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ABSTRACT: The formation of complete and well-function-
ing endothelium is critical for the success of tissue-engineered
vascular grafts yet remaining a fundamental challenge.
Endothelium remodeling onto the lumen of tissue-engineered
vascular grafts is affected by their topographical, mechanical,
and biochemical characteristics. For meeting multiple require-
ments, composite strategies have recently emerged for
fabricating hybrid scaffolds, where the integrated properties
are tuned by varying their compositions. However, the
underlying principle how the integrated properties of hybrid
scaffolds regulate vascular endothelium remodeling remains
unclear. To uncover the regulation effects of hybrid scaffolds
on vascular endothelium remodeling, we prepared different
biomimetic hybrid scaffolds using gelatin methacrylamide (GelMA) and poly-ε-caprolactone (PCL) and then investigated
vascular endothelial cell responses on them. GelMA and PCL, respectively, conferred the resulting scaffolds with biomimetic
bioactivity and mechanical properties, which were tuned by varying GelMA/PCL mass ratios (3:1, 1:1, or 1:3). On different
GelMA/PCL hybrid scaffolds, distinct vascular endothelial cell responses were observed. Firm cell−scaffold/cell−cell
interactions were rapidly established on the hybrid scaffolds with the highest mass ratio of bioactive GelMA. However, they
were mechanically insufficient as vascular grafts. On the contrary, the scaffolds with the highest mass ratio of PCL showed
significantly reinforced mechanical properties but poor biological performance. Between the two extremes, the scaffolds with the
same GelMA/PCL mass ratio balanced the pros and cons of two materials. Therefore, they could meet the mechanical
requirements of vascular grafts and support the early-stage vascular endothelial cell remodeling by appropriate biological
signaling and mechanotransduction. This investigation experimentally proves that scaffold bioactivity is the dominant factor
affecting vascular endothelial cell adhesion and remodeling, whereas mechanical properties are crucial factors for the integrity of
endothelium. This work offers a universal design strategy for desirable vascular grafts for improved endothelium remodeling.

KEYWORDS: electrospinning, biomimetic hybrid scaffolds, gelatin methacrylamide, endothelium remodeling,
vascular tissue engineering

■ INTRODUCTION

Tissue-engineered vascular grafts hold great promise for the
replacement or bypass of damaged/pathological blood vessels
in cardiovascular disease,1,2 which is now the primary threat to
human health globally. Endothelium remodeling is key to the
success of vascular grafts, while an inappropriate process may
lead to pathological clots (thrombosis) or progressive
occlusion (stenosis).3,4 Despite extensive studies, endothelium
remodeling remains a fundamental challenge for vascular
grafts,5 which is the major hurdle for clinical applications. The
in vivo endothelium remodeling process is directed by
endothelial cell niche, particularly endothelial extracellular
matrix (ECM). As vascular endothelium is a confluent

monolayer of vascular endothelial cells onto the lumen of
blood vessels, vascular endothelial cell responses with specific
cell−ECM and cell−cell interactions therefore play crucial
roles in vascular endothelium remodeling.6 Vascular grafts, as
artificial endothelial ECM, should therefore possess features
similar to the native endothelial ECM, including biomimetic
topographical cues, suitable mechanotransduction, and bio-
logical signaling, for guiding vascular endothelial cell behaviors
and functions.7
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Electrospinning is a popular technique for fabricating
vascular grafts due to its ease to form scaffolds with
nanofibrous topography closely resembling the architecture
of ECM.8,9 Both biodegradable synthetic polymers and
naturally derived materials have been widely employed in the
preparations of electrospun vascular grafts,10−13 where the in
situ endothelialization performances mainly depend on the
properties of the materials used. For electrospun vascular
grafts, physicochemical properties and bioactivity are dominant
factors affecting their performance for endothelium remodel-
ing.8 In view of the fact that electrospun hydrogel scaffolds
exhibit high water content and excellent water permeability
resembling the physiochemical properties of ECM,14,15 as well
as biomimetic nanofibrous architecture,16,17 they could be
potentially excellent candidates for promoting endothelium
remodeling. Particularly, the nanofibrous hydrogel scaffolds
made of a photo-cross-linkable naturally derived gelatin
methacrylamide (GelMA) have showed superior bioactivity
and cell infiltrative properties due to the fact that they contain
both the arginine−glycine−aspartic acid (RGD) domain for
integrin-mediated cell adhesion and the matrix metalloprotei-
nase (MMP)-sensitive degradation sites for cell-mediated
degradation.18−20 This greatly facilitates cell ingrowth and
the formation of tissuelike cell-laden constructs for regener-
ative medicine.21,22 Furthermore, compared to other chemi-
cally cross-linked electrospun gelatin scaffolds,23,24 the electro-
spun GelMA scaffolds by photo-cross-linking display better
preserved nanofibrous architecture with good structural
stability at aqueous environment and negligible cytotoxicity.
However, electrospun GelMA hydrogel scaffolds, restricted by
the inherent nature of gelatin,25 cannot meet the mechanical
requirements (i.e., desirable elasticity, strength, and toughness)
of vascular grafts. Since there is evidenced correlation between
mechanotransduction and cell−scaffold/cell−cell interactions
for endothelium remodeling,26 strategies for the reinforce-
ments of mechanical properties were hence necessary for these
hydrogel scaffolds to confer enhanced potential for endothe-
lium remodeling.
Composite strategies are simple but effective in manufactur-

ing mechanically reinforced hybrid scaffolds.27 Desirable
mechanical properties (i.e., relatively low modulus but high
toughness) of poly(ε-caprolactone) (PCL), which have been
verified to favor endothelial cell spreading and to display
suitable compliance with host vascular tissues compared to
conventional synthetic polymers (e.g., expanded poly-
(tetrafluoroethylene)),28,29 have made it a suitable candidate
for the reinforcement of the electrospun hydrogel scaffolds
with insufficient mechanical properties as vascular grafts.30−32

