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Development of a Tri-Layered Vascular Construct and In
Vitro Evaluation of Endothelization

Gozde E. Kole, Vasif Hasirci, and Deniz Yucel*

Advances in the development of vascular substitutes for small-sized arteries
are ongoing because the present grafts do not entirely meet the requirements
of native equivalents and are suboptimal in clinical performance. This study
aims to develop a tri-layered vascular construct mimicking natural tissue
using polyester blends and to investigate its endothelization through in vitro
studies as a potential small-caliber vascular graft. The innermost layer is
obtained by dip coating as a tubular porous film with a lumen diameter of
3 mm and a pore size of ≤8 μm. Circumferentially aligned electrospun fiber
(diameter 100–800 nm) with a deviation angle of 15° are deposited over the
porous film forming the intermediate layer. The random electrospun fibers
(diameter 100–1100 nm) deviating at different angles are wrapped as the
outermost layer. The mechanical properties of the tri-layered vascular
construct are determined to be 44.80 ± 14.80 MPa for Young’s modulus and
4.25 ± 0.75 MPa for ultimate tensile strength. MTS and cell behavior studies
show that the isolated human umbilical cord vein endothelial cells proliferate
and line the lumen of the vascular substitute. The vascular construct
developed, with its biomimetic architecture, mechanical features, size, and
endothelization, can be tested with in vivo studies.

1. Introduction

Cardiovascular diseases (CVDs), one of the leading causes of
death worldwide, constitute a group of diseases that affect the
heart and/or the blood vessels. There are various blood vessels
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that differ in type, size, and location. Vas-
cular diseases are commonly seen in small-
to medium-sized arteries, such as coronary,
peripheral, and carotid arteries.[1] Accord-
ing to heart disease and stroke statistics,
coronary heart disease, or coronary artery
disease, is the most prevalent vascular
disease and accounts for 41.2% of all CVD
deaths.[2] The underlying cause of most vas-
cular diseases is arteriosclerosis, narrowing
of blood vessels due to plaque deposition
on the vessel wall.[3] When blood flow is
completely prevented due to occlusion,
the obstructed site needs to be bypassed
by surgery. Autologous grafts or artificial
vascular grafts are used in these bypass
operations.[4] The saphenous vein is the
most widely used autograft in small-caliber
arterial bypass surgeries because it is easy
to access and harvest.[5] However, it may
cause intimal hyperplasia, atherosclerosis,
and/or aneurysm since the mechanical
properties of the saphenous vein do not
match those of the arteries that withstand
high pressure.[6] In addition, the use of

autografts has other drawbacks, such as limited availability, donor
site morbidity, and the need for a second surgery.

Artificial vascular grafts are an alternative treatment approach
to overcome the limitations of autografts. These vascular con-
structs can be implanted as tubular biomaterials or used as
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scaffolds in tissue engineering that are combined with vascular
tissue cells. Vascular constructs made up of synthetic polymers
such as polyethylene terephthalate (Dacron) and polytetraflu-
oroethylene (Teflon) meet the expectations of large-diameter
(>6 mm internal diameter) blood vessels where the velocity
of blood flow is high.[6,7] However, the clinical performance of
small-diameter arterial substitutes (<5 mm internal diameter)
with these materials is considered suboptimal.[6,8] The decrease
in blood flow velocity in small-diameter arteries leading to throm-
bosis and hyperplasia after implantation results in low patency
of vascular grafts.[7,9] There is a need for vascular graft bioma-
terials that can mimic the structural and functional properties
of the natural blood vessels as much as possible. The ideal vas-
cular construct, besides being biocompatible and not triggering
an immune response, should not lead to thrombosis or blood
coagulation; in other words, it should be hemocompatible and
also allow endothelization.[6,10] Another important criterion is its
mechanical properties. The vascular construct should have ap-
propriate elasticity to withstand physical forces. The prominent
challenge is to develop vascular constructs with biomimetic ar-
chitecture; in that respect, the histological properties of the native
tissue should also be taken into consideration in the design of
the vascular construct. In general, the wall of a blood vessel con-
sists of three concentric layers: tunica intima, tunica media, and
tunica adventitia.[11] The innermost layer, tunica intima, is com-
posed of a continuous monolayer of endothelial cells and suben-
dothelial connective tissue. The intermediate layer, tunica media,
is comprised of circumferentially arranged smooth muscle cells
(SMCs). The outermost layer, tunica adventitia, mainly consists
of irregular connective tissue. Thus, the scope of this study was to
mimic this organization using biomaterials and produce a small-
caliber, tri-layered vascular construct.

There are various polymers and different manufacturing op-
tions to develop a vascular graft with an appropriate porosity for
nutrition and gas exchange, a desired topography for cell orienta-
tion, and suitable mechanical properties. Dip coating is a simple
and effective technique for thin film production in tubular form
to serve as a vascular construct.[12] By integrating a porogen and
then leaching it out, porous films or foams with controllable pore
sizes and interconnected pore structures could be formed.[13,14]

The other fabrication method, electrospinning, is a versatile tech-
nique to obtain a three dimensional (3D) extracellular matrix
(ECM)-like fibrous mesh structure with the desired topographical
cues.[15,16] In the development of a vascular substitute, incorpora-
tion of the circumferentially aligned fibrous structure into the de-
sign of the vascular construct is a promising approach to achieve
the analogous functions of native ECM and to enhance regen-
eration by promoting native tissue-like cell organization.[16,17]

The Food and Drug Administration-approved synthetic poly-
mers such as poly(𝜖-caprolactone) (PCL) and poly(D, L-lactide-
co-glycolide) (PLGA) are among the polyesters that are widely
utilized in artificial vascular grafts and are suitable for use
in clinics.[8–21] PCL is appropriate for vascular constructs due
to its biocompatibility, slow biodegradability, and elastic prop-
erties. Poly(L-lactide-co-D,L-lactide) (P(L-D, L)LA) is rigid and
has controllable degradation and a high elastic modulus that
will increase the mechanical strength. PLGA is highly bio-
compatible and its incorporation can make its blends quite
extensible.[15] The mechanical properties of the vascular con-

structs can be tuned by using different polymers in varied
ratios.

