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Tissue Engineering

Programmed Shape-Morphing Scaffolds Enabling Facile 3D

Endothelialization

Qilong Zhao, Juan Wang, Huanging Cui, Hongxu Chen, Yunlong Wang, and Xuemin Du*

Rapid formation of a confluent endothelial monolayer is the key to the success
of small-diameter vascular grafts, which is significantly important for treating
dangerous and even sometimes deadly vascular disorders. However, the
difficulty to homogenously locate endothelial cells onto the lumen of small-
diameter tubular scaffolds makes 3D endothelialization greatly challenging.
Here, novel shape-morphing scaffolds enabling programmed deformation from
planar shapes to small-diameter tubular shapes are designed and developed by
combining biocompatible shape memory polymer and electrospun nanofibrous
membrane. Endothelial cells can be conveniently seeded and attached on the
2D surface of the scaffolds and subsequently self-rolled into 3D organization

at physiological temperature. Endothelial cell responses and functions are
varied on the shape-morphing scaffolds with different nanofibrous electrospun
membranes as the inner layer, arisen from the inducement of scaffolds

with different morphological, physical, and biochemical characteristics.

Owing to excellent properties of the nanofibrous membrane fabricated by

the coelectrospinning of poly-e-caprolactone (PCL) and gelatin methacrylate
(GelMA), the shape-morphing scaffolds with a nanofibrous PCL/GelMA inner
layer support desirable homogeneous endothelial cell attachment as well

as the rapid formation of biomimetic cell-scaffold interaction and cell—cell
interaction under the 3D cell culture condition, therefore offering a visible

approach for facile 3D endothelialization.

1. Introduction

Cardiovascular disease, generally initiated by endothelial cell
dysfunction,l! is now the leading cause of death worldwide.
Although it has been a common practice in clinic, vascular
transplantation still confronts several obvious problems such
as compliance mismatch, severe shortage in donor tissues
and immune rejection. As a promising alternative, implanta-
tion of artificial vascular graft could be a solution for treating
vascular disorders with lower dependence on donor tissues.
Therefore, extensive efforts have been made for artificial vas-
cular grafts. And remarkable progresses have been achieved
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for large-diameter ones (& > 5 mm) using
synthetic bioinert polymer conduits made
of expanded polytetrafluoroethylene and
poly(ethylene terephthalate).?l. However,
failures are still common for small-diam-
eter vascular grafts as thrombogenesis
resulting from compliance mismatch or
the absence of confluent monolayer of
endothelial cells is almost inevitable.]]
It has been proven that the rapid forma-
tion of confluent endothelial monolayer is
critical for regulating coagulation and vas-
cular remodeling.! With the emergency
of regenerative medicine, investigations
into suitable scaffolds as cell microen-
vironments for endothelial cells have
been attracting a wide attention in small-
diameter vascular tissue engineering,! as
proper cell microenvironments to support
endothelial cell attachment and growth are
essential for forming confluent endothe-
lial monolayer, as well as smooth muscle
layer regeneration and vascular remod-
eling [® In particular, biomimetic 3D cell
microenvironment is a key determinant
for cell behaviors and cell functions.”]
However, the formation of confluent
endothelial monolayer on 3D structured
artificial vascular scaffolds, particularly on the small-diameter
ones, remains a great challenge, since endothelial cells are
unlikely to be homogeneously located onto lumen of the as-pre-
pared 3D tubular structured scaffolds.®! As the planar surface
of a flat scaffold is favorable for evenly seeding and desirable
attachment of endothelial cell, preparation of scaffolds capable
of converting their shapes from 2D planar structures into 3D
tubular shapes would be potentially a convenient way for facili-
tating 3D endothelialization. Previously, a strategy on basis of
stress-induced rolling membrane and microfluidics was dem-
onstrated, realizing the transition from original 2D shapes to
3D cell-laden structures with biomimetic cell organization
resembling the anatomy the native blood vessels.”) Although
the resultant multilayer tube consists of different cells types in
well-defined spatial distribution, the diameter of the self-rolled
tube formed by this method is difficult to be controlled pre-
cisely. More importantly, restricted by the spiral shape of the
self-rolled tube, it is unable to form a closed-hoop of confluent
endothelial monolayer at the lumen of the tube. Novel scaffold
capable of programmed deformation and desirable endothelial
cell attachment and inducement at both 2D and 3D conditions
is hence of great importance for facile 3D endothelialization
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and engineering small-diameter blood vessels with confluent
endothelial monolayer.