By integrating a synthetic polymer (e.g., PCL) that lacks
bioactive sites for cell binding with a naturally derived material
(e.g., GelMA) of insufficient mechanical properties, the
integrated properties of the resulting hybrid scaffolds for
endothelium remodeling become tunable by varying the
compositions. In general, mechanical reinforcement of hybrid
scaffolds may lead to declined bioactivity. However, the
underlying principle of the effect of hybrid scaffold properties
on endothelium remodeling has not been revealed, resulting in
difficulties and sometimes controversies in the design and
development of hybrid vascular grafts.
In this investigation, hybrid scaffolds were fabricated by

blend electrospinning and photo-cross-linking using GelMA
and PCL, which respectively acted as the “adhesion domain”
and “elastic domain” of the nanofibrous scaffolds for obtaining

the biomimetic features, including appropriate bioactivity and
mechanical properties (Figure 1). The morphology, wett-

ability, water retention capability, elastic properties, and in
vitro degradation behaviors of the hybrid scaffolds were
characterized, showing tuned properties by varying the
GelMA/PCL mass ratios. To elucidate the regulation effects
of the tuned properties of the hybrid scaffolds on endothelium
remodeling, the focal adhesion and cell−cell junction among
vascular endothelial cells, as two essential processes during
vascular endothelium remodeling,6 on the different hybrid
scaffolds were assessed, exhibiting distinct cell−scaffold/cell−
cell interactions. This study revealed the influences of scaffold
properties, particularly bioactivity and mechanical properties,
on the behaviors and functions of vascular endothelial cells
during vascular endothelium remodeling, which would enable
important design rationale for the hybrid vascular scaffolds
with optimized integrated properties for vascular tissue
engineering.

■ EXPERIMENTAL SECTION
Materials. PCL (average Mn = 80 000), gelatin (type B, sourced

from porcine skin, bloom strength: 300 g), Dulbecco’s phosphate-
buffered saline (DPBS, pH = 7.4), hexafluoroisopropanol (HFIP),
methacrylic anhydride (MA), 2-hydroxy-4′-(2-hydroxyethoxy)-2-
methylpropiophenone (photoinitiator, Irgacure 2959), and bovine
serum albumin were purchased from Sigma-Aldrich. Other solvents
and chemicals of analytical grade were products of Sinopharm
Chemical Reagent, Co., Ltd., China. Dialysis tubing (molecular
weight cutoff: 12−14 000) was obtained from Spectrum Laboratories,
Inc. Deionized (DI) water was supplied by a water purification system
(PURELAB flex 1 & 2, ELGA LabWater). Dyes for immunochemical
staining of cells were all purchased from Abcam, which were diluted
and stored at −20 °C according to the manufacturer’s protocol.

Figure 1. GelMA/PCL hybrid scaffolds with different GelMA/PCL
mass ratios (3:1, 1:1, or 1:3) fabricated by blend electrospinning and
photo-cross-linking. Hybrid scaffolds consisting of fibers with elastic
domains (PCL) and adhesion domains (GelMA) at varying ratios
potentially cause different influences on endothelial cell behaviors and
functions.
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Synthesis of GelMA. GelMA was synthesized by grafting MA on
gelatin according to the established method.18 Specifically, the
reaction was performed by the addition of MA (4.0 mL) into a
gelatin/DPBS solution (5.0 g of gelatin dissolved in 50 mL of DPBS)
and maintained at 60 °C under vigorous stirring for 3 h. The reaction
was then terminated by dilution of 200 mL of DPBS. The resulting
solution was dialyzed against DI water through a dialysis tubing for 1
week, where potentially cytotoxic impurities (such as unreacted MA
and methacrylic acid byproducts) could be removed. Finally, the
dialyzed solution was freeze-dried to obtain GelMA products. The
structure of GelMA was characterized by a Fourier transform infrared
(FTIR) spectrometer (IRAffinity-1S, Shimadzu, Japan). As-synthe-
sized GelMA was stored at −20 °C for further use.
Fabrication of GelMA/PCL Hybrid Scaffolds. An electro-

spinning platform (Figure 1) consisting of a high-voltage power
supply (DW-P303, Tianjin Dongwen, Ltd., China), a grounded
collector covered by an aluminum foil, and a syringe filled with
GelMA/PCL blend solution and driven by a syringe pump (LSP01-
1A/2A, Longer Precision Pump Co., Ltd., China) was employed for
the fabrication of GelMA/PCL hybrid scaffolds,33 where GelMA/PCL
mixture solutions with the same concentration of 10% (w/v) were
prepared by dissolving GelMA and PCL with different mass ratios
(i.e., 3:1, 1:1, and 1:3 by mass) in HFIP under vigorous stirring. The
electrospinning was conducted at a solution feeding rate of 2.50 mL/
h, an applied voltage of 15.0 kV, and a working distance of 20 cm.
Each of the scaffold was collected on the aluminum foil after 2 h
electrospinning. The electrospun scaffolds were then photo-cross-
linked, through immersing in a photoinitiator-containing ethanol
solution with a photoinitiator concentration of 10% (w/v) for 3 h and
subsequent exposure to UV light for 15 min in a UV irradiation
system (BLX254, Vilber, France). As-treated scaffolds were washed by
DI water for removing the residual photoinitiator and then freeze-
dried. The resulting hybrid scaffolds with different GelMA/PCL mass
ratios were named as GelMA/PCL (3:1) scaffolds, GelMA/PCL
(1:1) scaffolds, and GelMA/PCL (1:3) scaffolds. They were then
characterized by an FTIR spectrometer and a scanning electron
microscope (SEM, Sigma, Carl Zeiss, Germany). For verifying the
successful cross-linking of GelMA, the resulting hybrid scaffolds were
immersed in water for 24 h, which were then freeze-dried and
observed by SEM. The average fiber diameters of different types of
hybrid scaffolds before and after the water immersion treatments were
statistically analyzed and compared by the Image J software from the
SEM images captured at three different areas of each sample.
Water Contact Angle and Water Retention Capability