Earlier vascular studies had prioritized developing tubular sub-
stitutes without considering the nature of ECM.[22–24] Later stud-
ies focused on the development of various bi- or tri-layered vas-
cular substitutes that take into account the architecture of native
tissue.[18–20,25–33] A bi-layered biomimetic scaffold composed of
aligned PCL electrospun fibers was produced to co-culture SMCs
and endothelial cells.[29] In a study by Yuan et al. (2022), an elec-
trospun mesh was combined with wet-spun fibers and smooth
ink-jet printed film to form a tri-layered vascular graft consisting
of poly(L-lactide-co-𝜖-caprolactone).[32] In another study, Huang
et al. (2018) produced a tri-layered vascular graft by electro-
spinning and E-jet 3D printing of PCL through a biomimetic
approach.[33] Even though the developed vascular constructs are
promising, there is still a need to improve the mechanical and
structural properties of the vascular substitutes, as well as their
porosity and wall thickness, with the appropriate polymer compo-
sition and fabrication techniques. Consequently, the production
of a small-caliber, tri-layered vascular graft that mimics the na-
tive vessel wall in its mechanical, functional, and topographical
features is still a challenge.

The aim of this study was to develop a tri-layered vascular con-
struct and evaluate its endothelization with in vitro studies. The
vascular substitute was designed considering the histological fea-
tures of the native artery by mimicking the intima, media, and
adventitia layers of the blood vessel. The tri-layered vascular con-
struct was prepared as follows: first, a tubular porous film was
fabricated to serve as the innermost layer to house the endothelial
cells, then circumferentially aligned electrospun fibers were de-
posited as the intermediate layer over the porous film, and lastly,
a mesh of random electrospun fibers was wrapped around the
aligned fibers as the outermost layer of the vascular construct.
The morphology of the vascular construct and its layers were
examined with a scanning electron microscope (SEM). The me-
chanical properties of the vascular construct after the formation
of each layer were also studied. In addition, the wettability tests
of the polymer blends used were conducted. The tri-layered vas-
cular construct was evaluated in terms of its endothelization with
in vitro studies using human umbilical vein-derived endothelial
cells (HUVECs). After seeding HUVECs onto the lumen side of
the construct, the cell number was determined at 7, 14, and 21
days of culture with the MTS assay. The endothelial cell (EC) be-
havior and the formation of the endothelium lining of the lumen
were investigated by cytoskeleton and nuclei staining, as well as
by immunostaining against endothelial cell markers.

2. Results and Discussion

2.1. Morphological Evaluation of the Tubular Porous Film

The inner layer of the tri-layered tubular construct was produced
by dip coating followed by leaching of polyethylene glycol (PEG)
to make it porous. The tubular porous film was to serve as the
basal lamina for the adherence of the endothelial cells, similar
to the tunica intima of the native blood vessel. The porosity and
thickness of the film were optimized to provide the permeation
of nutrients and waste while preventing cell penetration. To
make this film porous, PEG (10%, w/v) was added to PCL-PLGA
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Figure 1. Scanning electron microscopy images of the tubular films prepared for the optimization of porosity and thickness. Films prepared by 15 dip
coating using PCL–PLGA solution (10%, w/v; 8:2, w/w): a) without PEG (no pore) and b) with 10% PEG (porous). Porous films of PCL–PLGA (5%,
w/v; 8:2, w/w) containing 10% PEG and dip coated c) ten times, and d–f) four times: d) inner surface, e) wall, and f) exterior surface. Inset of (e):
cross-section view of the whole.

polymer solution (10%, w/v; 8:2, w/w) as porogen, and PEG was
then leached out with distilled water. Almost no porous struc-
tures were observed on the tubular films prepared in the absence
of PEG (Figure 1a), whereas those prepared with 10% PEG (w/v)
displayed pores that were smaller than ca. 10 μm in diameter
(Figure 1b,c). These results indicated that PEG was successfully
removed from the tubular film leading to the formation of a
porous film. However, the wall thickness of the obtained film
was ca. 70 μm with heterogeneously sized pores (Figure 1b). To
obtain a thinner film with more homogeneous pore size, the
concentration of PCL–PLGA was decreased to half (5%), and the
number of dip coatings cycles was reduced from 15 to 10. It was
seen that the thickness of the tubular film was reduced from ca.
70 μm to ca. 46 μm; however, a few large pores were observed
but with better homogeneity (Figure 1c). In the next step, the
number of dip coating was decreased from ten to four while
keeping the polymer concentration constant. Consequently, a
thin tubular film with more homogeneous pores and a lumen
diameter of 3 mm was successfully fabricated by dip coating
four times using 5% PCL–PLGA (8:2; w/w) containing 10% PEG
(Figure 1d–f). The wall thickness of the tubular porous film was
21.45 ± 1.07 μm (Figure 1e). The average porosity of the PCL–
PLGA based film was calculated from three different SEM images
using FIJI (ImageJ 1.53t). The porosity was 23.62 ± 1.25%, and
homogeneous pore size was observed on both the internal and
the external sides of the tube in the range of 1 to 5 μm and 4
to 8 μm, respectively (Figure 1d,f). The SEM images of the tube
cross-section revealed porosity along the tube wall (Figure 1e,
indicated with an asterisk). In other studies on vascular graft
biomaterials, the thickness of the inner layers was in the range
of 7–20 μm, which was close to the thickness determined in the
present study.[32,34] However, these studies did not consider the