In this study, shape-morphing scaffolds capable of readily
converting their 2D planar shapes into 3D tubular shapes
for facile 3D endothelialization were developed by combing a
shape memory polymer layer (termed “shaping layer”) and an
endothelialized electrospun nanofibrous layer (termed “func-
tion layer”). Shape memory polymers capable of programmed
deformation upon specific external stimuli have emerged as
responsive biomaterials for a wide range of biomedical applica-
tions,!'% such as engineering dynamic cell microenvironment!'!
and preparing smart vascular grafts for minimally invasive sur-
gery'2l In particular, poly(lactide-co-trimethylene carbonate)
(PLATMC) as a biodegradable shape memory polymer exhibits
good biocompatibility and a glass transition temperature (Tg)
closed to human body temperature, making it an excellent
candidate for tissue engineering applications.!'¥ Programmed
deformation from a temporary planar shape to a permanent
tubular shape with a well-controlled diameter at a cytocompat-
ible temperature is therefore accessible by employing PLATMC
as the shaping layer with an original tubular shape. As for the
functional layer of the shape-morphing scaffolds, it requires
proper topographical, mechanical and biochemical features as
the cell microenvironment for endothelial cell attachment and
inducement.l'l Electrospun nanofibrous membrane was herein
employed owing to its similar architecture to native extracellular
matrix (ECM), which has been widely studied as desirable struc-
tural support for cell attachment and growth.[">] The mechanical
and biochemical properties of electrospun scaffolds depend on
different types of biopolymers employed, which bring different
effects on the growth of different types of cells and the regener-
ation of different types of tissues. Among various types of scaf-
folds made of different biopolymers, nanofibrous electrospun
poly-ge-caprolactone (PCL) scaffolds possess similar mechanical
properties to the intima of blood vessels, hence offering suit-
able mechanical cues for endothelial cell inducement, while the
poor wettability and the lack of suitable biochemical groups for
cell-specific recognition are their main drawbacks.'®l Recently,
electrospun gelatin methacrylate (GelMA) hydrogel scaffolds
have gained increasing attention in tissue engineering, which
significantly benefit cell attachment and cell ingrowth due to
their excellent water permeability and cell-responsive proper-
ties.l'”] However, their relatively weak mechanical properties
may limit the scope of application for vascular grafts. Through
coelectrospinning of PCL and GelMA, it is believed that the
resulting bicomponent nanofibrous scaffolds would inherit the
advantages of both and could potentially favor endothelial cell
attachment and growth. Overall, by employing shape memory
polymer (i.e., PLATMC) as the shaping layer and nanofibrous
membrane (i.e., electrospun PCL membrane or electrospun
PCL/GelMA membrane) as the function layer respectively for
programmed deformation and endothelial cell attachment
and inducement, it is likely to fabricate shape-morphing scaf-
folds enabling facile 3D endothelialization and rapid forma-
tion of confluent endothelial monolayer. The bilayer structure
consisting of a shaping layer and a function layer has been
proven to be effective to attain programmed deformation.!'®!
More favorably, the diameters of the scaffolds could be simply
tuned, suitable for both large-diameter blood vessels and
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small-diameter blood vessels. For a proof of concept, human
umbilical vein endothelial cells (HUVECs) were randomly
seeded and evenly attached onto the shape-morphing scaffolds
under their temporary planar shapes at room temperature. After
putting the shape-morphing scaffolds with seeded endothelial
cells into a 37 °C incubator for cell culture, the planar scaf-
folds were able to recover their permanent 3D tubular shapes
with well-preserved cell viability and desirable cell attachment,
offering a simple but effective solution for 3D endothelial cell
culture. Shape-morphing scaffolds with different types of inner
function layers behave distinct characteristics in architecture,
wettability and mechanical property, resulting in varied behav-
iors and functions of HUVECs on the scaffolds under 3D cell
culture condition. The shape-morphing scaffolds with a nanofi-
brous electrospun PCL/GelMA function layer were found to
effectively support endothelial cell growth, as well as facile 3D
endothelialization. The shape-morphing scaffolds developed in
the present study bring the convenience to build advanced vas-
cular grafts with confluent endothelial monolayer mimicking
the native blood vessel, therefore holding great promise for pro-
moting small-diameter vascular tissue engineering and building
biomimetic in vitro endothelial models for drug screening.

2. Results and Discussion

2.1. Preparation of Shape-Morphing Scaffolds

The shape-morphing scaffolds were designed to be bilayer
structured, consisting of a shape memory layer for programmed
deformation and an electrospun nanofibrous layer for favoring
endothelial cell attachment. For fabricating the electrospun
nanofibrous layer, the electrospinning of PCL and the coelec-
trospinning of PCL and GelMA were conducted, where GelMA
was synthesized according to the established method.'”) The
resulting electrospun PCL membrane has an average thickness
of =30 pm. After the coelectrospinning process and the fol-
lowing photocrosslinking of GelMA by exposing the membrane
under UV light within a photoinitiator solution, the bicompo-
nent PCL/GelMA membrane at a weight ratio of 1:1 and with
similar thickness to the electrospun PCL membrane was pre-
pared. As for fabricating the shape memory layer with a T,
approximated to the physiological temperature (37 °C), a shape
memory PLATMC was employed, where a planar film with an
average thickness of =160 um was first formed by a casting
method and then reshaped into a tube with a defined diam-
eter by a template method in an oven (80 °C), subsequently
resulting in the PLATMC shape memory tube with an orig-
inal tubular shape (Figure 1A). The PLATMC tubes prepared
using different templates possessed different inner diameters
of 7 mm (termed “large-diameter tube”) and 3 mm (termed
“small-diameter tube”), lying within the ranges of large-diam-
eter blood vessels and small-diameter blood vessels, respectively
(Figure 1B). The tubes were expected to exhibit excellent shape-
memory properties, which could be cut off and fixed into tem-
porary planner shapes at room temperature and would recover
their permanent tubular shapes at physiological temperature.
The electrospun layer and the shape memory PLATMC layer
with the same dimensions in width and length were adhered by
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Figure 1. Preparation and shape memory properties of PLATMC tubes. A) Schematic illustration of the fabrication and the programmed deformation
of the PLATMC tubes. PLATMC tubes with original tubular shapes were formed by a template method, resulting in tubes with different diameters. The
tubes were cut off and fixed into temporary planar shapes at room temperature (25 °C), which could be recovered their permanent tubular shapes at
physiological temperature (37 °C). B) Photographs (at both side view and top view) respectively showing the original shapes (25 °C), temporary planar
shapes (25 °C), and permanent shapes (at 37 °C PBS) of PLATMC tubes with different diameters. Scar bar: 1 cm.