Measurements. The surface wettability of different GelMA/PCL
hybrid scaffolds was assessed through static water contact angle
measurements performed on a contact angle measurement platform
(DSA25, Kruss, Germany). The stabilized shape of a water droplet
with a volume of 5.0 μL on the surface of each flat sample was
recorded by a digital camera after the water droplet was placed for 10
s. The measurements for each type of scaffolds were conducted six
times, where their static water contact angles were statistically
analyzed. To evaluate the water retention capability of different types
of scaffolds, the initial weight of the scaffolds (W0) and the weight of
the scaffolds after 24 h water immersion was respectively recorded.
The immersed scaffolds were then stored at room temperature under
air atmosphere (humidity: 50−70%). And the weight of air-dried
scaffolds (Wt) was measured at preset time point t. The water
retention rate at the time point t was calculated according to the
equation as follows

= − ×W W Wwater retention rate ( )/ 100%t 0 0 (1)

The curves demonstrating the changes of the water retention rate of
different types of hybrid scaffolds over time were plotted.
Mechanical Characterization. The mechanical properties of

different hybrid scaffolds were characterized by tensile test performed
on a universal testing machine (AG-X Plus 100N, Shimadzu, Japan)
according to the American Society for Testing Materials test standard
(ASTM C1557).34 The electrospun sample used for tensile test was
cut into a stripe with a width of 0.50 cm and a length of 2.00 cm, and

the thickness of each sample was measured by a digital caliper. After
fixed on the holders of the universal testing machine, the sample was
stretched at a constant tensile rate of 2 mm/min, where the loading
force and the length of the sample under tensile were recorded.
Accordingly, stress−strain curve of each sample was plotted. And the
mechanical properties (e.g., elastic modulus, ultimate tensile strength,
and fracture strain) of different types of hybrid scaffolds were
statistically analyzed (N = 6).

Degradation Test. The in vitro degradation behaviors of the
hybrid scaffolds were evaluated through degradation test, where the
preweighed scaffolds were immersed in PBS (pH = 7.4) with
supplemented 0.02 U/mL collagenase at a thermostated shaking
water bath (37 °C) over a period of 4 weeks. The immersion medium
was refreshed every 3 days. At preset time points, the immersed
scaffolds were collected, washed by DI water for three times, and then
freeze-dried. The initial weight of the sample (M0) and the residual
weight of the immersed sample (Mt) collected at the time point t were
recorded. The weight loss of the sample at certain time point t was
calculated according to the equation as follows

= − ×M M Mweight loss ( )/ 100%t0 0 (2)

Statistical analyses (N = 6) on the weight loss of each type of hybrid
scaffolds were conducted, demonstrating their different in vitro
degradation behaviors.

Cell Culture. Primary human umbilical vein endothelial cells
(HUVECs) were obtained from ScienCell, which were cultured in an
endothelial culture medium (ScienCell) with supplemented 5% (v/v)
fetal bovine serum, 1% (v/v) endothelial cell growth factor solution,
and 1% (v/v) antibiotics at a 37 °C incubator with 5% CO2,
humidified atmosphere. HUVECs at passage 2 and passage 3 with
70% cell confluence were trypsinized for cell seeding. And the hybrid
scaffolds for cell seeding were cut into squares with a size of 1 × 1 cm2

and then presterilized by exposure to UV light overnight. HUVECs
were seeded onto the scaffolds at a cell seeding density of 1 × 103

cells/cm2 in a 12-well plate (Corning) with the supplemented
endothelial culture medium, which were then maintained in a 37 °C
incubator with 5% CO2, humidified atmosphere for the following cell
culture.

Cell Morphology Assessment. The morphologies of HUVECs
on different hybrid scaffolds after 1 day incubation were visualized by
SEM. The cell-laden scaffolds for SEM observation were washed by
PBS for three times and then fixed by a 3.0% (v/v) glutaraldehyde
aqueous solution for 3 h. The fixed samples were subsequently
dehydrated by a series of ethanol aqueous solution with increasing
ethanol concentration gradients (30, 50, 75, 80, 95, 100%, v/v), which
were then completely dried in a critical point dryer (Autosamdri-
815B, bbe Moldaenke, Germany) for SEM examination.