porosity levels and pore size of the inner layer. The tubular film
obtained in the present study may allow the passage of nutrients
and wastes while preventing cell infiltration with a pore size that
was less than the cell size [≤10 μm].[35] These results indicated
that the inner porous tubular layer could support endothelial cell
growth on the lumen side of the vascular construct.

2.2. Production and Morphological Analysis of the
Circumferentially Aligned Electrospun Fibers

The intermediate layer of the tri-layered tubular construct was
intended to consist of circumferentially aligned fibers obtained
by electrospinning to mimic the tunica media of the native
blood vessels, in which the SMCs are circumferentially aligned.
During optimization, various electrospinning process parame-
ters and polymer concentrations were tested to obtain uniform
fibers without beads (data not provided). A uniform, bead-free
fiber structure was produced using 5% PCL–P(L–D, L)LA–PLGA
(4:4:2, w/w, dichloromethane:dimethlyformamide (DCM: DMF),
19:1, v/v) under 15 kV voltage, at 25 cm distance, 3000 rpm man-
drel rotation speed, and with 5–20 μL min−1 flow rate (Figure 2). A
tubular electrospun fibrous mat was successfully obtained using
a metal rod in the mandrel system (Figure 2a). It was thought that
the fiber alignment could be improved by altering the flow rate
because the rotation speed of the system could not be increased
>3000 rpm. Therefore, keeping the other parameters constant,
different flow rates (at 5, 10, 15, and 20 μL min−1) were used to
obtain aligned fibers. It was observed that a reduction in the flow
rate from 20 to 15 μL min−1 increased the alignment of the fibers
(Figure 2c,d), and a further reduction to 10 and 5 μL min−1 led
to the formation of less aligned fibers (Figure 2e,f). Similarly,
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Figure 2. Scanning electron microscopy images of the electrospun mats prepared with PCL–P(L–D,L)LA–PLGA (5%, 4:4:2, w/w; in DCM:DMF, 19:1,
v/v) under flow rates of a–c) 20, d) 15, e) 10, f) 5 μL min−1.

Gou Y. et al. (2014) observed a decrease in fiber alignment be-
low or above the optimum flow rate.[36] In the present case, it
was concluded that the best fiber alignment was obtained at the
flow rate of 15 μL min−-1. In addition to the rotation speed of
the mandrel, the voltage and flow rate affect fiber alignment dur-
ing the electrospinning process, and these parameters should be
carefully balanced to achieve fiber alignment.[37,38] SEM revealed

that uniform, bead-free, parallel fibers were produced using 5%
polymer solution under the optimized conditions of 15 kV volt-
age, 15 μL min−1 flow rate, 25 cm distance, and 3000 rpm ro-
tation speed of the mandrel system. The intermediate, circum-
ferentially aligned fibrous layer of the tri-layered vascular con-
struct obtained using these parameters was used in the rest of the
studies.
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Figure 3. Scanning electron microscopy images of the tri-layered vascular construct. a) Cross-sectional view of the entire tubular construct and b) the
tube wall. Micrographs of c) the inner porous film (PF) side, d) the outer random fibrous mat side, and e) the intermediate circumferentially aligned
fibrous mat of the constract.

2.3. Assembling the Tri-Layered Vascular Construct by Integrating
the Electrospun Fibers over the Tubular Porous Film

The tri-layered tubular construct was successfully obtained by
producing each layer over the other in the following order: fabri-
cation of the tubular porous film as the innermost layer, collec-
tion of the circumferentially aligned electrospun fibers over the
porous film as the intermediate layer, and wrapping of the ran-
dom electrospun fibers over the aligned fibers as the outermost
layer (Figure 3). The tubular porous film produced by dip coat-
ing four times using 5% PCL-PLGA (8:2, w/w) containing 10%
PEG solution had a thickness of 21.45 ± 1.07 μm (Figure 3c).
The porous film displayed homogeneously distributed pores with
pore sizes ranging from 1 to 8 μm. The circumferentially aligned
mat was deposited over the tubular porous film using 5% PCL-
P(L-D, L)LA-PLGA (4:4:2, w/w, DCM: DMF, 19:1, v/v) without
any gap between the two layers. SEM images indicated that the
thickness of the intermediate layer was 57.07 ± 4.39 μm, and
the fibers were aligned perpendicular to the lumen diameter
(Figure 3e). To imitate the tunica adventitia of the native blood
vessels, the external layer of the construct was fabricated as a ran-
dom fibrous mat by electrospinning using the same polymer so-
lution under the same optimized parameters, except for the ro-
tational speed of the mandrel system. Random topography was
obtained at 500 rpm mandrel rotation speed (Figure 3d). The
thickness of the outermost layer, the random fibrous mat, was
67.32 ± 0.89 μm.

