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hogonal-bilayer tubular scaffold
for the co-culture of endothelial cells and smooth
muscle cells
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Xue-Tao Shi, e Xiu-Bin Yangf and Da-Yong Wu *a

In blood vessels, endothelial cells (ECs) grow along the direction of blood flow, while smooth muscle cells

(SMCs) grow circumferentially along the vessel wall. To mimic this structure, a polycaprolactone (PCL)

tubular scaffold with orthogonally oriented bilayer nanofibers was prepared via electrospinning and

winding. ECs were cultured on the inner layer of the scaffold with axial nanofibers and SMCs were

cultured on the outer layer of the scaffold with circumferential nanofibers. Fluorescence images of the

F-actin distribution of ECs and SMCs indicated that cells adhered, stretched, and proliferated in an

oriented manner on the scaffold. Moreover, layers of ECs and SMCs formed on the scaffold after one

month of incubation. The expression levels of platelet-endothelial cell adhesion molecule 1 (PECAM-1)

and a contractile SMC phenotype marker in the EC/SMC co-culture system were much higher than

those in individual culture systems, thus demonstrating that the proposed biomimetic scaffold promoted

the intercellular junction of ECs and preserved the contractile phenotype of SMCs.
1. Introduction

Cardiovascular disease has become a leading cause of morbidity
and mortality worldwide.1,2 In clinical applications, vascular
gras play an important role in the treatment of cardiovascular
diseases.3,4 Nevertheless, natural sources of autogenous blood
vessels are too limited to meet therapeutic needs,5,6 and there-
fore articial vascular gras are oen used to repair damaged
and obstructed blood vessels. Satisfactory results have been
achieved using large- and medium-diameter vascular gras.
However, the long-term patency rates of small-diameter
vascular gras (inner diameter < 6 mm) remain problematic.7

The development of in vitro models that mimic the key
anatomical and physiological features of blood vessels would
help to understand the mechanism of maintaining vascular
patency and improve the design of vascular gras. The
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innermost tunica of a blood vessel is made up of one layer of
endothelial cells (ECs), which align and elongate in the direc-
tion of uid ow. Surrounding the tunica intima is the tunica
media, which mainly consists of circumferentially arranged
smooth muscle cells (SMCs). Various types of EC/SMC co-
culture systems have been proposed.8–10 However, given that
the alignment of ECs and SMCs is orthogonal, co-culture of ECs
and SMCs with their respective cellular congurations on
a tubular scaffold remains an important challenge.

In recent years, several EC/SMC co-culture systems have been
developed to mimic blood vessel structures and native vascular
cell alignment. For example, in a biomimetic in vivo-like
vasculature, a microwrinkle pattern was used to lead a circum-
ferential SMC layer and the shear stress was applied to induce
ECs to orient parallel to the axis.11 It takes several steps to obtain
the circular microuidic channel with circumferential micro-
wrinkle patterns. Another study employed a triple coaxial nozzle
to form a bilayer tubular structure encapsulating ECs and SMCs
in their respective layers and applied shear stress during the
extrusion process to orientate the cells in the desired direc-
tions.12 Both methods require the continuous use of syringe
pumps to provide shear stress, which increases the complexity
of the system. Moreover, it is difficult to induce ECs and SMCs
growing on the tubular scaffold in orthogonal directions only by
shear forces, since shear force acts parallel to the surface
boundary of the cells and induces cells growth in the direction
of the shear force.13,14 Therefore, a simple method for the
fabrication of tubular scaffolds with the representative structure
RSC Adv., 2021, 11, 31783–31790 | 31783
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of the tunica intima and tunica media via the orthogonal co-
culture of ECs and SMCs is still expected.