a high-viscosity chitosan solution under the temporary planar
shape (Figure 2A). The bilayer shape-morphing scaffolds were
therefore fabricated, which were subsequently dried and succes-
sively immersed in NaHCO; (0.01 wm) solution and phosphate
buffer saline (PBS) for neutralizing the residual acids. Chitosan
is a naturally derived adhesive, with good biocompatibility and
water resistance behaviors, hence suitable for biomedical appli-
cations.”” Due to the unique physiochemical features of chi-
tosan, strong mechanical interlocking and molecular interaction
between the electrospun layer and the shape memory layer were
formed.?!! Reversible bending tests were conducted, validating
excellent structural stability and integrity of the as-prepared
bilayer scaffolds (Movie S1, Supporting Information). Using
chitosan as the adhesive, different bilayer shape-morphing scaf-
folds were prepared by employing PLATMC tubes of different
inner diameters (7 or 3 mm) and different electrospun layers
(electrospun PCL layer or electrospun PCL/GelMA layer).
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2.2. Shape-Memory Properties of Shape-Morphing Scaffolds

Excellent shape-memory properties of the PLATMC tubes are
the prerequisite for the programmed deformation and sub-
sequently facilitating the facile 3D endothelialization of the
shape-morphing scaffolds. At cytocompatible temperatures,
the shaping layer of the scaffolds not only needs to be structur-
ally stable enough to retain the temporary 2D planar shapes for
convenient endothelial cell seeding, but also reactive enough to
efficiently recover their permanent tubular shapes.

With a suitable T, of PLATMC (Figure S1, Supporting Infor-
mation), the shape memory PLATMC tubes were able to retain
their temporary planar shapes at room temperature (25 °C),
and completely recovered their permanent tubular structures at
physiological temperature (37 °C) when the glass transition of
PLATMC started to take place (Figure 1B). As for the bilayer
scaffolds, the adhered a thin layer of electrospun membrane by
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Figure 2. Preparation and shape-memory properties of bilayer shape-morphing scaffolds. A) Schematic illustration of the fabrication and the
programmed deformation of the bilayer shape-morphing scaffolds. The bilayer shape-morphing scaffolds were prepared by adhering electrospun
nanofibrous layer with shape memory PLATMC tube at its temporary planner shape using chitosan as adhesive, which could realize programmed
deformation from the temporary planner shape at room temperature (25 °C) to the permanent tubular shape at physiological temperature (37 °C).
B) Photographs (at both side view and top view) respectively showing the temporary planar shapes (25 °C) and the permanent shapes (37 °C) of the

shape-morphing scaffolds with different diameters. Scale bar: 1 cm.

chitosan brought negligible influences on their shape memory
properties. The retention of their temporary planar shapes at
room temperature (25 °C) and the recovery of their permanent
tubular structures at physiological temperature (37 °C) were
satisfactory for both large-diameter tubes and small diameter
tubes, showing no obvious difference compared to the PLATMC
tube alone (Figure 2B). Importantly, the shape recovery of the
bilayer scaffolds was of fast response and good repeatability.
The deformation process was completed within several seconds
upon immersed in 37 °C PBS (Movie S2, Supporting Infor-
mation). After five deformation recovery cycles, the tubular
structures of the bilayer scaffolds with a large diameter and a
small diameter were still well preserved (Figure S2, Supporting
Information). Desirable shape-memory properties of the bilayer
shape-morphing scaffolds make them feasible for potential 3D
endothelialization.

2.3. Characterization of Shape-Morphing Scaffolds

To bring appropriate morphological, physical, and biochem-
ical inducements mimicking the native ECM for endothelial
cell attachment and growth, different shape-morphing scaf-
folds were herein prepared by varying the uses of electrospun
membranes (i.e., electrospun PCL membrane or electrospun
PCL membrane) as the inner function layer. As verified by the
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fourier transform infrared (FTIR) spectra, a combination of
absorption bands arisen from PCL and GelMA was observed
for the PCL/GelMA membrane, suggesting that the membrane
is a successful blend of both materials (Figure S3, Supporting
Information). To characterize the structure and morphology of
different shape-morphing scaffolds, the small-diameter scaf-
folds at their permanent tubular shapes were visualized under
a field emission scanning electron microscope (SEM) at dif-
ferent magnifications. The SEM image at low magnification
showed a tubular shape of the scaffolds (Figure 3A), with a
closed-hoop circle of the fibrous lumen, demonstrating suit-
able structural features for the following endothelial cell attach-
ment and confluent endothelial monolayer formation. The
bilayer structure of the shape-morphing scaffolds was clearly
observed at medium magnification (Figure 3B), where the elec-
trospun layer and the shape memory layer were stably bonded
at the tubular shape. Importantly, the inner electrospun layers
of the shape-morphing scaffolds showed desirable nanofibrous
morphologies, with slightly variation in fiber diameter between
the electrospun PCL membrane (Figure 3C) and electrospun
PCL/GelMA membrane (Figure 3D). Specifically, the electro-
spun PCL/GelMA membrane exhibited thinner nanofibers
compared to the electrospun PCL membrane, which might
potentially lead to higher surface-to-volume ratio and hence
more anchoring points for possible superior cell adhesion.l?2
Furthermore, PCL and GelMA are chemically distinct. While
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Figure 3. Physical characteristics of shape-morphing scaffolds. A) An SEM image at low magnification showing the tubular structure of the shape-mor-
phing scaffold at its permanent tubular shape. B) An SEM image at medium magnification showing the closely bonded PLATMC layer and electrospun
layer of the shape-morphing scaffolds. SEM images at high magnification showing the nanofibrous morphology of the (C) electrospun PCL inner layer
and (D) electrospun PCL/GelMA inner layer of the shape-morphing scaffolds. E) Water contact angles of electrospun PCL membrane and electrospun
PCL/GelMA membrane. Mechanical properties including (F) elastic modulus, (G) ultimate tensile strength, and (H) fracture strain of electrospun PCL
membrane and electrospun PCL/GelMA membrane. Results are presented as mean + SE with *P < 0.05.

