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ABSTRACT: Human endothelial basement membrane (BM)
plays a pivotal role in vascular development and homeostasis.
Here, a bioresponsive film with dual-microstructured geo-
metries was engineered to mimic the structural roles of the
endothelial BM in developing vessels, for vascular tissue
engineering (TE) application. Flexible poly(ε-caprolactone)
(PCL) thin film was fabricated with microscale anisotropic
ridges/grooves and through-holes using a combination of
uniaxial thermal stretching and direct laser perforation,
respectively. Through optimizing the interhole distance,
human mesenchymal stem cells (MSCs) cultured on the PCL film’s ridges/grooves obtained an intact cell alignment efficiency.
With prolonged culturing for 8 days, these cells formed aligned cell multilayers as found in native tunica media. By coculturing
human umbilical vein endothelial cells (HUVECs) on the opposite side of the film, HUVECs were observed to build up
transmural interdigitation cell−cell contact with MSCs via the through-holes, leading to a rapid endothelialization on the PCL
film surface. Furthermore, vascular tissue construction based on the PCL film showed enhanced bioactivity with an elevated total
nitric oxide level as compared to single MSCs or HUVECs culturing and indirect MSCs/HUVECs coculturing systems. These
results suggested that the dual-microstructured porous and anisotropic film could simulate the structural roles of endothelial BM
for vascular reconstruction, with aligned stromal cell multilayers, rapid endothelialization, and direct cell−cell interaction between
the engineered stromal and endothelial components. This study has implications of recapitulating endothelial BM architecture for
the de novo design of vascular TE scaffolds.

KEYWORDS: endothelial basement membrane, porous micropatterned film, cellular alignment, cell−cell interaction,
vascular tissue engineering

■ INTRODUCTION

Current therapeutic approaches for cardiovascular diseases, the
global leading cause of death, remain inadequate for many
patients.1 Tissue engineering (TE) offers a promising route for
the improvement or regeneration of diseased vessel function
using a combination of biomaterials, cells and engineering
techniques.2 However, vascular TE grafts presently have
limitations in the mechanical (e.g., unmatched compliance)3

and biological (e.g., prothrombotic nature)4 functions to hinder
their clinical translation. To construct proper vascular TE grafts,
tissue engineers have been looking for the recapitulation of
developmental elements, which establish natural vessel
structure and physiological function. The endothelial basement
membrane (BM) located between tunica media and intima is

such a key targeted evolutionary component, and acts a pivotal
role as the basolateral of stromal and endothelial cells, for both
vascular development5 and maintenance of the adult vessel
function.6

Human endothelial BM is composed of a three-dimensional
(3D) architecture with highly porous and organized laminin/
collage IV networks.6,7 The importance of such architecture for
designing vascular TE grafts has been revealed by how
substrates biomimicking endothelial BM such as the rough-
ness,8 anisotropy9,10 and porosity11 can influence enhanced cell

Received: March 20, 2015
Accepted: June 1, 2015
Published: June 1, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 13445 DOI: 10.1021/acsami.5b02464
ACS Appl. Mater. Interfaces 2015, 7, 13445−13456

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b02464


adhesion, spreading, proliferation and specific gene expressions
in smooth muscle cells (SMCs) and endothelial cells (ECs).
Such architectural simulation on TiO substrate has also been
shown to impact ECs mobility and differentiation over surface
chemistry.12 However, these substrates are designed with
singular structure, and cannot mimic the architectural complex-
ity of endothelial BM such as coexistence of the anisotropy7

and holes.13−16 For example, the endothelial BM of developing
vessel is not entirely continuous, and has gaps to allow direct
interaction between the ECs and perivascular stromal cells such
as pericytes14,15 and SMCs,13,16,17 importantly for preventing
nascent vessel regression. Furthermore, the 3D architecture of
endothelial BM guides both SMCs and ECs with specific
localization, to form the unique vessel structure and function
such as the aligned SMCs multilayers in tunica media for
mechanical strength and compliance support.2,3

The current engineered solutions of endothelial BM have not
addressed simulation of the architectural complexity. Here, we
report a flexible dual-microstructured thin film to mimic the
structural roles of the endothelial BM in developing vessels, for
promoting vascular reconstruction. This bioresponsive film will
be able to facilitate vascular reconstruction through guiding
stromal cells to form aligned cellular multilayers on the film’s
tunica media surface, while promoting endothelialization on the
film’s tunica intima side via direct transmural cell−cell
interaction.

■ EXPERIMENTAL SECTION
Materials. Poly(ε-caprolactone) (PCL, MW = 80 000), phosphate

buffer saline (PBS), penicillin−streptomycin (PS), TRITC-conjugated
phalloidin, paraformaldehyde (PFA), triton-X 100, bovine serum
albumin (BSA), 4′,6-diamidino-2-phenylindole (DAPI) and PHK cell
linker dye kits were purchased from Sigma-Aldrich (Singapore). Fetal
bovine serum (FBS), Trypsin−EDTA and Dulbecco’s modified Eagle
medium (DMEM) were purchased from Life Technologies
(Singapore), endothelial cell growth medium (EGM) from Lonza
(Singapore), and NO assay kits from Cell Biolabs, Inc. (USA). Tissue
culture plates (TCP) and flasks, and low-adhesion cell culture plates
were purchased from Thermo Fisher Scientific (USA), Nunc
(Singapore), and Corning (Costar, Singapore), respectively.
Preparation of Dual-Microstructured PCL Films. Flexible PCL