In addition to surface patterns and shear stress, the aligned
bers produced by electrospinning could also guide cell growth
and orientation.15,16 Electrospinning is a cost-effective and
promising approach for the preparation of nanobers at room
temperature and has therefore been widely applied in the eld
of tissue engineering.17–19 Electrospun bers containing natural
aloe vera skin extract (AVE) can be used as antioxidant wound
dressings.20 The bers have a similar morphological structure to
that of the native extracellular matrix and are suitable to entrap
active compounds and control substance release.21,22 Further,
the high specic surface area of the bers promotes cell adhe-
sion and proliferation, whereas its high porosity can provide
more growth space for cells and facilitate intercellular
communication. Additionally, compared with randomly
oriented bers, aligned bers exhibit enhanced matrix deposi-
tion and increased tensile properties along the ber direc-
tion.23,24 Electrospun bers with controllable sizes ranging from
nanometers to micrometers can effectively induce cell orienta-
tion without the need for additional devices. Therefore,
inducing the growth of ECs and SMCs by combining two layers
of nanobers with different orientations can be a practical and
promising approach. Polycaprolactone (PCL) is a Food and
Drug Administration (FDA)-approved material and has been
widely used in clinic applications for many implant-based
products.25 This material was thus selected for the fabrication
of the tubular scaffold due to its malleability, biocompatibility,
biodegradability, and low price.26,27

To the best of our knowledge, this is the rst time that ECs
and SMCs grew in orthogonal directions on a tubular scaffold
induced only by aligned bers. Compared with shear force
induction, our approach can effectively induce cell orientation
without additional auxiliary device. Moreover, ECs and SMCs
were cultured on the inner and outer layers of the tubular
scaffold, respectively, and were successfully oriented in the
desired directions. The axial bers of the inner layer and
circumferential bers of the outer layer of the tubular scaffold
were orthogonally oriented, thus facilitating the induction of EC
and outer SMC growth in orthogonal directions. The
orthogonal-bilayer tubular scaffold could promote the connec-
tion of ECs and the preservation of the contractile phenotype of
SMCs. Therefore, the proposed biomimetic orthogonal-bilayer
tubular scaffold could provide important insights into the
design of articial vascular gras.

The morphology of the scaffold was observed via eld
emission scanning electron microscopy (FE-SEM). Tensile
properties were assessed using a universal testing machine
(INSTRON 5966). Contact angles were measured using a video-
based contact angle measuring device (OCA-20). Functional
groups on the surface of the scaffold were detected and char-
acterized via Fourier transform infrared spectrometry (FTIR).
Cell morphology was characterized via uorescence staining
and SEM. The expression of cluster of differentiation 31 (CD31)
was observed via an immunouorescence assay. The gene
expression levels of a-smooth muscle actin (a-SMA) and
31784 | RSC Adv., 2021, 11, 31783–31790
osteopontin (OPN) of SMCs weremeasured via quantitative real-
time polymerase chain reaction (qRT-PCR).

2. Materials and methods
2.1. Materials

Polycaprolactone (PCL, Mn 80 000), paraformaldehyde (PF, SKU
47608), Triton X-100 (SKU T9284), the mouse anti-CD31
(PECAM-1) antibody (Product no. P8590), and the anti-mouse
IgG (whole molecule) TRITC conjugate (Product no. T5393)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Dichloromethane (DCM, Analytical Reagent (AR)) and dime-
thylacetamide (DMAc, AR) were purchased from Beijing
Chemical Works (Beijing, China). ECs, endothelial cell medium
(ECM, Cat no. 1001) and bronectin (FN, Cat no. 8248) were
purchased from ScienCell (San Diego, CA, USA). SMCs were
obtained from Cell Resource Center (IBMS, CAMS/PUMC).
Dulbecco's modied Eagle medium (DMEM, REF 11995-065),
fetal bovine serum (FBS, REF 10099-141), penicillin/
streptomycin (P/S, REF 15140-122) solution, trypsin (REF
25200-056), and phosphate buffered saline (PBS, REF C
10010500BT) were purchased from Gibco (Grand Island, NY,
USA). Alexa Fluor 488 phalloidin (Cat No. A12379), 40,6-
diamidino-2-phenylindole (DAPI, Cat no. D3571), and Trizol
reagent (Cat no. 15596-018) were purchased from Invitrogen
(Carlsbad, CA, USA).

2.2. Preparation of the orthogonal bilayer tubular scaffold

Fig. 1a illustrates the preparation of the orthogonal bilayer PCL
scaffold. First, a PCL lm with aligned nanobers was prepared
using a custom-made multifunctional electrospinning
machine. The output of the direct current power supply and the
receiving distance were set to 15 kV and 15 cm, respectively. PCL
was dissolved in DCM/DMAc (9/1, v/v) and stirred for 12 h at
room temperature to obtain a 10% w/v solution. At the relative
humidity value of approximately 30%, the PCL solution was
drawn with a syringe pump at a ow rate of 2.0 mL h�1 for 5 h.
As the rotation speed increased to 500 rpm, well-aligned PCL
bers were captured using a 20 cm diameter grounded cage
collector. The PCL lm was then removed from the collector and
two pieces were cut and successively rolled onto a 4 mm
diameter metal rod. The nanobers on the inner and outer
layers were oriented along the axial and circumferential direc-
tions, respectively. Finally, the bilayer PCL lms were peeled off
from the metal rod to form tubular scaffolds. The scaffolds were
then placed in a vacuum oven at room temperature for 12 h to
remove the residual solvent.