PCL lacks specific chemical domain enabling cellular recogni-
tion, GelMA hydrogel has been certified to have sufficient Arg-
Gly-Asp (RGD) sequences, which is the most common peptide
motif for integrin binding and cell adhesion.”*! It was there-
fore hypothesized that the chemistry of the shape-morphing
scaffolds with the electrospun PCL/GelMA inner layer should
favor endothelial cell attachment. The distinct chemistry of
PCL and GelMA also resulted in different wettability of electro-
spun PCL membrane and electrospun PCL/GelMA membrane.
Electrospun PCL/GelMA membrane exhibited significantly
improved hydrophilicity compared to the electrospun PCL
membrane (Figure 3E), which might also lead to improved cell
seeding efficiency and cell attachment onto the scaffolds.** It
was also found that the mechanical properties of electrospun
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PCL membrane and electrospun PCL/GelMA membrane were
different (Figure 3F-H), which might bring distinct mechan-
ical inducements to endothelial cells. Electrospun PCL/GelMA
membrane, compared to electrospun PCL membrane, pre-
sented higher elastic modulus (Figure 3F) but lower ultimate
tensile strength (Figure 3G) and similar tenacity (Figure 3H), of
which mechanical properties fell within the appropriate range
for vascular grafts (i.e., elastic modulus: 2-20 MPa, ultimate
tensile stress >2 MPa, and fracture strain >60%).2%>! Thus, the
differences in the composition and structure between electro-
spun PCL membrane and electrospun PCL/GelMA membrane
definitively resulted in their distinct morphological, physical
and biochemical properties, which might affect the attachment
and inducement of endothelial cells.
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2.4. Preparation of Shape-Morphing Scaffolds
with Seeded HUVECs

For achieving facile 3D endothelialization, HUVECs were
designed to be seeded onto the shape-morphing scaffolds at
their temporary shapes to allow sufficient cell attachment on
the 2D nanofibrous surface. The bilayer shape-morphing scaf-
folds adhered by chitosan exhibited excellent structural sta-
bility and integrity in the cell culture medium, making them
feasible for cell culture (Movie S3, Supporting Information).
At physiological temperature, the cell-laden scaffolds were
subsequently deformed their shapes into tubular shapes in a
programmed manner to achieve 3D organization of HUVECs
(Figure 4A). The shape-morphing scaffolds with different diam-
eters in the cell culture medium were found to well preserve
their temporary planar shapes at room temperature (25 °C)
(Figure 4B), therefore offering the convenience for cell seeding.
HUVECs were seeded onto the scaffolds by the dropwise of a
cell suspension onto the scaffolds at a certain cell seeding den-
sity (1 X 10° cells cm™2). The scaffolds with seeded HUVECs
were stored at room temperature (25 °C) for 24 h for suf
ficient cell attachment. To assess the spatial distribution of
cells onto the scaffolds, HUVECs were stained by Calcein AM
and visualized under a confocal laser scanning microscope
(CLSM), indicating 2D homogeneous organization of HUVECs
(Figure 4C). Subsequently, the cell-laden scaffolds were placed

Cell seeding

(B) Large-diameter scaffolds

adeys Aiesodwa)

adeys juaueuuad

Cell attachment

in a 37 °C incubator for the following cell culture, where they
were self-rolled and recovered their permanent tubular shapes
(Figure 4B). After the programmed deformation process, the
formation of a closed-hoop circle of the 3D arranged endothe-
lial cells was visible in a CLSM photograph with cells stained
by Calcein AM (Figure 4D), demonstrating successful construc-
tion of the shape-morphing scaffolds with seeded HUVECs
enabling programmed deformation from 2D planar shapes to
3D tubular shapes with predetermined diameters.

2.5. Cytocompatibility and Cell Adhesion
of Shape-Morphing Scaffolds

To investigate the cytocompatibility of the shape-morphing scaf-
folds with different inner function layers (i.e., electrospun PCL
membrane or electrospun PCL/GelMA membrane), HUVECs
seeded onto the scaffolds were stained by a LIVE/DEAD Via-
bility/Cytotoxicity Kit and visualized under a CLSM at preset
time points. After the programmed deformation process,
desirable cell viability was present for both types of scaffolds
(Figure 5A,B). However, their extents of cell adhesion status
were different. Many HUVECs on the scaffolds with an elec-
trospun PCL inner layer exhibited rounded shapes (Figure 5A),
implying unsatisfactory cell attachment and spreading com-
pared to the scaffolds with an electrospun PCL/GelMA inner