thin films were engineered with dual-microstructured geometries
through a combination of uniaxial thermal stretching and direct
femtosecond laser perforation (Figure 1). PCL solid mass after two-
roll milling was heat pressed at 80 °C and 300 MPa into a thick film
named HP-PCL. The film was then subjected to uniaxial stretching at
54 °C with a draw ratio of 4. The uniaxial-stretched PCL film was
thinner and named as UXHP-PCL. To perforate the PCL films, a
Ti:sapphire femtosecond laser was used with a wavelength of 800 nm,
pulse duration of 110 fs and repetition rate of 1 kHz (Spectra-Physics,
USA). Laser beam scanning was controlled using a U500 MMI
software (Aerotech, UK). HP-PCL and UXHP-PCL after femtosecond
laser perforation were named as PHP-PCL and PUXHP-PCL,
respectively.
Morphological Characterization of PCL Films. PCL film

samples were sputter-gold coated at 10 mA for 30 s, and imaged
using field emission scanning electron microscopy (SEM; S-4300,
Hitachi, Japan) at different magnifications with an accelerating voltage
of 15 kV.
Cell Isolation and in Vitro Culture. Human tissue collection for

research purposes was approved by the Domain Specific Review Board
of National Healthcare Group, in compliance with international
guidelines regarding to the use of fetal tissues for research.18 In all
cases, patients gave separate written consent for the use of their
collected tissues.
Mesenchymal stem cells (MSCs) were isolated from human fetal

bone marrow as previously described.2 Single-cell suspension from the

marrow components of femurs was seeded in a tissue culture flask at a
density of 106 cells/cm2. Nonadherent cells were removed after 3 days
of culturing in D10 medium (DMEM + 10% FBS + 1% PS). The
adherent cells were further cultured for 1 week, recovered and
characterized with stem cell phenotype.2 GFP-labeled human umbilical
vein endothelial cells (HUVECs) were derived as previously
reported,19 and provided by Mr. Sandikin Dedy (National University
of Singapore, Singapore).

Cell Morphology and Organization. Cell morphology was
characterized through a fixed-cell cytoskeletonal staining as previously
described.20 MSCs (5000 cells/cm2) were seeded on UXHP-PCL
(control group) and PUXHP-PCL, and cultured in D10 medium for 3
days. After PBS washing, the cells were fixed and permeabilized by
PFA (3.7% in PBS; for 15 min) and Triton-X 100 (0.1% in PBS; for 5
min), respectively. Cells were then washed with PBS thrice, blocked by
BSA (2% in PBS; for 30 min) and incubated with TRITC-conjugated
phalloidin (1:200 in PBS; for 60 min) for F-actin labeling. After PBS
washing thrice, the cells were further incubated with DAPI (1:1000 in
PBS; for 5 min) for nucleus DNA labeling. Cells were imaged using a
confocal laser scanning microscopy (CLSM; (FV1000, Olympus,
Japan) under identified parameters for all samples.

Cell organization was characterized through a live-cell cytoplasmic
staining as previously described.2,18 MSCs were seeded on PCL films
and cultured in D10 medium for predetermined periods. HP-PCL and
UXHP-PCL were used as negative and positive control, respectively.
After PBS washing thrice, the cells were fluoresence-labeled using FDA
(5 μg/L; for 10 min) at room temperature. Cells after further PBS

Figure 1. Schematic diagrams illustrating the fabrication of flexible
dual-microstructured thin film. (a) Two-roll milling. (b) Heat pressing.
(c) Uniaxial stretching. (d) Direct laser perforation.
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washing were immediately imaged using CLSM under a low powered
magnification of ×10. Image analysis was performed using the built-in
function of NIH ImageJ software (USA), with fluorescence from the
hole scattering and the cells that were in contact with other cells and
image edges being manually removed from the data sets.18 Cellular
angle was determined as an orientation of the major elliptic axis of
individual cell. A preferential cell orientation has been determined and
set as 0°. All cellular angles were then normalized to the preferential
cell orientation. The number of cells within each degree from −90° to
+89° was calculated and normalized such that the total sum was unity.
Cells with angles falling into ±10° was considered to be aligned.18 For
comparison, the cell alignment efficiency of each group was finally
normalized to that of positive control, which has a value of 1. Three
film samples were used for each experimental group.
Direct Cell−Cell Interaction. Fluorescence labeling was per-

formed for different cells for the visualization of direct cell−cell
interaction across PUXHP-PCL. MSCs were labeled with red
fluorescence using a PHK-26 kit. Cells collected from culture
expanding were resuspended in Diluent (2× final concentration, 0.5
mL). PHK26 dye was diluted into a 2× solution (0.5 mL). The cell
suspension and PHK26 dilution were then mixed, and incubated at 21
°C for 5 min. Fluorescence-labeling reaction was stopped by adding 1
mL FBS. Lenti-virally infected GFP HUVECs was identified with
green fluorescence.
An in-house designed ring was used for coculturing MSCs and

HUVECs on the two surfaces of PUXHP-PCL, respectively. PHK26-
labeled MSCs (10 000 cells/cm2) were first seeded on PUXHP-PCL for
1 day of culturing in D10 medium. The film was then flipped over to
transfer to the ring. GFP-labeled HUVECs (20 000 cells/cm2) were
seeded on the film opposite side of MSCs. MSCs/HUVECs
coculturing was performed in EGM10 medium, which has been
shown to support the growth and maintenance of MSCs and
HUVECs. The cells after 3 days of coculturing were imaged with
CLSM using a z-scanning model. Images were reconstructed using the
built-in function of Imaris software (Bitplane, Switzerland). The
PHK26-labeled MSCs and GFP-labeled HUVECs were identified with
red and green fluorescences, respectively. The MSCs−HUVECs

contact was characterized as the colocalization of the red and green
colors, represented as yellow color.