2.3. Preparation of the heparinized PCL scaffold

To improve the hydrophilicity of the PCL scaffold for cell
adhesion, heparin was covalently linked to the scaffold28,29 as
illustrated in Fig. 1b. First, the scaffold reacted with 1,6-hex-
anediamine in an isopropanol solution (0.43 mol L�1) at 30 �C
for 1 h. Then the aminolyzed scaffold was thoroughly rinsed
with deionized water three times and dried in a vacuum oven at
room temperature. Heparin (1 mg mL�1) was dissolved in 2-(N-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagrams of (a) the orthogonal bilayer PCL scaffold preparation, (b) heparinization, and (c) cell seeding on the scaffold.
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morpholine)ethanesulfonic acid (MES) buffer solution
(0.10 mol L�1) containing 0.15 mol L�1 NHS and 0.30 mol L�1

EDC (pH ¼ 5.0), then kept at 30 �C for 4 h. Finally, the ami-
nolyzed scaffold was immersed in active heparin solution at
30 �C for 24 h, then washed three times with deionized water
and dried at room temperature.
2.4. Characterization of the PCL tubular scaffold

The surface morphology of the PCL scaffold was observed via
eld emission scanning electron microscopy (FE-SEM, S-4800,
Hitachi, Japan) with an accelerating voltage of 10 kV. Before
being tested, all samples were sputter-coated with a gold layer
using an ion sputtering device (Mc1000, Hitachi, Japan). To
assess nanober alignment, SEM images were analysed using the
ImageJ soware. Concretely, 100 bers were randomly selected
from the image to calculate the average orientation angle.

To evaluate the longitudinal tensile properties of the
orthogonal bilayer PCL tubular scaffolds, dynamic mechanical
analysis measurements were performed in quintuplicate using
a universal testing machine (INSTRON 5966, Canton, MA)
according to the YY standard 0500-2004/ISO 7198:1998. Both
ends of the sample were xed on two clamps that were set 1 cm
apart from each other. A 500 N force was applied and the
stretching speed was set to 1 mm min�1. Moreover, to evaluate
the hydrophilicity of the scaffolds, contact angels were
measured using a video-based contact angle measuring device
(OCA-20, DataPhysics Instruments, Germany). At least ve 3 mL
droplets were used for the measurement. The functional groups
© 2021 The Author(s). Published by the Royal Society of Chemistry
on the surface of the scaffold were detected via Fourier trans-
form infrared spectrometer (FTIR, Excalibur 3100, Varian,
America). 64 scans were performed at a 600–4000 cm�1 range
with an 8 cm�1 resolution.

2.5. Cell culture

ECs were cultured in ECM and SMCs were cultured in complete
medium supplemented with 10% FBS and 1% P/S sulphate. The
cells were used between 3 to 10 passages. Cells cultured in asks
were treated with trypsin once they reached approximately 80%
conuence and then resuspended in medium. Cell densities
were adjusted to approximately 5 � 105 cells per mL.

To investigate the guiding effect of the aligned bers for cell
orientation, ECs and SMCs were cultured on the PCL lms with
aligned and random nanobers. PCL lms were cut into 13mm-
diameter circles. Before cell seeding, the PCL lms were hepa-
rinized, sterilized, and soaked in 1% FN solution at 4 �C for
12 h, as FN modication reportedly enhances cell–matrix
adhesion strength and promotes cell attachment.30–32