The size and topography of the fibers affect the behavior of
cells and make these scaffolds important considerations for tis-
sue engineering approaches. Cells spread more on fibers in the
nanometer range than on the micron scale.[39] The cells sense the
topography of the oriented fibers and are aligned along the fiber

direction, while they spread in all directions on random fibers.[40]

The fiber diameter and deviation angle, indicating fiber orienta-
tion, were measured using the FibroQuant 1.3 image process-
ing software (Figure 4). In the intermediate, circumferentially
aligned fibrous mat layer, 90% of the fibers had diameters in
the range of 100–800 nm, with more than half having fiber di-
ameters of 200–400 nm (Figure 4a). The fiber orientation graph
of the intermediate layer indicated that most of the fibers (ca.
55%) were aligned in a parallel manner with a ± 15° deviation
angle (Figure 4b). The intermediate layer was designed as cir-
cumferentially aligned fibers to house and align the cells along
the fibers for further tissue engineering and/or in vivo implan-
tation studies. One of the studies reported that the cells had a
spindle-like morphology and were spread along the fibers when
cultured on the fibers aligned at ± 30 ° compared to the cells on
random fibers.[40] Considering this information, the submicron-
sized fibers aligned mostly at a ± 15° deviation angle would pro-
vide a suitable environment for cell attachment and alignment.
Thus, as intended, the intermediate layer was comprised of cir-
cumferentially aligned fibers. SEM image analysis showed that
the outermost layer of the construct was composed of fibers with
a wide range of diameters (100–1100 nm) and that ca. 35% of the
fibers were in the range of 800–1000 nm (Figure 4c). The fiber
orientation graph of the outer layer showed that there was no
particular fiber direction and most of the fibers deviated at differ-
ent angles (Figure 4d). Although the same polymer solution was
used in the electrospinning of the intermediate and outer layers,
the difference in fiber diameter and orientation was due to the
use of two different collectors that varied in diameter and rota-
tion speed. It was reported that as the fiber diameter increased in
the random electrospun mats, the average pore size of the mats
increased proportionally with the fiber diameter.[39] As a result,
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Figure 4. Distribution of diameters and deviation angles of the fibers. a,b) The circumferentially aligned fibrous mat as the intermediate layer and c,d)
the random fibrous mat as the outer layer of the construct.

the random fibrous mat obtained could serve as a loose mesh to
mimic the loose connective tissue of the tunica adventitia of the
native blood vessel.

2.4. Mechanical Properties and Wettability Analysis of the
Tri-Layered Vascular Construct

Blood vessels face an environment of mechanical stress, and
therefore the mechanical properties of vascular substitute should
mimic those of the native blood vessel as much as possible. In
this study, Young’s modulus of the vascular construct was cal-
culated using the tensile stress–strain curve. It was determined
that the Young’s modulus of the inner porous film in the lon-
gitudinal direction was 30.00 ± 3.80 MPa. This value increased
to 50.40 ± 9.60 MPa upon deposition of the circumferentially
aligned fibers over the porous film, and this increase could be due
to the presence of P(L-D, L)LA and the compact, aligned mesh
form of the intermediate layer. The final tri-layered construct had
a Young’s modulus of 44.80± 14.80 MPa. A slight decrease in this
value was observed after the integration of the random fibrous
mesh. It was reported that random fibers had a lower mechan-
ical tensile strength than aligned fibers [41] and this is expected.
Thus, in the present study, the incorporation of the random fi-
brous mesh as the outermost layer increased the thickness of the

test sample while it did not contribute as much to the mechanical
properties as the aligned layer leading to the decrease of Young’s
modulus in the tri-layered vascular construct. The Young’s mod-
ulus of the tri-layered vascular graft is similar to those of the bio-
material vascular grafts composed of PCL and its blends. For in-
stance, it was reported that PCL/polyurethane based single layer
vascular graft had a tensile strength of ≈60.48 ± 8.01 MPa.[42]

The elasticity of the vascular graft developed can be enhanced
by integrating natural polymers to match the mechanical proper-
ties of the saphenous vein (23.70 MPa), which is the most com-
monly used autograft in bypass surgery.[43] In one of the studies,
it was revealed that blending PCL with natural polymers such
as elastin and collagen improved the mechanical performance of
the electrospun vascular grafts.[44] The ultimate tensile strength
(UTS) values after the formation of each layer of the tri-layered
vascular construct starting from the inner layer were 3.34 ± 0.76,
5.44 ± 0.72, and 4.25 ± 0.75 MPa, respectively, in the longitudi-
nal direction. The UTS values of the saphenous vein and small-
sized arteries such as the mammary artery were reported as 6.30
and 4.30 MPa, respectively, in the longitudinal direction.[43,45] In
studies reported in the literature, determined the UTS values of
the vascular grafts were to be 1.10, 11.47, and 0.36 MPa.[43,45,46]

The ultimate strength of the tri-layered construct developed in
this study was slightly lower than that of the saphenous vein and
almost the same as that of the mammary artery.
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The wettability of PCL–PLGA and PCL–P(L–D, L)LA–PLGA
was studied with the contact angle measurements. The con-
tact angles for the materials PCL–PLGA and PCL–P(L–D, L)LA–
PLGA were 95.32 ± 1.65 ° and 124.51 ± 1.67 °, respectively. A con-
tact angle between 90° and 180° is considered hydrophobic.[47]