Cell Adhesion and Proliferation. To investigate endothelializa-
tion on PUXHP-PCL, the cell number of HUVECs was assessed by
enumerating nucleus number as previously reported.21 GFP-labeled
HUVECs, after seeding on the film opposite side of MSCs, were
cocultured for 24 h to allow fully cellular adhesion, and cocultured for
another 4 days for proliferation. Cells were then fixed, permeabilized
and blocked. Cells were then incubated with DAPI (1:1000 in PBS; for
5 min) for cell nucleus labeling. The nucleus number of HUVECs was
counted using the built-in function of NIH ImageJ software, with cells
that have either green- or blue-fluorescence alone being manually
removed from the data sets. Cell nucleus number enumerated at day 1
and 5 represented the adhesion and proliferation of HUVECs on the
PCL film surface, respectively. Single-culture of HUVECs alone on
UXHP-PCL and PUXHP-PCL, and coculture of HUVECs and MSCs on
UXHP-PCL via indirect cell−cell interaction were also investigated as
comparison groups. Three samples were used for each experimental
group.

Total NO Level. To evaluate the bioactivity of the vascular tissue
construct, the system total NO level was investigated using a NO assay
kit. MSCs and HUVECs were seeded on PCL films, and cultured in
EGM10 medium in 12-well TCP (2.5 mL/well) for 8 days. At day 3
and 5, 0.5 mL of new EGM10 medium was added for nutrition
supplement. Experimental groups of (G1) EGM10 medium alone,
(G2) MSCs cultured on PUXHP-PCL in EGM10 medium, (G3)
HUVECs cultured on PUXHP-PCL in EGM10 medium, (G4)
coculturing of HUVECs/MSCs using UXHP-PCL in EGM10 medium
and (G5) coculturing of HUVECs/MSCs using PUXHP-PCL in
EGM10 medium were investigated. The total nitrate/nitrite (NO3

−/
NO2

−) level in culture medium was examined following the
procedures of NO assay kit. Briefly, cell culture medium (10 μL)
was added to a 96-well plate and adjusted to 80 μL using assay buffer.
10 μL of enzyme cofactors and 10 μL of nitrate reducer were added in
sequence, and incubated at 21 oC for 30 min for reducing nitrate into
nitrite. After 2,3-diaminonaphthalene (10 μL) was added followed by
incubation for 10 min, NaOH solution (20 μL) was added to stop the

Figure 2. Scanning electron microscopy (SEM) images of PCL films. (a) Flat topography of HP-PCL. (b) Anisotropic topography of UXHP-PCL
composed of orientated microscale ridges and grooves (inset: high-magnified SEM image; double-headed dark arrow, stretching direction). (c,d)
Dual-microstructured topography of PUXHP-PCL with orientated ridges/grooves and through-holes (TS, film top surface; BS, film bottom surface;
inset: SEM image of BS; double-headed white arrow, stretching direction; dark arrow, melting ejecta-induced surface damages).
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reaction with enhanced fluorescence intensity. To prepare the standard
curve, 10 μL EGM10 medium with 70 μL assay buffer was used as the
blank, and 10 μL EGM10 medium with 20 μL assay buffer and 50 μL
nitrate standards (0.156 to 10 μmol/L) was used as gradient.
Fluorescence intensity was detected using a microplate reader at an
excitation wavelength of 360 nm and emission wavelength of 430 nm.
Basal fluorescence intensity of EGM10 medium was deducted from all
groups. Three samples were used for each experimental group.
Statistical Analysis. Data analysis was performed on Prism 5

software. Results were reported as mean ± SD. A value of p < 0.05 was
considered to be statistically significant.

■ RESULTS AND DISCUSSION

Characterization of Dual-Microstructured PCL Film.
PCL was selected to fabricate the dual-microstructured film
because of its unique properties of bioresorbability, competent
mechanical strength, long-term fatigue resistance and low cost
for vascular TE application.2,22 Figure 1 shows the schematic
diagrams for PCL film fabrication. The fabricated film of HP-
PCL was thick (∼170 μm), and after thermally uniaxial
stretching, it became flexible and thinner (UXHP-PCL: ∼38
μm). SEM images show that HP-PCL possessed a flat film
surface (Figure 2a), whereas UXHP-PCL exhibited an
anisotropic 3D topography composed of microscale ridges
and grooves (ridge-length, ∼90 μm; inter-ridge distance, ∼6
μm; ridge-depth: 200−900 nm; Figure 2b). During uniaxial
stretching, these ridges and grooves resulted in consistent
orientations aligned along the stretching direction. The
recrystallized PCL crystal and amorphous structures were
postulated to form the ridges and grooves, respectively.18

Noncontact femtosecond laser engineering was then used to
incorporate through-holes on the dense film of UXHP-PCL