2.6. Co-culture of ECs and SMCs on the tubular scaffold

Before cell seeding, the tubular scaffolds were heparinized,
sterilized, and soaked in 1% FN solution at 4 �C for 12 h. ECs
and SMCs were then seeded on the inner and outer layers of the
orthogonal tubular scaffold, respectively. The co-culture process
is illustrated in Fig. 1c. The tubular scaffold was rst placed in
the cell culture dish, aer which 200 mL of EC suspension (at
a density of 5 � 105 cells per mL) was added onto the inner side
RSC Adv., 2021, 11, 31783–31790 | 31785
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of the tubular scaffold. The scaffolds were then placed in a cell
incubator at 37 �C and 5% CO2. Aer 3 h, the medium was
removed from the scaffold, the tubular scaffold was rotated 90�,
and the cell suspension was added once more. This step was
repeated until the entire inner wall was seeded with ECs. ECM
was then added to the tubular scaffold, aer which both ends of
the tubular scaffold were plugged. Next, the tubular scaffold was
immersed in a culture dish with SMC suspension at a 5 � 105

cells per mL density and placed in the incubator. The SMC
suspension was changed every 3 h and the tubular scaffold was
rotated 90�. This step was repeated until the entire outer wall
was seeded with SMCs. The cell culture medium was changed
every 24 h, including both the ECM in the tubular scaffold and
the SMC medium in the culture dish. Additionally, to investi-
gate the interactions between SMCs and ECs, tubular scaffolds
with only ECs cultured on the inner side or only SMCs cultured
on the outer side were set as controls.
2.7. Characterization of ECs and SMCs morphology

The morphology of ECs and SMCs cultured on the PCL lms
(aer 2, 4, 6, and 8 days) and the tubular scaffolds (aer 10 days)
were characterized via uorescence staining and SEM.

2.7.1. Fluorescence staining. The F-actin laments and
nuclei of ECs and SMCs were stained with phalloidin and DAPI
solution, respectively. The cells were washed with PBS three
times, xed with 4% PF for 10 min, and then permeabilized
with 0.1% Triton X-100 for 15 min. Aerwards, the cells were
washed three times with PBS and stained with uorescent
phalloidin conjugate solution (165 nM) in PBS for 20 min at
37 �C. The samples were then rinsed three times with PBS,
incubated in DAPI solution (300 nM) for 5 min at 37 �C, and
once again rinsed with PBS. An inverted uorescence micro-
scope (Zeiss, Germany) was used to record uorescence images
and observe cell morphology.

2.7.2. SEM characterization. The samples were washed
with PBS, xed with 2.5% glutaraldehyde solution, and then
dehydrated with increasing concentrations of ethanol (50%,
75%, 90%, 95%, and 100%). Before imaging, the samples were
sputter-coated with gold for 60 s. Cell morphology was assessed
via SEM with an accelerating voltage of 10 kV.
2.8. Cluster of differentiation 31 (CD31)
immunouorescence assay

To study the effects of SMCs on ECs function on the co-culture
orthogonal-bilayer tubular scaffold, we investigated the
expression level of CD31 of ECs. Aer culturing for 7 days, the
scaffolds with ECs cultured on the inner layer (used as control)
and with EC/SMC cultured on the inner/outer layers were
Table 1 Primer sequences used in the experiments

genes Primer F (50–30)

a-SMA CGAAGCACAGAGCAAAAGAG
OPN CAGTGATTTGCTTTTGCCTC
GAPDH AATCCCATCACCATCTTC

31786 | RSC Adv., 2021, 11, 31783–31790
washed with 4% PF at room temperature for 10 min. Aer
washing, the scaffolds were immersed in 0.1% Triton X-100 for
15 min to enhance cell permeability. Subsequently, the cells
were blocked with 5% goat serum in PBS for 1 h and labelled
with mouse anti-CD31 at 4 �C for 12 h. Aer washing with 1%
PBS/Tween, the cells were incubated with anti-mouse IgG
(whole molecule) TRITC conjugate at 37 �C for 2 h and washed
with 1% PBS/Tween. Finally, the cells were stained with DAPI at
37 �C for 5 min. Fluorescence images were observed and
recorded via confocal microscopy (ARsiMP-LSM-Kit-Legend
Elite-USX, Nikon, Japan).
2.9. SMCs gene expression analysis