The vascular construct should provide the endothelization on its
lumen side, and allow cell growth in its intermediate and outer
layers such as, like SMCs of the tunica media and fibroblasts of
the tunica adventitia. Therefore, surfaces with moderate levels of
hydrophilicity (contact angle in the range of 40 °−70°) would be
more favorable for the attachment of HUVECs and other cells to
the surfaces. It was thought that the surfaces could be made hy-
drophilic by a protein coating to facilitate cell attachment. Thus,
gelatin was coated on the lumen side of the tri-layered vascular
construct to enhance endothelization and allow cell growth on
this surface in later studies. The contact angles of the 1% gelatin-
coated PCL–PLGA and PCL–P(L–D, L)LA–PLGA surfaces were
40.28 ± 2.08 ° and 45.83 ± 4.17 °, respectively. These results indi-
cated that the gelatin coating rendered the hydrophobic surfaces
more hydrophilic, which could provide surfaces suitable for cell
attachment.

2.5. Isolation and Characterization of Human Umbilical Vein
Endothelial Cells

In this study, HUVECs were enzymatically isolated from the um-
bilical cord vein (Figure 5a). It was observed that HUVECs ad-
hered to the surface of tissue culture polystyrene (TCPS) after
one day of isolation, and were initially clustered (Figure 5b in-
side the circle). In addition, HUVECs exhibited a characteristic
morphology of cobblestone appearance. The isolated cells prolif-
erated in the EC growth medium, and reached 70–80% conflu-
ency after five days of culture (Figure 5c). Cells were character-
ized by confirming the expression of EC-specific markers such
as CD31 and vWF with immunocytochemistry. The endothelial
marker CD31 is a specialized cell adhesion molecule located in
the intercellular contact regions. The other selected marker for
endothelial cells, von Willebrand Factor (vWF), is a glycoprotein
localized in Weibel-Palade bodies, which are endothelial-specific
organelles, and play a crucial role in the maintenance of the non-
thrombogenic barrier function of ECs. Immunocytochemistry re-
sults showed that the isolated cells expressed CD31 on their cell
membranes along cell borders and vWF in their cytoplasm, as ex-
pected from ECs (Figure 5d,e). In conclusion, HUVECs were suc-
cessfully isolated from the umbilical vein and cultured efficiently
in the EC growth medium, while preserving their characteristic
properties under in vitro conditions.

2.6. In Vitro Evaluation Of Endothelization of the Tri-Layered
Vascular Construct

Blood vessels are lined with an epithelium called the endothe-
lium composed of a single layer of elongated, polygonal ECs that
exhibit characteristic cobblestone morphology. ECs are very cru-
cial for native tissue because they maintain homeostasis, act as
a non-thrombogenic membrane between the underlying tissue
and blood to prevent thrombus formation, and regulate the im-
mune response.[11] Therefore, in addition to biocompatibility and

mechanical properties, providing endothelization is a crucial cri-
terion for the performance of vascular constructs or scaffolds in
the fields of biomaterials and tissue engineering. In addition,
the ECs lining of the lumen of the vascular construct could of-
fer a solution to prevent intimal hyperplasia and thrombosis,
which are challenges in small-caliber vascular substitutes.[6,48]

Endothelization is also essential for neovascularization, which
depends on the ECM secretion of the adhered ECs.[49] The en-
dothelium, a monolayer of ECs, not only acts as a barrier for
thrombus formation but also serves as the foundation for angio-
genesis, enabling the formation of new blood vessels in response
to tissue needs and repair processes. Therefore, promising vas-
cular substitutes should be composed of appropriate materials
using suitable fabrication techniques that produce convenient to-
pography, allowing adherence and spreading of ECs to achieve
endothelization.[50,51]

In the present study, the endothelization of the developed, tri-
layered vascular construct was assessed under in vitro conditions
by seeding HUVECs into the lumen side of the tubular construct.
The viability and proliferation of these HUVECs on the lumen
side were investigated using the MTS assay (Figure 6a). In addi-
tion, the morphology and organization of these cells on the lumi-
nal surface of the construct were studied using phalloidin-DAPI
staining (Figure 6b–d). MTS assay indicated that HUVECs ad-
hered to the lumen side of the construct and increased in number
(Figure 6a). This increase in the number of HUVECs was statisti-
cally significant and the cell number was threefold higher on day
14 compared to the cell number on day 7 (p < 0.01) The growth
of the HUVECs was continued on the 21st day of culture, despite
an insignificant reduction in cell number (p > 0.05), which might
be due to confluency of HUVECs. Morphology analysis of these
HUVECs confirmed the MTS assay results (Figure 6). HUVECs
adhered and spread on the luminal side of the construct over
time, especially on the 14th day of culture (Figure 6b–d). As the
cells further multiplied over time, they spread entirely through-
out and thus lined the luminal surface of the inner layer of the
vascular construct, as expected for endothelization (Figure 6c,d).
Immunocytochemistry results showed that the HUVECs pre-
served the expression of specific endothelial cell markers, CD31,
along the borders and vWF within the cytoplasm on the lumi-
nal surface of the vascular construct (Figure 7a,b). Immunostain-
ing against CD31 and SEM results showed that HUVECs pre-
served their cobblestone morphology and formed a continuous
endothelial lining on the luminal surface of the vascular con-
struct (Figure 7d,e). All in vitro studies revealed that HUVECs
were viable, proliferated, spread, and occupied the lumen of the
vascular structure over time. They conserved their characteristic
morphology and expression of proteins.