Immunochemical Staining. The cytoskeleton organization and
cell−cell interaction of HUVECs on the different types of hybrid
scaffolds after 3 days and 7 days of culture were respectively analyzed
through immunochemical staining. Cell-laden samples for immuno-
chemical staining were first washed by PBS for three times. HUVECs
were then fixed by a 4% (v/v) paraformaldehyde PBS solution for 10
min, permeabilized by a 0.5% (v/v) Triton-X-100 PBS solution for 5
min, and subsequently blocked by supplemented PBS (with additions
of 10% (v/v) normal goat serum, 1% (w/v) bovine serum albumin,
and 0.1% (v/v) Tween 20) and 0.3 M glycine for 1 h at room
temperature. The samples after 3 day cell culture and the treatments
were incubated with Alexa Fluor 647 rabbit monoclonal to vinculin at
a 1/100 dilution and Alexa Fluor 488 Phalloidin at a concentration of
1 unit/sample in the dark at 4 °C overnight, followed by the
incubation with 4′,6-diamidino-2-phenylindole (DAPI) at a concen-
tration of 50 μg/mL in the absence of light at room temperature for
30 min. The stained samples were washed by PBS for six times and
then visualized by a confocal laser scanning microscope (TCS SP5,
Leica, Germany). The cell-laden samples after 7 day cell culture and
the abovementioned pretreatments were then stained by Alexa Fluor
488 Phalloidin and 1 μg/mL of rabbit polyclonal to vascular
endothelial cadherin (VE-cadherin) in the absence of light at 4 °C
overnight, and subsequently incubated with 50 μg/mL of DAPI and 1
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μg/mL of Alexa Fluor 647 secondary goat anti-rabbit lgG in the dark
at room temperature for 30 min. The stained samples were washed
and visualized by a confocal laser scanning microscope (TCS SP5,
Leica, Germany) too. The cell confluence of HUVECs on the
different types of scaffolds after 3 days and 7 days of culture was
separately analyzed by the Image J software from the confocal laser
scanning microscopy images captured at six different areas of each
sample.
Statistical Analysis. All quantitative results were expressed as

mean ± standard deviation. Statistical analysis was performed using
analysis of variance followed by a Student’s t test. P < 0.05 (*) and P
< 0.01 (**) accepted as statistically significant and nonsignificant
represented that there is no statistically significant difference.

■ RESULTS
Formation of GelMA/PCL Hybrid Nanofibrous Scaf-

folds. GelMA was first successfully synthesized, where the
structure of GelMA was examined by FTIR spectra (Figure
S1). The GelMA characteristic absorption appeared at 1640
and 1540 cm−1, attributed to the overlap of the vibration
between the amide I group of gelatin and the CC bond in
the methacrylic groups and the vibration of the amide II group

in the backbone of GelMA, respectively.35 After blend
electrospinning and photo-cross-linking, the structures of the
hybrid scaffolds with different GelMA/PCL mass ratios were
characterized by FTIR too (Figure S1), where electrospun
PCL scaffolds fabricated by the established method36 were set
as control. The FTIR spectrum of PCL showed the intensive
characteristic band at 1740 cm−1 attributed to the stretching of
CO bond in ester groups that was abundant in the structure
of PCL,37 which also appeared in the spectra of the GelMA/
PCL hybrid scaffolds. Meanwhile, the characteristic bands of
GelMA (1640 and 1540 cm−1) were observed in the FTIR
spectra of hybrid scaffolds, revealing the successful integration
of GelMA and PCL. Moreover, the relative intensity between
the absorption peak at 1740 cm−1 and those at 1640 and 1540
cm−1 in the FTIR spectra of the different hybrid scaffolds were
changed, in which tendency was in accordance with the varying
mass ratio gradients between PCL and GelMA in these hybrid
scaffolds.
The morphologies of the hybrid scaffolds fabricated by blend

electrospinning and photo-cross-linking were characterized by
SEM, demonstrating similar nanofibrous architecture in all of

Figure 2. Morphology of GelMA/PCL hybrid scaffolds after photo-cross-linking (A−C) and after 24 h water immersion treatments (D−F).
GelMA/PCL (3:1) scaffolds (A, D), GelMA/PCL (1:1) scaffolds (B, E), and GelMA/PCL (1:3) scaffolds (C, F). Scale bar: 2 μm.

Figure 3. Surface wettability (A) and water retention capability (B) of GelMA/PCL hybrid scaffolds with different GelMA/PCL mass ratios (3:1,
1:1, or 1:3).
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the three types of hybrid scaffolds (Figure 2A−C). Nanofibers
in these scaffolds were randomly oriented, with average fiber
diameters of 183 ± 68 nm (GelMA/PCL (3:1) scaffolds), 129
± 27 nm (GelMA/PCL (1:1) scaffolds), and 117 ± 25 nm
(GelMA/PCL (1:3) scaffolds), respectively. The average fiber
diameter decreased gradually with the increase of PCL ratio in
the hybrid scaffolds. Although there is significant difference in
the average fiber diameter between the GelMA/PCL (3:1)
scaffolds and the GelMA/PCL (1:1) scaffolds, the average fiber
diameter showed no statistically significant difference between
the GelMA/PCL (1:1) scaffolds and the GelMA/PCL (1:3)
scaffolds (Figure S2). As-spun hybrid scaffolds were sub-
sequently treated by water immersion. The nanofibrous
architectures of the scaffolds upon 24 h water immersion
treatments were well retained (Figure 2D−F), demonstrating
successful photo-cross-linking of GelMA in the hybrid
scaffolds, where their average fiber diameters (GelMA/PCL
(3:1) scaffolds: 162 ± 59 nm, GelMA/PCL (1:1) scaffolds:
114 ± 31 nm, and GelMA/PCL (1:3) scaffolds: 111 ± 28 nm,
respectively) showed no statistically significant difference
compared to the groups before the treatments (Figure S2).
Well-preserved nanofibrous architecture of the hybrid scaffolds
in the aqueous environment could therefore offer biomimetic
structural cues to vascular endothelial cells.8