We also investigated the mRNA expression levels of a-smooth
muscle actin (a-SMA) and osteopontin (OPN) of SMCs. Aer
culturing for 1 month, the scaffolds with SMCs cultured on the
outer layer (used as control) and with EC/SMC cultured on the
inner/outer layers were washed with PBS and immersed in Tri-
zol reagent. a-SMA and OPN expressions were measured via
quantitative real-time polymerase chain reaction (qRT-PCR).
Total RNA was rst extracted from the SMCs using the Trizol
reagent and converted into cDNA with a reverse transcription
kit (Thermo, USA). Aerwards, a SYBR Green kit (Fermentas,
Canada) was used to amplify the prepared cDNA. Finally, a real-
time detector was used to determine the relative expression of a-
SMA and OPN. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an endogenous reference. All qRT-PCR
primers are listed in Table 1.
2.10. Hematoxylin & eosin (H&E) staining of ECs and SMCs
on the tubular scaffold

Aer 1 month of in vitro co-culture, ECs and SMCs on the
tubular scaffolds were analysed via H&E staining. The scaffold
was rst washed with PBS and xed with 4% PF. Then, the
scaffold was cut crosswise to obtain a 5 mm thick section using
a microtome. Aerwards, H&E staining was performed using an
automatic stainer (Micron HMS 740, Thermo Scientic, Ger-
many) according to standard histological procedures. Finally,
the section was mounted for observation under a laser scanning
quantitative imaging system (VECTRA, PerkinElmer, USA).
3. Results and discussion
3.1. Characterization of the orthogonal-bilayer tubular
scaffold

Fig. 2a shows a photograph of the scaffold. The outer diameter
and the wall thickness of the scaffold were 4 � 0.02 mm and 135
� 1.11 mm, respectively. SEM imaging (Fig. 2b) showed that the
Primer R (50–30)

G TCAGGGGCAACACGAAGC
C TGGCTTTCGTTGGACTTACTTG

AGGCTGTTGTCATACTTC

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) A picture of the PCL tubular scaffold. (b) SEM image of the
PCL tubular scaffold. (c) Distribution of the orientation angles between
the long axes of the nanofibers and their expected directions. (d)
Mechanical properties of the orthogonal-bilayer PCL tubular scaffold.
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scaffold was composed of two layers and the ber direction of
these two layers was orthogonal. The diameter of the nanobers
was 664 � 163 nm. The orientation angle distribution curve of
the nanobers was calculated using the ImageJ soware (Fig. 2c).
The full width at half maximum (FWHM) of the distribution
curve was 24�, indicating that each layer exhibited a good
orientation. The mechanical properties of the orthogonal-bilayer
tubular scaffold were also measured, and the stress–strain curve
is illustrated in Fig. 2d. Young's modulus was 30.69 � 2.92 MPa,
which was calculated with the Bluebill soware. The tensile
stress was 10.34 � 1.14 MPa, which was similar to that of the
native human coronary arteries (1.40–11.14 MPa).33 The ultimate
strain was 191.2 � 11.9%, which was higher than that of the
native human coronary arteries (45–99%).33
3.2. Characterization of the heparinized PCL scaffold

The surface properties of the scaffold signicantly affect the
adhesion between the substrate and cells. Heparin is a natural
anticoagulant that is oen employed to modify the surfaces of
vascular scaffolds to make them hydrophilic and favour cell
Fig. 3 (a) FTIR spectra of PCL, heparinized PCL and heparin. (b)
Contact angle of water on PCL. (c) Contact angle of water on hepa-
rinized PCL.

© 2021 The Author(s). Published by the Royal Society of Chemistry
adhesion.34–36 Therefore, heparin was graed onto the scaffold,
aer which FTIR was used to characterize the absorption peaks.
As shown in Fig. 3a, the characteristic absorption peaks of PCL
were 1730 cm�1 (C]O stretching vibration) and 1170 cm�1 (C–
O–C stretching vibration),28 and those of heparin were approx-
imately 3000–3700 cm�1 (amine stretching vibrations) and
1620 cm�1 (protonated amine vibration).28,37 Clear absorption
peaks were observed at 3290 cm�1, 1730 cm�1, 1620 cm�1, and
1170 cm�1 in the heparinized PCL spectrum.38 The peak
intensity at approximately 3290 cm�1 was weaker than that of
the heparin spectrum, indicating a decrease in the free hydroxyl
groups on the carboxyl moiety of heparin and conrming that
heparin was successfully graed onto the PCL surface. The
contact angles of water on the scaffold surfaces were also
measured. Heparin contains abundant polar groups, such as
sulfuric acid groups and carboxyl, which improve the hydro-
philicity of the scaffold.39 Our results indicated that the contact
angles were 130.7 � 1.0� (hydrophobic) and 35.9 � 0.7�

