transwell
inserts positioned above the cell layer. (b) Representative optical images of EA.hy926 cells cultured on different scaffolds (pure PCL and PCL/
UdECM-1, -5, and -10) at 2 and 6 hours, showing enhanced tube formation with increasing UJECM content. Scale bar = 200 um. (c—e)
Quantitative analysis of angiogenic parameters at each time point: (c) number of junctions per field (n = 3), (d) number of tubes per field (n = 3),
and (e) total tube length per field (n = 3). All values represent mean =+ SD. Statistical analysis was performed using one-way ANOVA with Tukey's
post hoc test. p < 0.05 (*), < 0.01 (**), and < 0.001 (***); NS = not significant.
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among groups become more pronounced, with PCL/UJECM-10
displaying the highest values across all metrics (p < 0.001 vs.
pure PCL). This result indicates that sufficiently high UdJECM
content can induce robust tube formation, in line with the
morphological findings in Fig. 5(b).

These findings align with the hypothesis that ECM-derived
bioactive cues enhance endothelial cell adhesion and migration
critical factors for network assembly and stabilization. The
incorporation of ECM proteins can facilitate integrin-mediated
binding, improve local cell-to-cell interactions, and potentially
modulate signaling pathways related to angiogenesis (e.g.,
VEGF, FGF).** Consequently, the presence of UdECM likely
lowers the activation barrier for cells to form stable junctions
and elongate into tube-like structures.

Moreover, the stark contrast between pure PCL and UdECM-
containing groups highlights the significance of bioactive
surface modification in vascular applications. While pure PCL

(a)
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provides a baseline scaffold, its relatively inert nature can
hinder the early stages of angiogenic network development. By
introducing UdECM at concentrations of 5-10 wt%, we observe
a more physiologically relevant microenvironment, in which
endothelial cells can readily attach, cluster, and extend tubular
structures.

Hemocompatibility and anticoagulant activity

In vascular graft applications, hemocompatibility the ability to
minimize thrombus formation and blood cell adhesion is
a critical factor influencing long-term patency and clinical
success.® Fig. 6 shows the interaction of whole blood with PCL
and PCL/UdECM (1, 5, and 10) scaffolds, providing insights into
their anticoagulant properties and hemocompatibility. As
shown in Fig. 6(a), 200 pL of fresh blood was deposited onto
each scaffold, followed by a gentle rinse with water. The
collected rinsing water was then visually inspected. Pure PCL

With DI water Add blood (200 pm

Extracted
DI water

Fig.6 Hemocompatibility and morphological evaluation of blood (200 pL) interactions on pure PCL and PCL/UdECM composite scaffolds (1, 5,
and 10 wt%). (a) Visual assessment of whole blood retention, rinsing, and DI water extraction from scaffolds with increasing UJECM content,
showing differences in hemoadsorption behavior. (b) Quantitative analysis of blood retention by optical density measurement at 450 nm after DI
water extraction (n = 4). (c) SEM images of blood-treated scaffolds reveal platelet/RBC adhesion and distribution patterns. Scale bars: top panel =
10 um; bottom panel = 5 pm. All values represent mean =+ SD. Statistical analysis was performed using one-way ANOVA with Tukey's post hoc
test. p < 0.05 (¥), < 0.01 (**), and < 0.001 (***); NS = not significant.
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appeared to retain most of the blood on its surface, rendering
the extracted water relatively clear. In contrast, PCL/UdECM-10
scaffold produced a deeper red-colored rinsate, implying fewer
red blood cells (RBCs) remained adhered to the scaffold and
more RBCs stayed in suspension.

To quantify these observations, the OD of the extracted
solutions was measured Fig. 6(b). PCL/UJECM-10 displayed the
highest OD (0.78 + 0.03), followed by PCL/UdECM-5 (0.55 +
0.11) and PCL/UdECM-1 (0.52 £ 0.05). In contrast, pure PCL
recorded the lowest OD (0.30 + 0.07). The higher UdECM
content correlated with significantly elevated OD values (p <
0.05 or 0.01 or 0.001 among groups), suggesting that UdECM-
containing scaffolds exhibit anticoagulant or anti-adhesive
effects, preventing extensive RBC clotting or fiber adhesion. As
a result, a greater fraction of RBCs remained unbound, leading
to higher hemoglobin concentrations in the rinsate. This
finding aligns with previous reports demonstrating the antico-
agulant properties of glycosaminoglycans (GAGs) and other
bioactive components in marine-derived ECM.****

Representative SEM images of the scaffold surfaces after
blood contact Fig. 6(c) further support these findings. On pure
PCL, aggregated RBCs are visibly enmeshed within the fibrous
matrix, suggesting pronounced cell adhesion and the potential
onset of clot formation. Conversely, PCL/UJECM-10 displays
fewer large RBC clusters, with cells appearing more loosely
attached or even absent in certain areas. This reduced cell
accumulation may be attributed to the presence of collagen-like
proteins and GAGs, which modulate local protein adsorption
and minimize platelet/RBC adhesion.®*** Such surface charac-
teristics are especially relevant for small-diameter vascular
grafts, where thrombus formation critically affects patency.

Conclusion

In this study, we developed and characterized novel electrospun
polycaprolactone (PCL)/Urechis unicinctus-derived extracellular
matrix (UdECM) composite scaffolds for small-diameter
vascular graft applications. Decellularization of U. unicinctus
body wall yielded an ECM rich in collagen, GAGs, and elastin,
with minimal residual DNA content, ensuring low immuno-
genic risk. These findings demonstrated that incorporating
UdECM (1, 5, and 10 wt%) into PCL yields concentration-
dependent improvements in scaffold hydrophilicity, mechan-
ical properties (stiffness and tensile strength), and cyto-
compatibility. In particular, the PCL/UJECM-10 scaffold
supported higher endothelial cell viability, enhanced prolifer-
ation, and more robust tube formation compared to pure PCL.
Hemocompatibility tests further revealed that increased
UdECM content conferred beneficial anticoagulant and anti-
thrombotic effects by reducing red blood cell adhesion and clot
formation. Although these results confirm excellent in vitro
performance, further in vivo studies such as small-animal
arterial implantation are needed to evaluate long-term
biocompatibility, hemocompatibility, immunomodulation, and
scaffold degradation under physiological conditions. Direct
comparison with recently developed TEVGs would also be
valuable to benchmark translational potential. Nevertheless, by
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combining the robust mechanics of PCL with the bioactive,
elastin- and GAG-rich composition of UdECM, this work
establishes a foundation for advancing marine-sourced ECM as
a novel biomaterial in vascular tissue engineering and broader
regenerative medicine applications.
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