R

\

Programmed deformation

Small-diameter scaffolds

Figure 4. Preparation and shape memory properties of the shape-morphing scaffolds with seeded HUVECs. A) Schematic illustration of the prepara-
tion of the shape-morphing scaffolds with permanent tubular structure and 3D cell organization. HUVECs were seeded and well attached onto the
function layer of the shape-morphing scaffold at its temporary planner shape and room temperature, which was then deformed into a cell-laden tube
at physiological temperature due to the shape recovery of the shaping layer. B) Photographs showing the temporary planar shapes (at 25 °C cell culture
medium, immediately after cell seeding) and the permanent shapes (at 37 °C cell culture medium) of the shape-morphing scaffolds with different
diameters. Scale bar: 1 cm. C) A CLSM image showing the 2D organization of HUVECs (green color, stained by Calcein AM) cultured on the bilayer
scaffold at its temporary planar shape. D) A CLSM image showing the 3D tubular organization of HUVECs (green color, stained by Calcein AM) cul-
tured on the bilayer scaffold after the scaffold recovering its permanent tubular shape, with the top view inset showing the closed-hoop arrangement
of HUVECs after the programmed deformation of the shape-morphing scaffolds.
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Figure 5. Cytocompatibility and adhesion of HUVECs on the shape-morphing scaffolds with different inner layers. Merged fluorescent images with
live cells stained in green and dead cells stained in red, indicating the viability of HUVECs on the bilayer scaffolds with (A) an electrospun PCL inner
layer or (B) an electrospun PCL/GelMA inner layer immediately after the programmed deformation process (after cell seeding and 24 h cell culture).
C) Cell seeding efficiency of HUVECs cultured on the bilayer scaffolds with different inner layers. SEM images indicating distinct cell attachment and
cell confluence of HUVECs cultured on the bilayer scaffolds with (D) an electrospun PCL inner layer or (E) an electrospun PCL/GelMA inner layer after
3 d cell culture. F) The viability of HUVECs cultured on the bilayer scaffolds with different inner layers after different cell culture time periods. Results

are presented as mean * SE with *P < 0.05 and **P < 0.01.

layer (Figure 5B). Subsequently, HUVEC attachment on the
different shape-morphing scaffolds was statistically analyzed by
the determination of cell seeding density (cells cm™2) obtained
after the cell seeding and the programmed deformation pro-
cesses with respect to the density of HUVECs initially seeded
onto the scaffolds (1 x 10° cells cm™2). Results suggested that
HUVECs cultured on the shape-morphing scaffolds with a
nanofibrous PCL/GelMA inner layer enabled significant high
cell seeding efficiency and superior cell attachment (Figure 5C).
The growth and viability of HUVECs on the lumen of the
tubular scaffolds in the following culture periods were also
studied. After 3 d cell culture, HUVECs grown on the scaf-
folds with a nanofibrous PCL inner layer were still mainly in
rounded shapes (Figure 5D), while the majority of HUVECs
on the scaffolds with a nanofibrous PCL/GelMA inner layer
showed sufficiently spread and stretched cell morphologies
(Figure 5E), indicating improved cell adhesion and enhanced
cell confluence. The results validated the hypothesize that the
PCL/GelMA membrane with unique features (e.g., enhanced
hydrophilicity and abundant RGD sequences) favored endothe-
lial cell seeding and attachment. After 3 and 6 d of culture, the
viability of HUVECs were statistically analyzed using a live/
dead cell staining method. There was significant difference
in the cell viability between the scaffolds with an electrospun
PCL/GelMA inner layer and the control, though both scaf-
folds exhibited desirable cytocompatibility after 6 d cell culture
(Figure 5F). The higher cytocompatibility of the shape-mor-
phing scaffolds with an electrospun PCL/GelMA inner function
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layer suggested that they would be appropriate cell microenvi-
ronments for inducing endothelialization.

2.6. The Influences of Shape-Morphing Scaffolds with
Different Inner Function Layer on Endothelial Cell Function

To verify the inducements of shape-morphing scaffolds on
endothelial cell functions under the 3D cell culture condition,
the cytoskeleton development of HUVECs on different scaffolds
were determined by immunochemical staining at different
time points of cell culture. After 3 d of incubation, the initial
cell adhesion and cytoskeleton development of HUVECs on the
scaffolds with an electrospun PCL inner function layer or an
electrospun PCL/GelMA inner function layer were assessed. It
was found that HUVECs showed irregular shapes (Figure 6A),
which should be guided by the randomly oriented nanofibers of
the inner layer.2) HUVECs cultured on both scaffolds showed
high accumulation of centripetal organized F-actin (green) at
cell protrusions. However, vinculin(red) expression of HUVECs
on them exhibited obvious differences: vinculin was colocal-
ized with F-actin and expressed at a high level for the HUVECs
incubated on the scaffolds with an electrospun PCL/GelMA
inner layer while it was negligible in the control (Figure 6A),
revealing significant difference in the formation of focal adhe-
sion for HUVECs cultured on different scaffolds. There has
been increasing evidences supporting the clear relevance of the
initially focal adhesion formation to the subsequent endothelial

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

95U8017 SUOWWOD BAIER1ID 3(dedt dde 8y} Aq peusenob e ool YO 88N 0 S9|N1 o A%Iq1T BUIIUQ AB]IAN UO (SUONIPUOD-pUE-SLLIBYWOD A 1M Aleaq 1 putjuo//Sdiy) SUONIPUOD Pue Swie | 81 89S *[£202/20/50] Uo A%iqiauljuo A8)im *ABojouyds | peoueApy JO SeIniisu| usyzuays Aq /Z0TOSTOZ WiPe/Z00T OT/I0p/wod A |im Akeiqputjuo//sdny woly papeo|umod ‘62 ‘8TOZ ‘820E9TIT



ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

(A) Nucleus F-actin
o

(2]

-

]

o

3

o- . .
o

0

o

(2]