(hydrophilic) before and aer heparin graing, respectively
(Fig. 3b and c), which indicated that heparinization can
signicantly improve the hydrophilicity of the scaffold.
3.3. Cell culture on the heparinized PCL lm

We rst demonstrated that ECs and SMCs could adhere and
proliferate on the heparinized PCL lm and that the PCL lm
with aligned bers could induce cell orientation. ECs and SMCs
were seeded onto the heparinized PCL lms with random and
aligned bers. Aer 2, 4, 6, and 8 days of incubation, the F-actin
and nuclei of the cells were stained (Fig. 4a). Both ECs and
SMCs grew well on the heparinized PCL lms and the cells were
aligned along the ber orientation direction on the lm with
aligned bers. SEM images (Fig. 4b) also showed that both ECs
and SMCs could adhere and align well on the aligned bers. The
Fig. 4 (a) Fluorescence images of ECs and SMCs seeded on the
heparinized PCL film with random and aligned fibers. After 2, 4, 6, and
8 days of incubation, the cells were stained with phalloidin (green) and
DAPI (blue). (b) SEM images of ECs and SMCs on the aligned and
random PCL films after 2 days of incubation.

RSC Adv., 2021, 11, 31783–31790 | 31787
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Table 2 The angle between the spread of the cytoskeleton and
horizontal direction

Orientation Angle (�)

EC (random) 50.5 � 16.0
EC (aligned) 19.0 � 8.6
SMC (random) 84.4 � 45.9
SMC (aligned) 82.0 � 4.4

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 7
:3

3:
32

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
angle between the spread of the cytoskeleton and the horizontal
direction of ECs and SMCs cultured for 8 days on the random
and aligned bers was calculated using ImageJ soware
(Table 2). We randomly selected 100 cytoskeletons for calcula-
tion. It was shown that the standard deviation of the angle
between the spread of the cytoskeleton and horizontal direction
was evidently smaller on the aligned bers than that on the
random bers, which indicated that aligned bers can effec-
tively induce cell orientation.
3.4. Orthogonal co-culture of ECs and SMCs on the tubular
scaffold

Aer proving that the PCL lm with aligned bers could induce
the orientation of ECs and SMCs, we investigated the co-culture
of ECs and SMCs on the orthogonal bilayer tubular scaffold.
Fluorescent staining images and SEM images of ECs on the
inner layer and SMCs on the outer layer aer 10 days of co-
culture are shown in Fig. 5a. As shown in Fig. 5a, ECs and
SMCs covered almost the entire inner and outer side of the
Fig. 5 (a) Fluorescent staining images and SEM images of ECs on the
inner layer and SMCs on the outer layer of the PCL tubular scaffold
after 10 days of co-culture. The F-actin filaments and nucleus of ECs
and SMCs were stained with phalloidin and DAPI solution, respectively.
(b) Histological cross-section of the tubular scaffold seeded with ECs
and SMCs stained with H&E after one month of co-culture.

31788 | RSC Adv., 2021, 11, 31783–31790
tubular scaffold and they aligned along their brous directions,
respectively. The arrangements of ECs and SMCs were consis-
tent with their arrangements in native blood vessels. To further
verify the performance of the scaffold in a longer culture period,
the scaffold was stained with H&E aer one month of culture
(Fig. 5b). H&E staining demonstrated that ECs and SMCs grew
along the inner and outer walls of the scaffold, respectively, thus
eventually forming closed circular cell layers.
3.5. Interactions between ECs and SMCs under the co-
culture system

The interactions between ECs and SMCs are essential to the
homeostasis of blood vessels.40 Findings from in vitro co-culture
models revealed that SMCs could promote the adhesive
expression and angiogenesis activity of ECs,41 and the growth
factors released by ECs could also regulate SMC proliferation.42

This study demonstrated that the double-layer orthogonal
tubular scaffold promoted the interaction between ECs and the
preservation of the normal contractile phenotype of SMCs.