Wettability and Water Retention Capability. Water
contact angle measurements were conducted for assessing the

wettability of different hybrid scaffolds. With the increase of
PCL ratio in the hybrid scaffolds, the wettability of the hybrid
scaffolds obviously declined, with statistically very significant
difference among different groups (Figure 3A). The surface of
the GelMA/PCL (3:1) scaffolds could be nearly completely
soaked with a water contact angle of 8.0 ± 1.1°. In comparison,
the GelMA/PCL (1:1) scaffolds and the GelMA/PCL (1:3)
scaffolds possessed decreased hydrophilic features with water
contact angles of 35.9 ± 3.0 and 61.3 ± 4.1°, respectively. As
an important feature of hydrogel, the water retention capability
of the hybrid scaffolds was assessed through measuring the loss
of absorbed water from the scaffolds in air at room
temperature over time (Figure 3B). High water absorption
was accomplished by the GelMA/PCL (3:1) scaffolds with an
initial water absorption rate of 393 ± 33%. With the increase of
PCL ratio in the hybrid scaffolds, the water absorption
capability substantially decreased. However, they could still
absorb more than one-time amount of water of their dry
weights, where the GelMA/PCL (1:1) scaffolds and the
GelMA/PCL (1:3) scaffolds exhibited initial water absorption
rates of 261 ± 21 and 130 ± 14%, respectively. After 5 day air
drying, the hybrid scaffolds with varying GelMA/PCL ratios
showed similar trends of steady water loss. The water retention
rates at day 5 were 225 ± 15% (GelMA/PCL (3:1) scaffolds),
151 ± 14% (GelMA/PCL (1:1) scaffolds), and 77 ± 6%
(GelMA/PCL (1:3) scaffolds). More than half amount of the

Figure 4. Mechanical properties of GelMA/PCL hybrid scaffolds with different GelMA/PCL mass ratios (3:1, 1:1, or 1:3). Tensile curves with the
inset showing the strain−stress curves of the scaffolds upon tensile at the initial stage (A), elastic modulus (B), fracture strain (C), and ultimate
tensile stress (D) of GelMA/PCL hybrid scaffolds with different GelMA/PCL mass ratios (3:1, 1:1, or 1:3).
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initially absorbed water was retained in all of the groups after
the treatment, demonstrating good water retention abilities of
the hybrid scaffolds.
Mechanical Properties. The mechanical properties,

including elastic modulus, toughness, and strength of different
hybrid scaffolds, were evaluated by tensile tests and statistical
analyses (Figure 4). All of the hybrid scaffolds displayed typical
viscoelastic characteristics (Figure 4A), demonstrating the
elastic moduli of 11.8 ± 2.8 MPa (GelMA/PCL (3:1)
scaffolds), 9.9 ± 1.4 MPa (GelMA/PCL (1:1) scaffolds),
and 6.3 ± 0.6 MPa (GelMA/PCL (1:3) scaffolds). The elastic
modulus of the hybrid scaffolds was found to decrease with the
increasing PCL ratio (Figure 4B). However, both the strength
and the toughness of the hybrid scaffolds were reinforced by
increasing PCL incorporation. The fracture strain for the
hybrid scaffolds hugely increased from 40.2 ± 7.6 to 269.1 ±
22.7% when the GelMA/PCL ratios decreased from 3:1 to 1:1
(Figure 4C). Accordingly, their ultimate tensile strength
significantly increased more than 50%, from 1.9 ± 0.1 MPa
(GelMA/PCL (3:1) scaffolds) to 2.9 ± 0.4 MPa (GelMA/
PCL (1:1) scaffolds) (Figure 4D). In addition, it was
interesting to note that for the GelMA/PCL (1:1) scaffolds
and the GelMA/PCL (1:3) scaffolds (with the fracture strain
of 277.6 ± 16.0% and the ultimate tensile strength of 3.1 ± 0.3
MPa), the effects to further increase the PCL ratio in the
hybrid scaffolds on the mechanical reinforcements (e.g.,
toughness and strength) were not obvious (Figure 4C,D).
Although the GelMA/PCL (3:1) scaffolds were relatively easy
to be broken upon elongation, both the GelMA/PCL (1:1)
scaffolds and the GelMA/PCL (1:3) scaffolds were supposed
to be able to meet the mechanical requirements of vascular
grafts (i.e., elastic modulus: 2−20 MPa, ultimate tensile stress
> 2 MPa, and fracture strain > 60%).8

Degradation. The mass loss of each type of hybrid
scaffolds upon the collagenase-supplemented PBS immersion
treatment was determined for investigating the degradation
behaviors. GelMA, in the hybrid scaffolds, was degraded by the
collagenase owing to the presence of MMP-sensitive sites.16

And PCL was degraded due to the hydrolysis of ester linkages
in the backbone.38 The mass losses of the hybrid scaffolds over
the immersion time gradually increased, displaying relatively
steady degradation rates in all of the three groups (Figure 5).
However, the degradation rates among different hybrid
scaffolds were statistically significantly different. Owing to
relatively slow degradation rate of PCL, the hybrid scaffolds
with higher mass ratios of PCL exhibited slower degradation
behaviors, where the weight losses of the hybrid scaffolds after
4 weeks of immersion treatments were 55.6 ± 6.8% (GelMA/
PCL (3:1) scaffolds), 34.1 ± 5.5% (GelMA/PCL (1:1)
scaffolds), and 18.9 ± 2.3% (GelMA/PCL (1:3) scaffolds),
respectively. As the immersion treatment and degradation may
also lead to the swelling of polymer fibers and the change of
fibrous structure, the morphologies of the hybrid scaffolds
upon the 4 week immersion treatment were also examined
(Figure 5). With the rapid degradation of the high ratio of
GelMA, the nanofibrous architecture of the immersed GelMA/
PCL (3:1) scaffolds disappeared (Figure 5). In comparison,
though fiber diameters slightly increased compared to those of
untreated scaffolds with the swelling of polymer fibers upon
immersion, fibrous architectures were mainly retained in the
GelMA/PCL (1:1) scaffolds (Figure 5) and GelMA/PCL
(1:3) scaffolds (Figure 5) after the 4 week immersion
treatments, which should be meaningful to provide constantly

the biomimetic three-dimensional (3D) nanofibrous structure
for vascular endothelial cell adhesion and growth.5