(Figure 1d). This laser technique is now highly valuable for the
use in tissue-engineering scaffold’s processing such as surface
patterning and 3D fabrication using two-photon polymer-
ization,23 and here, we showed scalable laser perforation in a
large surface area of the flexible PCL thin film (e.g., 1 × 1 cm).
Figure 2c demonstrates SEM images of the laser-perforated film
of PUXHP-PCL at a pulse energy of 20 μJ and pulse number of
60. Laser ablation resulted in in situ holes at the positions where
laser−material interaction occurred. Because of the short laser−
material interaction time of femtoseconds,24 this laser ablation
did not cause burrs or heat-affected zones on the PCL film. The
hole pattern obtained was at a controllable interhole distance,
without the use of templates or solvents for structural
development. Figure 2d shows SEM images of the film top
and bottom surfaces of PUXHP-PCL. The hole exhibited a
through-tunnel (∼10 μm in diameter), with a pair of labial
melting structures and fibrous redeposition of the sputtering
PCL melt. This incorporation of through-holes to micro-
patterned biofilms has not been reported previously. The
femtosecond laser-induced material’s removal was attributed to
both the photochemical and photothermal effects.25

Previously, electrospinning has been of great interest in
generating analogous nano/microscale fibers to simulate
endothelial BM architecture.26,27 However, to obtain the
structural anisotropy, uniaxial pulling was typically required
during fibrogenesis, resulting in significant fiber packing with
reduced porosity to restrict cell ingrowth.28 Although chemical
etching,29 lithography30 and soft lithography10,31 have also been
investigated to fabricate bioinspired substrates, they were still
restricted by the intricate procedures, and limited in the
development of appropriate masters for realizing complex

Figure 3. Confocal laser scanning microscopy (CLSM) images of MSCs. Human MSCs (5000 cells/cm2) were cultured on UXHP-PCL (positive
control: Pos Ctrl) and PUXHP-PCL for 3 days, and labeled with cytoskeleton F-actin (phalloidin: red color) and nucleus DNA (DAPI: blue color).
(a) Aligned cell organization of MSCs along the ridges/grooves for Pos Ctrl (scale bar = 100 μm). (b−e) Cell organizational responses of MSCs to
the dual-microstructured topography of PUXHP-PCL as (b) retained cell alignment, (c) half-cell alignment, or aberrant cell organization to (d) cross
over the ridges/grooves or (e) bridge the hole opening (double-headed white arrow, ridge direction; green arrow, free cell extension; yellow arrow,
cell extension being obstructed or crossing to attach to the adjacent film surface points; scale bar = 100 μm).
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structural features on flexible thin films. Furthermore, these
methods involved drawbacks such as the unstable large-scale
yield and chemical solvent usage and residual remains.18 In
contrast, this study developed a combined two-step method of
uniaxial stretching and direct laser perforation, to engineer dual-
microstructured ridges/grooves and through-holes on flexible
PCL thin film. The fabrication was in large-scale, reproducible
and solvent-free. Such as-fabricated PCL film could recapitulate
the structural characteristics of the endothelial BM in
developing vessels such as the anisotropy7 and intermittent
holes.13−17

Aligned Stromal Cell Organization on PUXHP-PCL
Surface. PUXHP-PCL was used to reconstruct the aligned
cell organization as in tunica media components of blood
vessels. Figure 3a−e shows CLSM images of MSCs stained with
F-actin/DNA. The cells cultured on UXHP-PCL exhibited an
aligned organization, with orientated cytoskeleton stress
filaments along the ridges (Figure 3a). However, with the
presence of laser-induced holes, MSCs alignment behavior
varied according to the hole edges in different responses. As
shown in Figure 3b, MSCs retained the cell alignment along
ridges/grooves, where the cells were able to extend freely. In
contrast, when MSCs encountered a hole along their axes, the
cells wrapped around the circumference of the labial melt,
whereas the other half of the cells remained aligned along the
ridges/grooves on the film (Figure 3c). In some instances,
MSCs organization has also been observed to deviate from the

orientation of the ridges (Figure 3d), and in others, partial
bridging of the hole opening has been found (Figure 3e). These
observations showed various cell organizational responses to
the combinatory presence of dual-microstructured ridges/
grooves and through-holes of PUXHP-PCL.
To investigate the influences of laser-induced holes on the

cell alignment efficiency elicited by ridges/grooves, MSCs were
cultured on PUXHP-PCL with different spatial hole distribution.
Figure 4a shows the nomenclature of hole placement, with x-
and y-axes representing the parallel and perpendicular
directions to the ridges, respectively. Figure 4b−d shows
CLSM images of live-cell cytoplasmic staining of MSCs. On
PUXHP-PCL[x200y200], MSCs aligned only along parts of the
film with continuous undisrupted ridges/grooves, whereas the
cells growing between holes in x-axis tended to extend away
from the ridge direction (Figure 4b). Comparatively, on
PUXHP-PCL[x200y500], there was crowding of the cells
around the holes in the ridge direction (Figure 4c). However,
MSCs cultured on PUXHP-PCL[x500y200] extended more
freely to align between holes in the direction of x-axis, with
some approaching the holes (Figure 4d).
Quantitative analysis of cell angles showed that compared to

Pos Ctrl of the UXHP-PCL group, the presence of laser-induced
holes resulted in declined alignment efficiencies for MSCs
cultured on all three different PUXHP-PCL (47.5−68.8% of Pos
Ctrl, p < 0.001; Figure 4e). Compared to PUXHP-PCL-
[x200y200], MSCs cultured on PUXHP-PCL[x200y500]