We rst characterized the CD31 expression of ECs cultured
for 7 days on the tubular scaffold under individual and co-
culture systems. The uorescence staining images are shown
in Fig. 6a and the integrated density histogram is shown in
Fig. 6b. The uorescence intensity in the individual culture
group [(1.25� 0.11)� 106] was approximately 60% of that in the
co-culture group [(2.17 � 0.16) � 106]. CD31, also known as
platelet endothelial cell adhesion molecule 1 (PECAM-1), is
mainly expressed at intercellular junctions, especially in regions
with endothelial cell–cell adhesion.43 The enhancement of EC
adhesion favours the formation of an endothelial layer. As
Fig. 6 (a) Fluorescence staining images and (b) quantified fluores-
cence intensity of CD31 in ECs on the EC/SMC co-culture scaffold and
ECs-only culture scaffold. Scale bars are 10 mm. The CD31 and nucleus
of ECs and SMCs were stained with mouse anti-CD31 antibody and
DAPI solution, respectively. (c) Real-time PCR histogram of a-SMA and
OPN of SMCs on the EC/SMC co-culture scaffold (a-SMA: 20.92 �
0.91%; OPN: 1.09 � 0.29%) and SMCs-only culture scaffold (a-SMA:
9.61 � 0.73%; OPN: 2.86 � 0.51%). The data are presented as mean �
standard error of the mean. Student's two-tailed t-test was performed
to calculate p. Samples were deemed significantly different at a p-
value < 0.05 (n ¼ 3).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a physical barrier, an intact ECs layer forms the structural
interface between the circulating blood and the vascular wall,
which is essential for maintaining the stability of the vessel and
preventing thrombosis. CD31 protein expression in the co-
culture system was approximately 1.7-fold higher than that in
the EC-only culture system, indicating that co-culture of ECs
with SMCs could enhance the adhesion between ECs. SMCs can
express and secrete vascular endothelial growth factor (VEGF),44

which is a mitogen specic to ECs.33 VEGF can bind to VEGF
receptors on the surface of ECs to promote the adhesion
between ECs.45,46 SMCs promote the adhesion between ECs,
which may explain why the expression of CD31 in the co-culture
system was higher than that in the EC-only culture system.

Next, we measured the mRNA expression levels of a-smooth
muscle actin (a-SMA) and osteopontin (OPN) in SMCs that
cultured for 1 month in the SMC-only culture and co-culture
scaffolds, respectively. a-SMA and OPN are the main genes
responsible for the contractile and synthetic phenotypes of
SMCs, respectively. Normally, the healthy tunica media of blood
vessels exhibits a higher a-SMA expression.16 The quantitative
analyses of a-SMA and OPN expression (Fig. 6c) indicated that
the a-SMA gene was more highly expressed (2.2-fold increase)
and the OPN gene was less expressed (two-hs relative
expression) in the EC/SMC co-culture scaffold compared to the
SMC-only culture scaffold.

SMCs sustain vascular homeostasis through contraction and
relaxation.47 Maintaining the contraction phenotype of SMCs
benets to alleviate intimal hyperplasia and stabilize blood
pressure.48 ECs might inhibit the phenotypic of SMCs from
contractile to synthetic by interfering with transforming growth
factor-b1 (TGF-b1) from the latent state to the active state.49

Plasmin is a proteolytic enzyme that converts latent state TGF-b1
to its active state in vitro.50 Activated TGF-b1 could promote the
proliferation of SMCs and the expression of their synthetic
phenotype.49 Therefore, in the co-culture system, plasminogen
activator inhibitor (PAI-1) produced by ECs could indirectly
block the activation of TGF-b1 by inhibiting plasmin.50

4. Conclusions

Here, we present a simple and cost-effective method to prepare
an orthogonal-bilayer PCL tubular scaffold. The ECs success-
fully grew in the axial direction and SMCs grew in the circum-
ferential direction on this tubular scaffold, thus mimicking the
structure of native blood vessels. The orthogonal bers created
a suitable topography that induced the ECs and SMCs to grow in
the desired orientations. The prepared tubular scaffold is a co-
culture platform that provided relatively independent culture
environments for both ECs and SMCs. The expression levels of
CD31 and a-SMA in the co-culture scaffolds were approximately
1.7- and 2.2-fold higher than those in the individual culture
scaffolds, whereas OPN expression was less than two-hs
compared to the individual cultures. Therefore, the proposed
tubular structure enhanced the adhesion between ECs and the
contraction phenotype of SMCs, which could promote the
stability of blood vessels. Additionally, ECs and SMCs could
form closed-cell layers within one month of culture. Taken
© 2021 The Author(s). Published by the Royal Society of Chemistry
together, the results presented herein provide important
insights into the design of vascular gras.
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