=

@

o

=

>

4

o

EY

o

o

]

(B) Nucleus F-actin

sployeds YINIRO/10d

Sploye9s 19d

www.afm-journal.de

Vinculin Merge

VE-cadherin Merge

Figure 6. Immunochemical staining of HUVECs incubated on the different types of shape-morphing scaffolds. A) CLSM images showing the nuclei
(blue) and the expression of F-actin (green) and vinculin (red) of HUVECs grown on the bilayer scaffolds with dn‘ferent inner layers after 3 d cell culture.
B) CLSM images showing the nuclei (blue) and the expression of F-actin (green) and VE-cadherin (red) of HUVECs grown on the bilayer scaffolds with

different inner layers after 6 d cell culture. Scale bar: 50 pm.

remodeling process.”’] The results thus suggested that the
shape-morphing scaffolds with a nanofibrous PCL/GelMA
inner function layer were capable of generating firm HUVEC
adhesion and cell-scaffold interaction, hence providing appro-
priate platforms for initial endothelial cell function induce-
ments. As for the scaffolds after 6 d incubation, high F-actin
deposition was present for the HUVECs grown on the both scaf-
folds (Figure 6B), showing enhanced cellular protrusion with
the prolonging incubation time. Behaviors of HUVECs on the
two types of scaffolds remained obviously different, particularly
in the cellular organization and cadherin expression. HUVECs
cultured on the shape-morphing scaffolds with an electrospun
PCL/GelMA inner function layer showed enhanced exten-
sion of cellular edge with highly stretched F-actin stress fibers
(green), indicating improved cellular migration and spreading
tendency. It was also interesting to note that HUVECs cultured
on the scaffolds with a nanofibrous PCL/GelMA inner function
layer generated strong cohesion and organization of the inter-
cellular junctions, which was revealed by the clear expression of
VE-Cadherins (red) at intracellular sites (Figure 6B). However,
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it was absent for the control. As proven previously, the forma-
tion of intracellular connection is essential for endothelial cells
to maintain cell-cell adhesion and communication, which sub-
sequently directs endothelial cell morphogenesis and guides
the development and integrity of confluent endothelial
monolayer.?®] The results obtained in the present investigation
therefore supported that the shape-morphing scaffolds with a
nanofibrous PCL/GelMA inner layer could facilitate desirable
intracellular connection and the following endothelialization
under the 3D cell culture condition.

3. Conclusion

In summary, novel programmed shape-morphing scaffolds by
combining shape memory polymers and electrospun nanofi-
brous membrane for facile 3D endothelialization are reported.
The shape-morphing scaffolds consisting of a shaping layer
and a function layer effectively achieve the programmed defor-
mation of the endothelial cell-laden scaffolds from temporary
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planar shapes to closed-hoop tubular shapes, simply facilitating
the spatial organization of endothelial cells from 2D to 3D.
Through varying the electrospun nanofibrous membrane of the
shape-morphing scaffolds employed, the behaviors and func-
tion of vascular endothelial cells under the 3D cell culture con-
dition are controlled accordingly. The shape-morphing scaffolds
with a nanofibrous PCL/GelMA inner function layer exhibit
desirable scaffold characteristics as 3D cell microenvironments
for supporting endothelial cell attachment and growth. By gen-
erating firm cell-scaffold interaction and cell-cell interaction,
3D endothelialization of the tubular scaffolds with appropriate
function layers and programmed deformation properties can be
effectively promoted. Our method presents a practical approach
for preparing small-diameter tubes with the potential to rap-
idly form confluent endothelial monolayer in vitro, implying
promises to make small-diameter vascular grafts with improved
endothelialization and to build biomimetic endothelium model
for drug screening. With the combination of shape memory
polymers and tissue engineering scaffolds, this method can be
simply extended to versatile methods for programmed defor-
mation of conventional cell-laden scaffolds into designated
3D structures on demand, thus paving an avenue to engineer
complex cell-scaffold constructs mimicking the complicated
anatomy of various human tissues and organs.

4. Experimental Section

Fabrication of Electrospun PCL Membranes and Electrospun PCL/GelMA
Membranes: For the electrospinning of PCL, a PCL solution was prepared
by dissolving 1.00 g PCL (average M, = 80 000, Sigma-Aldrich, USA) in
a 10.0 mL mixture solvent of dichloromethane and dimethyl formamide
at a volume ratio of 4:1. Resulting PCL solution was subjected to
electrospinning at an applied voltage of 15.0 kV and a solution feeding
rate of 2.5 mL h™" according to the previously described procedures.[?’)
Electrospun PCL membranes were collected on a grounded aluminum
foil film. As for the fabrication of electrospun PCL/GelMA membranes,
GelMA was first synthesized according to the established method.[!
In brief, 5.0 g porcine skin gelatin (type A, Sigma-Aldrich, USA) was
dissolved in 50 mL Dulbecco’s phosphate buffered saline (DPBS,
Sigma-Aldrich, USA) at 60 °C under vigorous stirring, followed by the
dropwise of 4.0 mL of methacrylic anhydride (Sigma-Aldrich, USA) for
3 h reaction. 200 mL DPBS was then added for stopping the reaction.
And the resulting solution was dialyzed by a dialysis tubing (molecular
weight cut off: 12-14 000, Spectrum, USA) against deionized water
for 1 week for purification. After freeze-drying for 4 d. resultant GelMA
was characterized by FTIR and then stored at —20 °C for further use.
A coelectrospinning of PCL/GelMA blend solution was subsequently
conducted, where the blend solution was prepared by dissolving
0.50 g PCL and 0.50 g GelMA solution in 10 mL hexafluoroisopropanol
(Sigma-Aldrich, USA). The coelectrospinning of PCL and GelMA was
performed similarly at the same processing parameters to the PCL
electrospinning. The collected electrospun PCL/GelMA membranes
were then treated by a photocrosslinking process, where the membranes
were immersed in an ethanol solution containing 1.00 g 2-hydroxy-40-(2-
hydroxyethoxy)-2-methylpropiophenone (photoinitiator, Irgacure 2959,
Sigma-Aldrich, USA) in the dark for 3 h, and subsequently exposed to
UV light for 15 min by using a UV irradiation system (BLX254, Vilber,
France). The crosslinked membranes were washed by ethanol and water
for three times, respectively. And as-prepared electrospun PCL/GelMA
membranes and electrospun PCL membranes were then freeze-dried for
4 d for completely removing residual solvents.