3. Conclusion

In this study, a small-caliber, tri-layered vascular construct was
developed considering the layers of the native blood vessels. The
vascular construct with a lumen size of 3 mm diameter was com-
posed of three layers: a tubular porous film forming the inner-
most layer, the intermediate layer consisting of circumferentially
aligned fibers, and the outermost layer formed by a random elec-
trospun mesh. The tubular porous film was produced by dip coat-
ing to mimic the tunica intima of the native artery. The obtained
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Figure 5. Isolation and culture of human umbilical vein endothelial cells (HUVECs). a) Enzymatic isolation of HUVECs from the umbilical cord vein.
Light microscopy images of HUVECs on the gelatin-coated TCPS on days b) one and c) five (the cell cluster is encircled in red). Fluorescence micrographs
of HUVECs after immunostaining for the expression of endothelial cell markers d) CD31(red) and e) vWF (green) and counterstaining nuclei with DAPI
(blue).

Macromol. Biosci. 2024, 24, 2300369 2300369 (8 of 12) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

 16165195, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

abi.202300369 by A
cibadem

 M
ehm

et A
li A

ydinlar U
niversitesi, W

iley O
nline L

ibrary on [06/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.mbs-journal.de


www.advancedsciencenews.com www.mbs-journal.de

Figure 6. Growth of human umbilical cord vein endothelial cells (HUVECs) on the lumen side of the vascular construct. a) Proliferation of the HUVECs
on the construct during three weeks of culture (*p < 0.01). Confocal micrographs of HUVECs stained with FITC-phalloidin (green) and DAPI (blue) on
Day b) 7,c) 14 and d) 21 of culture .Scale bars: 50 μm.

porosity (23.62 ± 1.25%) and pore size (≤ 8 μm) of the film were
appropriate to allow the passage of medium and gas as well as to
prevent cell penetration, as intended. Considering the tunica me-
dia of the native blood vessel, the intermediate layer of the vascu-
lar comprised circumferentially aligned fibers that were success-
fully deposited on the tubular porous film via electrospinning. A
random electrospun fibrous mat was wrapped over the aligned
fibers as the outermost layer to mimic the tunica adventitia. The
construct had a lumen diameter of 3 mm, which is within the
range of small–caliber vascular grafts. The tri-layered vascular
construct exhibited encouraging mechanical properties and al-
lowed endothelization.

Obtaining arterial substitutes with a diameter of <6 mm is
still a challenge in biomaterials and tissue engineering. The vas-
cular substitute developed could potentially address this issue.
Consequently, the tri-layered vascular construct developed in the
present study could be considered for use as a small–caliber vas-
cular substitute with its biomimetic architecture, encouraging
mechanical properties, and high endothelization potential with-
out collapsed. In addition, the vascular construct coated with cell

adhesion proteins could have the potential to be used for further
in vivo studies. Thus, it would be a promising treatment approach
for coronary artery disease to save millions of lives in the clinic.

4. Experimental Section
Materials: Poly(𝜖-caprolactone) (PCL, ca. Mw 124 000 g mol−1),

poly(D,L-lactide-co-glycolide) (PLGA, 50:50, ca. Mw 153 000 g mol−1)
and poly(L-lactide-co-D, L-lactide) (P(L-D, L)LA, 70:30, ca. Mw
1 500 000 g mol−1) were purchased from PURAC, Corbion (Nether-
land). Polyethylene glycol (PEG, Mw 1000 Da) was purchased from
Fluka, Biochemica (Switzerland). N, N-dimethylformamide (DMF) was
obtained from Merck (USA). Hank‘s Balanced Salt Solution (HBSS) was
purchased from Capricorn Scientific (Germany). An endothelial growth
medium kit (EGM-2, C-22111) was obtained from PromoCell (Germany).
Platelet Endothelial Cell Adhesion Molecule (PECAM-1, also known as
CD31) was purchased from Aligent, Dako (USA). Rabbit anti-human vWF
was purchased from Abcam (UK). Goat anti-rabbit Alexa Fluor 488 was
purchased from Millipore (Germany). Goat anti-mouse Alexa Fluor 555
was purchased from ThermoFisher (USA). Phalloidin, DAPI, and bovine
serum albumin (BSA) were purchased from Sigma (USA). MTS was
purchased from Promega (USA).

Macromol. Biosci. 2024, 24, 2300369 2300369 (9 of 12) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 7. Laser scanning confocal and scanning electron microscopy images of human umbilical cord vein endothelial cells HUVECs on the lumen side
of the vascular construct. The cells were immunostained against a) CD31 (red) and b) vWF (green) and also counterstained with c) DAPI (blue) for the
nuclei. d) Merged image of CD31, vWF, and DAPI. Scale bars: 20 μm. e) Morphological analysis of HUVECs on the inner layer of the vascular construct
with SEM.

Production of the Tri-Layered Vascular Construct: Preparation of the tubu-
lar porous film: The tubular porous film as to be the inner layer of the tri-
layered construct was fabricated by dip coating using a blend of PCL-PLGA
(5% or 10%, w/v, 8:2, w/w, in DCM). Stainless steel metal rods (316LVM
Medical Grade, diameter 3 mm, length 13 cm) were dipped into PCL-PLGA
solution, containing PEG (10%, w/v) as a porogen, and the solvent was air-
dried at room temperature. Dip coating was repeated 4–15 times to obtain
a structure with an appropriate thickness. Polymeric film-coated rods were
placed in dH2O to leach out PEG and obtain a tubular porous film. Sam-
ples were freeze-dried to preserve the porous structure.