HUVEC Behaviors. To investigate the morphology and
spreading of HUVECs on the hybrid scaffolds with varying
GelMA/PCL ratios, SEM examinations were performed after 1
day incubation, showing distinct cell areas among different
groups (Figure 6A−C). HUVECs were sufficiently spread and
stretched with expanding cell areas on the GelMA/PCL (3:1)
scaffolds (Figure 6A). However, the areas of HUVECs on the
hybrid scaffolds with increasing PCL ratios decreased
accordingly, where some of them displayed rounded cellular
shapes (Figure 6B,C). The results implied better performance
of the GelMA/PCL (3:1) scaffolds on the initial cell adhesion
than those on the GelMA/PCL (1:1) scaffolds and the
GelMA/PCL (1:3) scaffolds. Results of immunochemical
assessments at day 3 further supported that firm focal adhesion
was generated at the interface between the HUVECs and the
GelMA/PCL (3:1) scaffolds, where the expression of vinculin,
a key adhesion protein in the cell−ECM/cell−scaffold
interactions,39 was highest in this group (Figure 6D). For
the HUVECs on the GelMA/PCL (1:1) scaffolds after 3 days
of incubation, they also exhibited expanding cell areas and
obvious accumulation of randomly organized F-actin, as well as
slightly lower expression of co-localized vinculin than that on
the GelMA/PCL (3:1) scaffolds (Figure 6E). In comparison,
though HUVECs displayed stretched cell morphologies with
clear F-actin deposition on the GelMA/PCL (1:3) scaffolds at
day 3, vinculin expression in this group was few (Figure 6F),
inferring weak cell adhesion on them in the initial stage.
After 7 days of incubation, HUVEC behaviors, particularly

cytoskeleton development and intercellular junction, on the
different hybrid scaffolds were also investigated by immuno-
chemical staining. The depositions of high-stress F-actin were
present in all of the three groups (Figure 7), revealing the
similar sufficient cytoskeleton development of HUVECs.
However, HUVECs cultured on the GelMA/PCL (3:1)
scaffolds (Figure 7A) and the GelMA/PCL (1:1) scaffolds
(Figure 7B) exhibited sufficiently stretched and expanding cell
morphologies, whereas small cell areas and spindle cell
morphology were present for the HUVECs grown on the
GelMA/PCL (1:3) scaffolds (Figure 7C). And importantly,

Figure 5. In vitro degradation behaviors of different GelMA/PCL
hybrid scaffolds with different GelMA/PCL mass ratios (3:1, 1:1, or
1:3) over the 4 week PBS immersion treatments with insets showing
the morphologies of the scaffolds after the 4 week PBS immersion
treatments. Scale bar: 2 μm.
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majority of HUVECs formed well-contact intracellular
junctions on the GelMA/PCL (3:1) scaffolds (Figure 7A)
and GelMA/PCL (1:1) scaffolds (Figure 7B). Nevertheless,
HUVECs on the GelMA/PCL (1:3) scaffolds were mainly
isolated after 7 days of incubation (Figure 7C). As an
important protein marker to intercellular junction, VE-
cadherin was expressed at a high level for the HUVECs
cultured on both the GelMA/PCL (3:1) scaffolds (Figure 7A)
and the GelMA/PCL (1:1) scaffolds (Figure 7B), whereas the
VE-cadherin expression of HUVECs was negligible on the

GelMA/PCL (1:3) scaffolds (Figure 7C). The results
demonstrated that firm cell−cell junctions were formed on
the GelMA/PCL (3:1) scaffolds and the GelMA/PCL (1:1)
scaffolds, which would be critical for generating stabilized
confluent endothelial monolayer and the integrity of
endothelium.

■ DISCUSSION
The risk of thromboembolism is the major problem for
vascular grafts, particularly for small-diameter ones, which may

Figure 6. Spreading and adhesion of HUVECs on the GelMA/PCL hybrid scaffolds with different GelMA/PCL mass ratios (3:1, 1:1, or 1:3).
Morphology of HUVECs on the GelMA/PCL (3:1) scaffolds (A), GelMA/PCL (1:1) scaffolds (B), and GelMA/PCL (1:3) scaffolds (C) after 1
day incubation. Immunostaining of HUVECs on the GelMA/PCL (3:1) scaffolds (D), GelMA/PCL (1:1) scaffolds (E), and GelMA/PCL (1:3)
scaffolds (F) after 3 day incubation. Scale bar: 50 μm.
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bring severe complications upon implantation. Conventional
vascular grafts made of bioinert materials aim to minimize
thrombogenesis by preventing platelet adhesion, but their
effects for small-diameter vascular replacement are disappoint-
ing.2 Recently, enhanced anticoagulation property has been
attained by heparin-functionalized scaffolds,40 where their
patency rates could be improved accordingly.41,42 However,
the absence of complete endothelium remains a fundamental
challenge since vascular endothelium with a monolayer of
vascular endothelial cells plays an essential role for vascular
functions, such as coagulation, inflammation, and smooth
muscle cell activation.43,44 Formation of complete and well-
functioning endothelium on the lumen is constantly pursued
for ideal vascular grafts.1−3 Endothelium remodeling is
accomplished by vascular endothelial cells under specific
dynamic microenvironment,6 whose responses are affected by
the topography, physical properties, surface chemistry, and
bioactivity of scaffolds.7 Scaffolds made of synthetic polymers
normally lack sufficient bioactivity, which shall be therefore
functionalized with suitable bioactive agents.45,46 In compar-
ison, electrospun hydrogel scaffolds, particularly photo-cross-