Figure 4. Cell alignment efficiencies of PUXHP-PCL with different spatial hole distributions. MSCs (5000 cells/cm2) after culturing on UXHP-PCL
(positive control: Pos Ctrl) and PUXHP-PCL for 3 days were labeled using live-cell cytoplasmic staining (FDA: green color). (a) Schematic diagram
illustrating the nomenclature of hole placement for PUXHP-PCL. (b−d) CLSM images and (e) quantitative analysis of cell alignment efficiencies for
MSCs cultured on PUXHP-PCL[x200y200], PUXHP-PCL[x200y500] and PUXHP-PCL[x500y200] showed the influences of hole placement on
MSCs organization (double-headed white arrow, ridge direction; dark arrow, aberrant cell extension between the holes in x-axis; dark circle, cells
approaching the holes; n = 3; ***, p < 0.001; NS, p > 0.05).
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showed lower cell alignment efficiency ([x200y500] vs
[x200y200]: 47.5 vs 61.0%), whereas obtaining slightly higher
cell alignment efficiency on PUXHP-PCL[x500y200]
([x500y200] vs [x200y200]: 68.8 vs 61.0%). MSCs cultured
on PUXHP-PCL[x500y200] showed a considerable increase in
the cell alignment efficiency as compared to that of PUXHP-
PCL[x200y500] (21.3% increase, p < 0.001).
Substrate feature edges have been proposed as nucleation

sites to facilitate cell adhesion.32 In this study, the observations
on MSCs demonstrated that cells preferentially distributed
around the holes of PUXHP-PCL (Figure 4c,d). If cells could
extend freely over the holes, MSCs would still align along the
ridges/grooves. If only one cell extension end was obstructed at
the hole edges, MSCs would conform their shapes to the holes,
and exhibited as half-cell alignment along the ridge direction.
However, if one end of the cell was obstructed at the holes and
the other protrusions crossed over the ridges/grooves to attach
to the adjacent film surface points, MSCs would organize
themselves to deviate from the ridge direction, resulting in
reduced cell alignment efficiency. These explained how the
presence of laser-induced holes interfered with cell alignment
along the micropatterned ridges/grooves. It should be noted
that as compared to PUXHP-PCL[x200y200], more cells were
found to distribute in the adjacent areas of holes for UXHP-
PCL[x200y500] (Figure 4b,c). This phenomena could be
attributed to the increased interhole distance in y-axis that

weakened the attraction of holes to cells.32 Furthermore,
although the interhole distance for PUXHP-PCL[x200y200] was
200 μm in both x and y-axes (within the length of elongated
MSCs: ∼100−400 μm; Figure 4b), cells have been observed to
anchor and bridge the two-adjacent holes in x-axis but not in y-
axis, suggesting that the ridges/grooves of PUXHP-PCL could
impact MSCs organization more than the holes did.
The fact that MSCs cultured on PUXHP-PCL with different

spatial hole distributions obtained different alignment efficien-
cies demonstrated that the influences of laser-induced holes on
MSCs alignment were dependent on the interhole distance. An
interhole distance of 200 μm in x-axis would enable MSCs to
bridge the two-adjacent holes, and if the cells were unable to
extend over holes, they would adjust their extension to anchor
to other positions, resulting in a final cell elongation deviated
from the ridges. In contrast, compared to the observed mean
cell length of ∼245 μm, an interhole distance of 500 μm in x-
axis was sufficient to allow free cell extension of MSCs without
formation of hole-to-hole bridge. Furthermore, although holes
might block MSCs extension at one end, the cells remained
able to extend freely at the other end. These reasons explained
the observed larger cell alignment efficiency for MSCs cultured
on PUXHP-PCL[x500y200] as compared to that of cells on
PUXHP-PCL[x200y200], as there was more space for the cells
to grow along the ridges. However, as compared to PUXHP-
PCL[x200y200], the increased interhole distance in y-axis (for

Figure 5. PUXHP-PCL[x500y500] resulted in aligned cell multilayers. MSCs (5000 cells/cm2) were seeded on HP-PCL (negative control: Neg Ctrl),
PHP-PCL[x500y500], UXHP-PCL (positive control: Pos Ctrl) and PUXHP-PCL[x500y500] for 3 and 8 days of culturing, and labeled using live-cell
cytoplasmic staining (FDA: green color). (a) CLSM DIC images of various PCL films. (b) Cell alignment efficiencies of MSCs after 3 days of
culturing. MSCs on PUXHP-PCL[x500y500] exhibited a comparable cell alignment efficiency to that of Pos Ctrl (n = 3; ***, p < 0.001; NS, p >
0.05). (c) CLSM images of MSCs after 8 days of culturing. MSCs reached confluence, and formed the aligned cell multilayers on PUXHP-
PCL[x500y500] as in Pos Ctrl (double-headed white arrow, ridge direction).
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example: PUXHP-PCL[x200y500]) did not result in better cell
alignment efficiency. This could be attributed to the clustering
of cells around the holes, due to the combined effect of weaker
cell attraction in y-axis as compared to that in x-axis and a small
interhole distance of 200 μm in x-axis. Comparing PUXHP-
PCL[x500y200] and PUXHP-PCL[x200y500], MSCs cultured
on the latter exhibited significantly lower cell alignment
efficiency, although the interhole distance of the latter was
larger. These observations indicated that the influences of
increase in the interhole distance in y-axis on cell alignment
efficiency could be dependent on the interhole distance in x-
axis.
To interrogate the speculation, we fabricated PUXHP-

PCL[x500y500], and investigated the cell alignment efficiency
when the interhole distance in x-axis was increased and in y-axis
was kept at 500 μm (Figure 5a). Through the analysis of
cellular angles, Figure 5b shows that MSCs cultured on PUXHP-
PCL[x500y500] for 3 days achieved comparable cell alignment
efficiency to that of Pos Ctrl (p > 0.05). To understand that
whether the laser-induced holes have accounted for the-above
obtained cell alignment on PUXHP-PCL[x500y500], holes were
also fabricated on HP-PCL at the same interhole distance of
500 μm in both x- and y-axes (PHP-PCL[x500y500]; Figure
5a). Culturing on PHP-PCL[x500y500], MSCs exhibited a low
cell alignment efficiency similar to that of Neg Ctrl (the HP-