Fabrication of Shape-Morphing Scaffolds: 0.60 g PLATMC (with a molar
ratio of LATMC = 9:1 and an average molecular weight of 180 kDa,
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Jinan Daigang Ltd., China) was dissolved in 3.0 mL chloroform under
vigorous stirring. Resulting PLATMC solution was transferred into a
2 inch glass peri dish and placed at room temperature for 1 week for
the complete evaporation of solvent. A PLATMC film with a thickness
of =160 um was subsequently formed by a casting method. The
PLATMC film was then reshaped to tubular structure using a glass stick
as a template at an oven (80 °C) for 30 min. Due to the amorphous
nature of the PLATMC, the gradient increase in the temperature from
surface to interior during the heating process affected the degree of
molecular orientation, therefore resulting in anisotropic birefringence
and inhomogeneous transparency.’% The original shape of the shape
memory PLATMC material was therefore redetermined. Using different
diameters of the templated glass sticks, PLATMC tubes with different
inner diameters of =7 mm (termed large-diameter tube) and =3 mm
(termed small-diameter tube) were formed. The T, of PLATMC tubes
were determined by differential scanning calorimetry (DSC) using a
testing apparatus (Q20, TA Instruments, USA). The tests were performed
using specimens with a weight of about 50 mg: heating from —50 to
150 °C at a rate of 5 °C min™', holding the samples at 150 °C for 5 min,
cooling to —50 °C at a rate of 5 °C min~!, holding the samples at —50 °C
for 5 min, followed by a repeat heating from —50 to 150 °C at a rate
of 5 °C min~'. Curves demonstrating the heat flow with respect to the
temperature were plotted for T, determination. For combining PLATMC
tube and electrospun nanofibrous layer together, as-formed PLATMC
tube was deformed into its temporary planar shape and then adhered
with specific electrospun membrane by a chitosan adhesive layer, where
a chitosan solution (3% w/v, dissolved in a 2% v/v acetic acid aqueous
solution) with a high viscosity was used as the glue. As-formed bilayer
scaffolds consisting of a PLATMC layer and an electrospun layer were
treated by 0.01 m NaHCO; and PBS immersion, respectively, for the
complete removal of residual acetic acid. The shape memory behaviors
of the bilayer scaffolds, i.e., the retention of the temporary planar shapes
at room temperature (25 °C) and the shape recovery property to their
permanent tubular shapes at physiological temperature (37 °C), were
assessed and recorded by a digital camera (EOS Kiss X4, Canon, Japan).

Morphological and Structural Characterization: The structure of the
tubular bilayer shape-morphing scaffolds, as well as the morphologies
of the electrospun PCL membrane and the electrospun PCL/GelMA
membrane, were characterized. Specimens were freeze-dried and coated
with a thin gold layer by sputtering, then visualized under an SEM
(Sigma, Carl Zeiss, Germany).

Wettability Assessment: Static water contact angle measurements
on the electrospun PCL membrane and the electrospun PCL/GelMA
membrane were conducted for wettability assessment of each scaffold.
A contact angle measurement platform (DSA25, Kruss, Germany)
was utilized, where a 5.0 UL water droplet was placed onto the flat
membrane. The stabilized shape of the water droplet on the membrane
was recorded by a digital camera. The static water contact angle of each
membrane was statistically analyzed (N = 6).

Mechanical Property Test: Tensile tests were conducted for evaluating
the mechanical properties of the electrospun PCL membrane, the
electrospun PCL/GelMA membrane and the bilayer scaffolds, using a
universal testing machine (AG-X Plus 100N, Shimadzu, Japan) under the
American Society for Testing Materials test standard (ASTM C1557).531
In brief, the electrospun samples after 24 h PBS immersion treatment
for the sufficient swelling of GelMA hydrogel were suck by a filter paper
to remove excess water and then cut into stripes with a width of 0.50 cm
and a length of 1.50 cm. The thickness of each sample was measured
using a digital caliper. The stripe with known dimensions was then fixed
onto the holders of the testing machine and then stretched at a constant
tensile rate of 2 mm min~'. The loading force and the strain of the stripe
under tensile were recorded. The stress—strain curves of the electrospun
PCL membrane, electrospun PCL/GelMA membrane and the bilayer
scaffolds were then obtained, where their elastic modulus, ultimate
tensile strength and facture strain were subsequently statistically
analyzed (N = 6, Table S1, Supporting Information).