linkable electrospun GelMA scaffolds, fulfill the multiple
requirements of vascular grafts, including biomimetic nano-
fibrous topography, high water content, and inherent superior
bioactivity. However, they possess insufficient mechanical
properties as vascular grafts, which should be reinforced by
suitable synthetic polymers (e.g., PCL) to form hybrid
scaffolds. Composite strategies using nonbioactive synthetic
polymers are effective for mechanical reinforcements, while
they may also lead to inevitable changes of scaffold properties.
It is hence important to identify the influences of synthetic
polymer incorporation on scaffold properties and subsequently
vascular endothelial cell colonization and functions for
endothelium remodeling.
The effects of scaffold properties on vascular endothelial cell

responses and endothelium remodeling are complicated, as
dynamic cell microenvironment and various signaling activated
at different stages are required.3 In the current investigation,
GelMA and PCL were employed for fabricating the
biomimetic hybrid scaffolds by electrospinning and photo-
cross-linking due to their various inherent merits.18,28 The
resulting GelMA/PCL hybrid scaffolds obtained stable nano-

Figure 7. Cell−cell junction among HUVECs on the GelMA/PCL hybrid scaffolds with different GelMA/PCL mass ratios (3:1, 1:1, or 1:3) after 7
day incubation. GelMA/PCL (3:1) scaffolds (A), GelMA/PCL (1:1) scaffolds (B), and GelMA/PCL (1:3) scaffolds (C). Scale bar: 50 μm.
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fibrous architectures in aqueous environment. The hybrid
scaffolds with higher PCL mass ratios exhibited slightly thinner
nanofibers, which would be favorable to 3D cell adhesion and
spreading.47 However, the hydrophilicity and the water
retention capability of the hybrid scaffolds declined with
increasing incorporation of PCL, which might bring negative
influences on the endothelial cell adhesion and growth.48 From
another point of view, the incorporation of PCL delayed the
degradation of the hybrid scaffolds, whose nanofibrous
architecture could be better preserved. As a desirable vascular
scaffold should have a reasonable degradation rate for vascular
endothelial cell ingrowth and remodeling and a retained
nanofibrous architecture for sustainable biomimetic structural
supports,20,47 the hybrid scaffolds with higher mass ratio of
PCL could be supposed to be suitable for promoting
endothelium remodeling. And obviously, the bioactivities of
the hybrid scaffolds could be determined by varying mass
ratios between the bioactive GelMA and nonbioactive PCL. In
short, while scaffold topographies showed little difference
among different groups, the wettability, mechanical properties,
degradation behaviors, and bioactivity were sensitive to the
change of compositions. However, it is interesting to note that
the linear increase of PCL ratio in the hybrid scaffolds usually
would not lead to the proportionate changes of scaffold
properties accordingly. Specifically, the fracture strain
increased more than 6 times when the mass ratio of PCL in
the hybrid scaffolds increased from 25 to 50%. However, there
was no statistically significant difference in the toughness
between the GelMA/PCL (1:1) scaffolds and the GelMA/PCL
(1:3) scaffolds. It is suggested that the modulation of PCL
reinforcement on the properties of the hybrid scaffolds was
complex, which might therefore bring complicate effects on the
vascular endothelial cell responses and endothelium remodel-
ing.
HUVEC cell culture results demonstrated that vascular

endothelial cell responses were tuned by varying hybrid
scaffolds with different GelMA/PCL mass ratios and distinct
properties. To be specific, HUVECs seeded on the GelMA/
PCL (3:1) scaffolds with the most hydrophilic characteristic
and the highest mass ratio of bioactive GelMA displayed the
most stretched cell morphology among these three groups,
indicating the best cell adhesion status. Comparatively,
rounded cell shapes presented for the HUVECs seeded on
the GelMA/PCL (1:1) scaffolds and the GelMA/PCL (1:3)
scaffolds. In addition, vinculin expression for the HUVECs on
the GelMA/PCL (3:1) scaffolds after 3 day incubation was
also significantly higher than other two groups. Vinculin is an
important protein marker to focal adhesion, as the focal
adhesion relies on the integrin-mediated crosstalk between the
linker protein, such as vinculin of the cytoskeleton and specific
binding domain of ECM or tissue-engineered scaffolds.49 Since
GelMA contains RGD sequence enabling coupling with
integrin receptors,18 it is reasonable that the hybrid scaffolds
with the higher GelMA mass ratio facilitate the formation of
stronger focal adhesion with higher vinculin expression. The
focal adhesion of vascular endothelial cells is critical for both
the early-stage colonization of the circulating vascular
endothelial cells or vascular progenitor endothelial cells and
the stabilization of tight vascular endothelium enabling
resistance to the shear of blood.6 Therefore, higher vinculin
expression on the GelMA/PCL (3:1) scaffolds implies that
they perform best in initiating endothelium remodeling. The
results suggest that even though the mechanical properties and