PCL group; p > 0.05; Figure 5b), and significantly lower than
that of PUXHP-PCL[x500y500] (74.2% reduction, p < 0.001).
Upon culturing for 8 days, MSCs achieved confluence and
organized themselves into multilayers, which were all well
aligned for both Pos Ctrl and PUXHP-PCL[x500y500] (Figure
5c). Although MSCs also obtained confluence for Neg Ctrl and
PHP-PCL[x500y500], the cells remained randomly organized
with localized areas of cell alignment.
The elevated cell alignment efficiency observed for MSCs

cultured on PUXHP-PCL[x500y500] was because the equal
interhole distances in x- and y-axes caused similar cell
attraction, whereas the interhole distance of 500 μm was
sufficient for MSCs to extend along the ridges. Comparing
PUXHP-PCL[x500y200] and PUXHP-PCL[x500y500], the
increase of interhole distance in y-axis resulted in increased
alignment efficiency for MSCs, further suggesting that how the
changes of interhole distance in y-axis influenced cell alignment
was dependent on the interhole distance in x-axis. It was worth
noting that as compared to Pos Ctrl, MSCs on PUXHP-
PCL[x500y500] have achieved comparable alignment effi-
ciency, and with prolonged culturing, they could grow into
aligned cell multilayers similar as that in the native tunica media
of blood vessels. These results provided a method via
controlling spatial hole placement to avoid the hole
interferences for engineering intact cell alignment. The

Figure 6. Transmural direct MSCs/HUVECs interaction. (a) Schematic diagrams illustrating coculture of MSCs and HUVECs on PUXHP-
PCL[x500y500]. PHK26-labeled MSCs (red color; 10 000 cells/cm2) were seeded on film one surface, and after culturing in D10 medium for 1 day,
GFP-labeled HUVECs (green color; 20 000 cells/cm2) were seeded on the opposite side of the film and cocultured in EGM10 medium for 3 days.
(b) 3D construction and (c) cross-sectional views of CLSM images. MSCs and HUVECs formed transmural interdigitation cell−cell contact (white
arrow, cell ingrowth into the holes; yellow color, colocalization of red and green colors; blue arrow, MSCs−HUVECs contact; scale bar = 20 μm).
(d) Percentage of holes that occurred with transmural cell−cell contact for 2 and 5 days of coculturing (n = 4).
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advantages of using MSCs as tunica media cell source as
compared to the isolated mature SMCs were their wide range
of sources from various tissues, more expandable capability in
vitro, antithrombogenicity and immunecompatibility for
vascular TE application.2

Transmural Stromal/Endothelial Cell Interaction via
the Through-Holes of PUXHP-PCL. The capability of PUXHP-
PCL[x500y500] was then interrogated for coculturing stromal
and endothelial cells in the context of an engineered blood
vessel. As shown in Figure 6a, an in-house developed device,
composed of a parent chamber and a daughter ring, was used
for coculturing MSCs and HUVECs as different layers located
on the two surfaces of PUXHP-PCL. The parent chamber had a
platform designed for film placement, and a side channel for the
mass exchange between the inside and outside environments.
The daughter ring served for locating the film as well as to
facilitate top-down cell seeding. Figure 6b shows the z-stacked

CLSM image of a setup with cocultured PHK26-labeled MSCs
and GFP-labeled HUVECs on the film’s bottom and top
surfaces, respectively. PUXHP-PCL[x500y500] allowed in-
growth of MSCs and HUVECs to come into contact with
each cell type within the through-holes (colocalization of the
red and green colors representing as a yellow color). The cross-
sectional views of z-stacked CLSM image demonstrated that
MSCs and HUVECs formed transmural interdigitation contact,
with yellow color observed not only at the main margin of red
and green colors, but also as dots embedded within both colors
(Figure 6c). These results suggested that PUXHP-PCL could
support direct MSCs/HUVECs interaction, via formation of
transmural interdigitation cell−cell contact as that observed for
ECs and stromal cells during embryonic differentiation.15

Moreover, as shown in Figure 6d, the enumeration of hole
number from CLSM images showed that for 2 and 5 days of

Figure 7. Cellular adhesion and proliferation of HUVECs. GFP-labeled HUVECs (green color; 20 000 cells/cm2) were cultured on UXHP-PCL (G-I:
MSC/Hole, −/−) and PUXHP-PCL[x500y500] (G-II: MSC/Hole, −/+) alone or cocultured with MSCs (10 000 cells/cm2) on UXHP-PCL (G-III:
MSC/Hole, +/−) and PUXHP-PCL[x500y500] (G-IV: MSC/Hole, +/+) in EGM10 medium for 1 and 5 days, and stained with nucleus DNA
(DAPI: blue color). (a) CLSM images of HUVECs (inset: high-magnified CLSM images). (b) Quantitative analysis of nucleus numbers of HUVECs
(cells labeled with GFP and nuclei). HUVECs showed increased cell proliferation for culturing on PUXHP-PCL[x500y500] via direct MSCs/
HUVECs interaction (n = 3; *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, p > 0.05).
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coculturing, transmural MSCs−HUVECs contact has been
observed in 50.0 and 83.7% of holes, respectively.
During the development of blood vessels, ECs accounted for