Fabrication of the electrospun fibrous mats and establishment of the tri-
layered vascular construct: The circumferentially aligned and random fi-
brous mats were produced by electrospinning using a rotating mandrel
system to obtain the intermediate and outer layers of the vascular con-
struct, respectively. A blend of PCL-P(L-D, L)LA-PLGA (5%, w/v, 4:4:2,
w/w) prepared in DCM: DMF (19:1, v/v) was used in the fabrication of
both the circumferentially aligned and the random fibers. The electrospin-
ning process parameters of voltage (10–15 kV), distance between the nee-
dle and the collector (20–25 cm), flow rate of the polymer solution (5–
20 μL min−1), and rotation speed of the mandrel (500/3000 rpm) were
optimized to obtain uniform, bead-free fibers and to achieve aligned and
random fibers. Upon optimization studies, both aligned and random elec-
trospun fibers were fabricated using the following conditions: a distance
of 25 cm, a flow rate of 15 μL min−1, and a voltage of 15 kV. The metal rod
(length 13 cm, diameter 3 mm) coated with the thin, porous film prepared
above was used as the collector in the mandrel system. The circumfer-
entially aligned fibers as the intermediate layer of the tri-layered vascular
construct were collected over the film using the determined parameters at
a rotating speed of 3000 rpm. The random fibrous mat was collected un-

der optimized conditions on an uncoated metallic rod (diameter 4 mm) at
a rotation speed of 500 rpm. Then, the random fibrous mat was wrapped
over the circumferentially aligned fibrous mat to form the outer layer of
the tri-layered vascular construct.

Characterization of the Tri-Layered Vascular Construct: Morphology anal-
ysis with Scanning Electron Microscopy: The morphology and topography of
the components of the tri-layered vascular construct, including the tubu-
lar porous film, circumferentially aligned fibrous mat, and random fibrous
mat, were examined with SEM. All samples were coated with a 55 nm thick
gold layer under vacuum by a sputter coater (Leica, EM ACE600), and the
images were obtained with a SEM (Thermo, Quatrro ESEM) at 5 kV.

The fiber diameter distribution and orientation were analyzed with Fi-
bro Quant 1.3 software using three SEM images obtained from different
areas of the electrospun fibrous mat. The diameter and the deviation an-
gles of fibers indicating their orientation were determined by taking a se-
lected fiber as the reference. Histograms were plotted with the percentage
of fibers with respect to their diameter and orientation.

Mechanical tests: The tensile mechanical properties of the construct
were determined with a mechanical tester (Shimadzu, AGS-X Series Uni-
versal Test Machine) after each layer formation. Tests were performed with
the inner layer porous film, the bi-layered structure including the porous
film and the circumferentially aligned fibrous mat, and the tri-layered final
construct. The tubular samples (length 2 cm) were cut longitudinally be-
fore testing. The sample length between the clamps was 10 mm, and the
tensile test was done with 1 mm min−1 test speed (n = 4). The stress–
strain graphs were obtained for each sample, and then Young‘s modulus
and UTS values were determined from these plots.

Wettability analysis: The water wettability of the PCL-PLGA and PCL-P(L-
D, L)LA-PLGA blends was determined with a goniometer (Krüss, DSA25).

Macromol. Biosci. 2024, 24, 2300369 2300369 (10 of 12) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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The solutions of PCL-PLGA (5%, w/v, 8:2, w/w) and PCL-P(L-D, L)LA-PLGA
(5%, w/v, 4:4:2, w/w) were poured onto glass slides, and the solvent was
evaporated by air-drying to obtain non-porous films. Drops of distilled wa-
ter were placed at five different points on the polymeric films, and the an-
gles were measured using ADVANCE software. The contact angle 𝜃 was
found according to Young‘s Equation (I):

𝝈sg = 𝝈sl + 𝝈lg × cos𝜃 (I)

where the 𝝈lg is the surface tension of the liquid, 𝝈sl is the interfacial ten-
sion between the solid and the liquid, 𝝈sg the surface free energy of the
solid.

In Vitro Evaluation of Endothelization of the Tri-Layered Vascular Construct:
Isolation and culture of human umbilical vein endothelial cells: HUVECs were
isolated and used with the approval of Acıbadem University and Acıbadem
Healthcare Institutions Medical Research Ethics Committee (ATADEK,
2018-2/64). The umbilical cord was obtained from the donor after birth
with the informed consent of the mother and was placed in HBSS con-
taining penicillin/streptomycin (100 units mL−1pre100 mg mL−1). HU-
VECs were isolated from the human umbilical cord vein by the enzy-
matic method within 24 h. The vein lumen was washed with phosphate-
buffered saline (PBS, 10 mм, pH 7.4), then filled with 0.1% collagenase
solution (w/v, in PBS) and incubated at 37 °C for 30 min. The suspen-
sion was collected into 50 mL falcon tubes and centrifuged at 1500 rpm
for 5 min. The cell pellet was resuspended in endothelial cell growth
medium composed of EGM-2 containing Epidermal Growth Factor (EGF)
(5 ng mL−1), basic Fibroblast Growth Factor (bFGF) (10 ng mL−1), Insulin-
like Growth Factor (IGF) (20 ng mL−1), Vascular Endothelial Growth Factor
(VEGF) (0.5 ng mL−1), ascorbic acid (1 μg mL−1), heparin (22.5 μg mL−1),
hydrocortisone (0.2 μg mL−1), fetal calf serum (FCS, 2%) and peni-
cillin/streptomycin (100 units mL−1per100 mg mL−1). The cells were then
cultured in gelatin (1%, w/v, in PBS) coated TCPS flasks at 37 °C in a hu-
midified 5% CO2 incubator, and the growth medium was refreshed every
three days. When the cells reached ≈80% confluency, they were detached
from the surface with 0.05% Trypsin-EDTA and subcultured, or cryopre-
served in 10% dimethyl sulfoxide at liquid nitrogen vapor until further use.