Cell Culture and Staining: Primary HUVECs (ScienCell, USA) were
cultured in a supplemented endothelial culture medium (ScienCell,
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USA) at a 37 °C and 5% CO, incubator with a humidified atmosphere.
HUVECs at passage 2 and passage 3 were trypsinized, to prepare
cell suspension with a cell density of about 5 x 106 cells mL™" for cell
seeding. HUVECs were seeded onto the sterilized shape-morphing
scaffolds with different diameters and different inner layers (i.e.,
electrospun PCL layer or electrospun PCL/GelMA layer) at their
temporary planar shapes through the dropwise of specific volume of
cell suspension on the scaffolds to attain a certain cell seeding density
of 1 x 10° cells cm™. The scaffolds with seeded HUVECs were placed
at room temperature for 24 h, aiming to allow cell attachment on the
2D scaffolds, which were subsequently put into the 37 °C incubator for
programmed deformation and further cell culture. The shape changes of
the HUVEC-laden scaffolds were recorded by a digital camera (EOS Kiss
X4, Canon, Japan) and a CLSM (TCS SP5, Leica, Germany) with HUVECs
stained by Calcein AM (working concentration: 2 x 107 wm, Invitrogen,
UK). The images were processed by the Imaris software.

Cell Viability and Cell Adhesion Assay: After HUVECs had been cultured
onto the shape-morphing scaffolds with an electrospun PCL inner
layer or an electrospun PCL/GelMA inner layer for 1, 3 and 6 d, the
viability of HUVECs on each scaffold were assessed using a LIVE/DEAD
Viability/Cytotoxicity Kit (Invitrogen, UK) for cell staining. HUVECs
on the scaffolds were immersed in a working solution containing
2 x 10° m Calcein AM and 4 x 10° m Ethidium homodimer-1 for
respectively labeling live cells (green color) and dead cells (red color) at
room temperature for 10 min and then washed by PBS for three times,
which were subsequently visualized under a CLSM (TCS SP5, Leica,
Germany). Cell seeding efficiency (E;) onto the bilayer scaffolds with
different inner layers (N = 6) were determined by the ratio of the initial
density of seeded cells (Do, 1 x 10° cells cm™) to the density of HUVECs
on the scaffolds after 1 d cell culture (D;, assessed at a square range of
300 um x 300 um) according to Equation 1

E;=D;/Dgy (1)

Cell viability on different scaffolds was statistically analyzed (N > 3) at
preset time points (day 3 and day 6). After 3 d cell culture, cell adhesion
status on the different scaffolds were characterized by SEM. Cell-laden
samples for SEM observation were first washed by PBS for three times
and then fixed by a glutaraldehyde (3.0% v/v) aqueous solution for
3 h, which were then treated by ethanol aqueous solutions with gradient
concentrations (30%, 50%, 75%, 80%, 95%, 100%, v/v). The treated
samples were completely dried using a critical point dryer (Autosamdri-
815B, bbe Moldaenke, Germany), and then coated with a thin layer of
gold by sputtering, which were subsequently visualized under an SEM
(Sigma, Carl Zeiss, Germany) for cell morphology and cell confluence
characterizations.

Immunochemical Staining: HUVECs were cultured on the shape-
morphing scaffolds with an electrospun PCL inner layer or an
electrospun PCL/GelMA inner layer for 3 and 6 d. After 3 d cell culture,
the cell culture medium was removed. And the cell-laden scaffolds were
washed by PBS for three times and fixed by a 4% v/v paraformaldehyde
PBS solution for 10 min at room temperature. The samples after cell
fixation were then permeabilized by a 0.5% v/v Triton-X-100 PBS
solution for 5 min and subsequently treated by a blocking solution (PBS
containing 10% v/v normal goat serum, 1% w/v bovine serum albumin,
0.1% v/v Tween 20 and 0.3 m glycine) for 1 h at room temperature.
The treated samples were then incubated with rabbit monoclonal
[EPR8185] to vinculin (Alexa Fluor 647) (ab196579, Abcam, USA) at a
1/100 dilution and Alexa Fluor 488 Phalloidin (A12379, Invitrogen, UK)
at a concentration of 1 unit per sample in the dark at 4 °C overnight,
followed by the staining of cell nucleus by 4’,6-diamidino-2-phenylindole
(DAPI, D1306, Invitrogen, UK) at a concentration of 50 ftig mL™" in the
absence of light at room temperature for 30 min. After 3 d cell culture
and cell staining, each of cell-laden scaffold was separately observed
under a CLSM (TCS SP5, Leica, Germany) before washed six times with
PBS. Cell nucleus and the expression of F-actin and vinculin of HUVECs
cultured on different shape-morphing scaffolds were visualized. After 6
d of culture, the shape-morphing scaffolds with incubated HUVECs were
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separately washed, fixed, permeabilized and blocked according to the
previously described methods. The treated scaffolds were then incubated
with 1 ug mL™" Anti-VE Cadherin antibody (ab33168, Abcam, USA) and
1 unit per sample Alexa Fluor 488 Phalloidin (A12379, Invitrogen, UK)
in the absence of light at 4 °C overnight, followed by the addition of
50 ug mL™' DAPI (D1306, Invitrogen, UK) and 1 pug mL™' secondary
goat antirabbit |gG Alexa Fluor 647 (ab150079, Abcam, USA) in the dark
at room temperature for 30 min. After cell staining, the samples were
washed with PBS for six times, and then visualized under a CLSM (TCS
SPS, Leica, Germany) for characterizing the expression of F-actin and
cadherins of HUVECs on different scaffolds after 6 d cell culture.

Statistical Analysis: The statistical results were expressed as mean *
standard deviation. Statistical analysis was performed using analysis of
variance with a Student’s t-test.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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