the synthesis of endothelial BM.33 This nascent endothelial BM
was not entirely continuous, and possessed gaps for the SMCs5

and pericytes15 recruiting from the circulation to form
transmural heterotypic contact with ECs. In the mature vessels,
SMCs/pericytes have also been observed to physically contact
with ECs via the intermittent holes across endothelial BM
(0.5−1.5 μm in large vessels and 0.1−0.45 μm in small
vessels).13,14,16 Similar to SMCs and pericytes, MSCs were also
mesenchymally derived, and published studies have suggested
that MSCs resided in a perivascular niche and could form
physical contact with ECs.34,35 Such transmural heterotypic
contact between stromal (e.g., MSCs,34,36 SMCs5,13,17 and
pericytes)14 and endothelial cells was important for the
stabilization of new vessels against regression,5 and have been
known to act critical roles for the maintenance of normal
vascular structure,13,17,34 signaling pathways (e.g., NO)37 and
functions (e.g., MSCs36 and SMCs38 differentiation, and ECs
proliferation).39 Previously, different strategies such as collagen
gel,34 microcarriers40 and direct coculture41 have been
developed for realizing direct SMCs−ECs and MSCs−ECs
contact. However, these coculturing systems might be limited
for the translational research in vascular tissue reconstruction,
as they were incapable of either guiding stromal cell alignment
into the ordered tunica media-like architecture or forming
correct vessel structure with distinct tunica media/BM/intima
layers. In contrast, the newly developed flexible and thin film of
PUXHP-PCL in this study demonstrated its capability of
delivering cues for aligning stromal cell multilayers. The film
has further enabled transmural heterocellular contact, whereas
as an interactive interface separated MSCs and HUVECs layers
into a hierarchical structure as that of the native blood vessel
wall. Such transmural heterocellular contact between the
engineered stromal and endothelial components could be
attributed to the increased hydrophilicity on tunnel surface of
the through-holes due to the effects of photothermal and
photochemical ablations, which facilitated cell protrusion
ingrowth and anchoring.25,42

Despite the recapitulated structure complexity of anisotropy
and intermittent absence, it should be noted that PUXHP-PCL
might not mimic endothelial BM at the actual scale. In this
study, the through-holes were engineered at ∼10 μm in
diameter, as PUXHP-PCL was thicker (∼38 μm) than actual
endothelial BM (∼500 nm).7 With the same hole height,
smaller hole diameters would inhibit cellular ingrowth,43

whereas bigger through-holes typically larger than 10 μm
could result in cell loss (the diameters of MSCs and HUVECs
in medium suspension: ∼15−20 μm) during the cellular
seeding and culture process. Compared to the existing largest
holes of actual endothelial BM, the engineered through-hole
diameter of this study was off by 6.7×. However, the exclusive
comparison on hole diameter was not advisible, as hole height
determined the distance for cells to overcome the migrating
across the film. Taken the two factors into consideration, the
aspect ratio of through-hole height to diameter for PUXHP-PCL
was ∼3.8 within the range of the actual endothelial BM (∼0.3−
5),13,16 suggesting that the engineered through-holes of PUXHP-
PCL could be physiologically relevant. It should also been
noted that the occurrence of transmural cell−cell contact in vivo
relied on the intermittent holes of endothelial BM. However, in
physiological conditions, transmural cell−cell contact occurred

in the intermittent holes of endothelial BM was not a few,
depending on the types of blood vessels with a reported
probability up to ∼57.5%,44 and signals for important function
regulation (e.g., cell differentiation) could be fast transmitted to
adjacent cells in a wide range, probably through the cell−cell
gap junctions.37,38,45 Therefore, it was not indispensable for all
the surface-areas of endothelial BM and PUXHP-PCL to have
the holes.

Rapid Endothelialization on PUXHP-PCL Surface. To
reconstruct tunica intima, HUVECs were cocultured on the
opposite side of the film, and the influences of transmural
heterocellular contact on PUXHP-PCL’s endothelialization were
assessed. Figure 7a shows the four investigated groups: single-
culturing of HUVECs alone on UXHP-PCL (G-I: MSC/Hole,
−/−) and PUXHP-PCL[x500y500] (G-II: MSC/Hole, −/+),
and coculturing of HUVECs and MSCs using UXHP-PCL (G-
III: MSC/Hole, +/−) and PUXHP-PCL[x500y500] (G-IV:
MSC/Hole, +/+). CLSM images show that with 1 day of
culturing, HUVECs were able to adhere on the PCL film
surfaces of all four groups, with spread and elongated cellular
shapes. These cells proliferated for the prolonged culturing for
5 days, and appeared to spread out in a typical cobblestone-like
morphology similar to the ECs morphology in vivo.46

Furthermore, in all the investigated groups, HUVECs exhibited
typically layered-growth, without formation of the tubular-like
networks as previously reported when ECs were coexisted with
myogenic-related cells (e.g., MSCs19 and fibroblast)47 without
barrier separation. Such observation indicated that the
transmural migration of MSCs across PUXHP-PCL was
inhibited. It has been suggested that for transmural stromal
cell migration, the intermittent holes of endothelial BM (∼500
nm in thickness) should be greater than 3−4 μm.44

Comparatively, the through-hole diameter in this study was
∼10 μm, but the through-hole height (∼38 μm) was 75× over
that of the actual endothelial BM. Therefore, our result
suggested that besides hole diameter, hole height also
influenced whether the cells could migrate successfully across
the film. On the other hand, MSCs were antithrombogenic, and
would not induce platelet adhesion or thrombus formation
even if they were presented on the endothelium side.48,49