Characterization of the isolated HUVECs: Identification of HUVECs was
performed with immunocytochemistry by investigating the expression of
endothelial-specific markers, CD31, and vWF. HUVECs were seeded on 1%
gelatin-coated 24 well plate at a density of 5× 103 cells/well and cultured in
the growth medium at 37 °C in a humidified 5% CO2 incubator. After three
days of culture, the cells were fixed with 4% paraformaldehyde (PFA) for
30 min at room temperature (RT). After washing with PBS, the cells were
incubated in 100 mм glycine for 15 min, and then washed with PBS three
times. The cells were permeabilized with 0.1% Triton X-100 (in PBS) for
10 min at RT. After washing with PBS, the cells were incubated in a block-
ing solution (1% bovine serum albumin (BSA) in PBS) for 30 min at 37 °C.
The cells were incubated overnight at + 4 °C with the primary antibod-
ies, rabbit anti-human vWF (1:250), and mouse anti-human CD31 (1:40).
The cells were then washed with PBS and incubated with the appropri-
ate fluorescence-labeled secondary antibodies, goat anti-rabbit Alexa Fluor
488 (1:100) and goat anti-mouse Alexa Fluor 555 (1:200). The cells were
washed with PBS and then counterstained with DAPI (1:5000) for 10 min
at RT. The cells were rinsed with PBS and examined under a fluorescence
microscope (Zeiss, Axiovert A1).

Endothelial cell behavior on the vascular construct: Cellular activity and
morphology of HUVECs on the vascular construct were studied with the
MTS assay and microscopically after phalloidin-DAPI staining, respec-
tively. The tubular vascular constructs (lumen diameter 3 mm, length
1 cm) were sterilized with 70% EtOH for 2 h and dried overnight. The
lumen side of the construct was coated with 1% gelatin (in PBS) for 2 h at
37 °C, and the vascular constructs were ready to be seeded with cells. HU-
VECs were detached from TCPS flasks and seeded onto the lumen side at
a density of 2 × 104 cells/construct to study cell behavior on the vascular
constructs (n = 3).

Cell numbers on the vascular constructs were determined with the MTS
assay on days 7, 14, and 21 of the culture. The vascular constructs were
transferred to new 24 well plates. The working solution of 10% MTS was

prepared in an endothelial cell growth medium and added to the HUVEC
seeded tubular constructs. The cells were incubated for 2 h at 37 °C in
the CO2 incubator, then the absorbance of formazan was measured using
Elisa Plate Reader at 490 nm, and then converted to cell number using a
calibration curve.

In order to study cell morphology and cell distribution on the vascu-
lar constructs, the cells were stained with FITC-conjugated phalloidin and
DAPI for actin filaments and nuclei, respectively. After culture, the cells
within the constructs were fixed with 4% PFA for 30 min at RT. The cells
were permeabilized in 0.1% Triton X-100 solution for 5 min at RT and
washed with PBS. The samples were incubated in the blocking solution of
1% BSA (w/v) for 30 min at 37 °C, and then incubated in FITC-phalloidin
(1:100, Sigma, USA) for 1 h at 37 °C. After washing with PBS, the samples
were counterstained with DAPI (1:5000, in PBS) for 10 min at RT and ex-
amined with a laser scanning confocal microscope (LSCM, Zeiss LSM700)

The expressions of endothelial cell markers, CD31 and vWF, of HUVECs
lining the lumen of the vascular construct were investigated by immuno-
cytochemistry. 1.5 × 105 cells were seeded onto the lumen side of each
vascular construct, and then incubated at 37 °C in a humidified 5% CO2
incubator for three days. At the end of the three day culture, the cells were
fixed with 4% PFA for 2 h at RT. The samples were introduced to 100 mм

glycine for 10 min, washed with PBS three times, permeabilized with 0.1%
Triton X-100 (in PBS) for 10 min at RT, and washed with PBS again. The
samples were incubated in a blocking solution of 1% BSA (in PBS) for
30 min at 37 °C. The cells were incubated with primary antibody against
vWF overnight at + 4 °C, and then secondary antibody goat anti-rabbit
Alexa Fluor 488 was applied for 1 h at 37 °C. Afterward, the cells were in-
cubated with primary antibody against CD31 overnight at + 4 °C, and then
treated with secondary antibody (goat anti-mouse Alexa Fluor 555) for 1 h
at 37 °C. The cells were counterstained with DAPI (1:5000) for 10 min at
RT and examined with LSCM.

The endothelial cell morphology on the vascular construct was exam-
ined with SEM. After freeze-drying the vascular constructs containing en-
dothelial cells, the samples were coated with gold under vacuum by a sput-
ter coater (Quorum, Q15RS) and then examined with SEM (Zeiss, Evo10).
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