nanofibrous architecture retention are enhanced in the hybrid
scaffolds with increasing PCL incorporation, hydrophilicity and
particularly bioactivity are still essential factors dominating the
biological performance of scaffolds on the initial focal adhesion
of vascular endothelial cells.
During the developmental process of endothelium remodel-

ing, local cytoskeleton remodeling is the subsequent critical
process for cell−cell junction and the integrity of endothelium,
which is mainly determined by VE-cadherin-mediated
mechanotransduction.50 The effects of the mechanical proper-
ties on the vascular endothelium remodeling increase in this
stage, which offer a global regulation on the cytoskeleton
development of vascular endothelial cells. These effects also
activate a series of signaling cascades via mechanotransduction
for conferring endothelium barrier and permeability func-
tions.51−53 It has been demonstrated that the scaffolds with
lower moduli resembling the elastic features of soft tissue ECM
favored cell spreading and proliferation and otherwise
contractile cell phenotype was displayed.54 It has been
validated by this study that a high level of VE-cadherin was
expressed by the HUVECs on the GelMA/PCL (1:1) scaffolds
(with relatively low elastic modulus but high strength/
toughness), which is similar to the condition on the GelMA/
PCL (3:1) scaffolds though higher initial focal adhesion of
HUVECs is observed on the GelMA/PCL (3:1) scaffolds with
superior bioactivity. Besides, the better retained nanofibrous
architecture of the GelMA/PCL (1:1) scaffolds than that of
the GelMA/PCL (3:1) scaffolds is likely another reason to
facilitate cell−cell junction, as their preserved nanofibrous
architecture with the scaffold degradation at a suitable rate is
favorable to offer the sustainable biomimetic 3D structural
guidance to cell spreading/proliferation.47 However, for the
scaffolds with further increasing PCL ratio (i.e., GelMA/PCL
(3:1) scaffolds), VE-cadherin expression and the cell−cell
junction are limited, indicating that bioactivity is still important
for the local cytoskeleton remodeling and cell−cell interaction
during endothelium remodeling.
Our research shows that the bioactivity and mechanical

properties of the hybrid scaffolds consisting of bioactive
naturally derived materials and nonbioactive synthetic
polymers are essential factors for directing vascular endothelial
cell behaviors and the following endothelium remodeling.
Between them, the impacts of the bioactivity are particularly
prominent. Ideal mechanical reinforced hybrid vascular
scaffolds shall be therefore designed to preserve the bioactive
component as high as possible at the qualified mechanical
properties meeting the requirements of vascular grafts. In
particular, the proportionate increase of nonbioactive re-
inforcements sometimes cannot lead to the proportionate
reinforcements of scaffolds but bring obvious negative effects
on cell−scaffold/cell−cell interactions. Consequently, the
hybrid vascular scaffolds require appropriate compositions for
attaining desirable bioactivity and sufficient mechanical
properties for endothelium remodeling, where the GelMA/
PCL (1:1) scaffolds exhibit the most promising properties in
the current investigation. Though the results were accom-
plished on the basis of the simplified in vitro experiments using
HUVEC as the model cell and without the consideration of the
shear stress of blood, preliminary findings could convince the
predominant role of bioactivity and the vital roles of
mechanical properties for endothelium remodeling in the
initial stage, which will be therefore the design rationale for
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hybrid vascular scaffold with optimized properties for
endothelium remodeling.

■ CONCLUSIONS
In summary, GelMA/PCL hybrid nanofibrous hydrogel
scaffolds were successfully fabricated by blend electrospinning
and photo-cross-linking, showing biomimetic and tuned
scaffold properties (topography, wettability, mechanical
properties, degradation, bioactivity, etc.) by varying GelMA/
PCL mass ratios. For identifying the regulation effects of
biomimetic hybrid scaffolds with tuned properties on vascular
endothelium remodeling, two important aspects indicating
stage of the remodeling of vascular endothelial cells (i.e., cell
focal adhesion and cell−cell junction) on the different hybrid
scaffolds were assessed, exhibiting distinct vascular endothelial
cell behaviors and functions. The rapid formations of firm focal
adhesion and abundant cell−cell junctions were accomplished
by the GelMA/PCL (3:1) hybrid scaffolds with superior
bioactivity but insufficient mechanical properties. In compar-
ison, the mechanically reinforced scaffolds with qualified
mechanical properties for vascular grafts, particularly the
GelMA/PCL (1:3) scaffolds, exhibited weakening biological
performances on cell−scaffold/cell−cell interactions. However,
the hybrid scaffolds with an optimum GelMA/PCL mass ratio
(i.e., GelMA/PCL (1:1) scaffolds) were found to possess
balanced properties, showing suitable mechanical properties as
vascular grafts, desirable retained nanofibrous architecture with
fiber degradation, and simultaneously sufficient bioactivity for
vascular endothelium remodeling. Cell−cell junctions after 7
days of HUVEC culture were similar between the GelMA/
PCL (1:1) scaffolds and the GelMA/PCL (3:1) scaffolds. Our
study reveals that the bioactivity is the dominant factor in the
initial stage affecting the vascular endothelial cell focal
adhesion and cell−cell junction, whereas mechanical properties
play important roles for the integrity of endothelium. The
hybrid scaffolds with optimized bioactivity and suitable
mechanical properties are promising to aid desirable
endothelium remodeling, which will be a critical step for the
success of tissue-engineered vascular grafts. The rationale
enabled by this study will be also valuable for the design and
development of hybrid scaffolds for a broad range of tissue
engineering applications.
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