Cellular nucleus counting showed that for 1 day of culturing,
HUVECs in G-II exhibited a comparable nucleus number to
that of the cells in G-I (p > 0.05), suggesting that laser-
perforated through-holes have not altered the cellular adhesion
of HUVECs on PCL films. However, as compared to the single-
culturing of HUVECs in G-I and II, coculturing with MSCs in
G-III and IV for 1 day resulted in reduced HUVECs adhesion
on PCL film surfaces (Figure 7b). This lowered ECs adhesion
in the presence of MSCs has previously also been shown in the
direct coculturing of ECs with MSCs.50 With the prolonged
culturing for 5 days, HUVECs exhibited the similar cellular
proliferation in G-I and II (p > 0.05). Such observation agreed
with the previous report that holes with dimensions on the
order of several micrometers could not affect cellular
proliferation as compared to the cells on nonhole surfaces.32

However, the prolonged culturing resulted in considerable
increase in the cell proliferation of HUVECs in G-IV, which
was higher than those of both the single-culturing in G-I and II
(16.7−19.6% increase, p < 0.001) and the coculturing in G-III
(26.8% increase, p < 0.001) groups. Comparatively, coculturing
of MSCs and HUVECs using UXHP-PCL allowed paracrine
secretion for indirect MSCs/HUVECs interaction, whereas
coculturing using PUXHP-PCL could enable both indirect and
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direct MSCs/HUVECs interactions via paracrine secretion and
transmural cell−cell contact, respectively. The increased
proliferation of HUVECs in G-IV could be attributed to the
transmural MSCs−HUVECs contact, which has been known
with stabilized effects on nascent endothelium to avoid
regression.5,34,39 Consistently with this, HUVECs cocultured
with indirect MSCs/HUVECs interaction in G-III for 5 days
remained with a lower number of cell nuclei as compared to
that of HUVECs single-culturing groups (vs G-I, 6.0%
reduction, p < 0.05; vs G-II, 8.0% reduction, p < 0.001).
Bioactivity of PUXHP-PCL-based Vascular Construc-

tion. The bioactivity of coculturing-resulted MSCs/PCL/
HUVECs construct was evaluated by measuring the total
level of system NO, which has been known as an important
inhibitor for preventing platelet aggregation and leukocyte
adhesion.51,52 Figure 8 shows total NO levels of different

vascular tissue construction systems after 8 days of culturing.
Compared to the culturing medium of EGM10 (G1), single-
culturing of MSCs (G2) resulted in an increased total NO level
(p < 0.001), whereas a reduced total NO level was observed for
single-culturing of HUVECs (G3, p < 0.01). Such declined total
NO level agreed with the observations of previously published
studies, which demonstrated that ECs could consume NO.53,54

One possible mechanism behind the observed NO con-
sumption could be attributed to an intracellular dioxygenase
via direct oxidation.53,54 Furthermore, in recent studies, human
ECs were reported to express hemoglobin (an iron [Fe2+/
Fe3+]-containing metalloprotein well-known for NO metabo-
lism), which could also contribute to the observed endothelial
NO consumption.55−57 Previously, there were some studies
showing higher total NO levels when the medium was cultured
with ECs.58,59 These studies, however, were not contradictory
to the results in this study, as the cellular culture periods for
NO detection were distinct (less than 2 days for those studies,
and 8 days of cell culturing in this study), which could affect
significantly the measured total NO levels.60

Further increase in total NO level has been observed for
coculturing via PUXHP-PCL[x500y500] (vs G2:2.5× increase, p
< 0.05). In contrast, coculturing of MSCs and HUVECs using
UXHP-PCL remained a lower total NO level than that of either
MSCs single-culturing or coculturing via PUXHP-PCL-
[x500y500] (p < 0.01). These results showed that transmural
MSCs−HUVECs contact resulted in an elevated total NO level
for the vascular tissue construction system. This obtained total
NO level could be released from both MSCs61 and HUVECs,51

and was in a comparable order to that of the cocultured
quiescent SMCs and ECs.51 These observations suggested that
PUXHP-PCL with incorporation of MSCs and HUVECs could
be promising for applications in vascular tissue engineering.

■ CONCLUSIONS
Herein, we developed a novel bioresponsive film with dual-
microstructured geometries, for biomimicking the architectural
roles of the endothelial BM in developing vessels. Flexible PCL
thin film obtained microscale anisotropic ridges/grooves and
through-holes via a combination of uniaxial thermal stretching
and direct laser perforation processes. Human MSCs cultured
on the PCL film tended to exhibit aligned organization along
the ridges/grooves, whereas in the presence of holes, these cells
showed disturbed organization deviating from the ridge
direction. Through optimizing the interhole distance, MSCs
obtained an intact cell alignment efficiency on the PCL film.
With prolonged culturing for 8 days, these cells formed aligned
cell multilayers as found in the native tunica media. Coculturing
on the opposite side of the film, HUVECs exhibited direct
interaction with MSCs via formation of transmural interdigi-
tation cell−cell contact, leading to a rapid endothelialization on
the PCL film surface. Such a coculturing-resulted MSC/PCL/
HUVEC construct showed enhanced bioactivity with an
elevated total NO level, as compared to the single MSCs or
HUVECs culturing and indirect MSCs/HUVECs coculturing
systems. These results provide insights to how the structural
biomimicking of endothelial BM regulates vascular cell
responses. The dual-microstructured porous and anisotropic
film could be used as an engineered endothelial BM for vascular
tissue reconstruction.
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