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a  b  s  t  r  a  c  t

Multi-layered  scaffolds  are  advantageous  in  vascular  tissue  engineering,  in  consideration  of  better  com-
bination of biomechanics,  biocompatibility  and  biodegradability  than  the  scaffolds  with  single  structure.
In  this  study,  a bi-directional  gradient  electrospinning  method  was  developed  to fabricate  poly(l-
lactide-co-caprolactone)  (P(LLA-CL)),  collagen  and  chitosan  based  tubular  scaffold  with multi-layered
symmetrical  structure.  The  multi-layered  composite  scaffold  showed  improved  mechanical  property
and  biocompatibility,  in comparison  to the blended  scaffold  using  the  same  proportion  of  raw  materials.
eywords:
lectrospinning
ulti-layered vascular scaffolds

(LLA-CL)
ollagen
hitosan

Endothelialization  on  the  multi-layered  scaffold  was  accelerated  owing  to the  bioactive  surface  made  of
pure  natural  materials.  hSMCs  growth  showed  the similar  results  because  of  its  better  biocompatibil-
ity.  Additionally,  fibers  morphology  change,  pH  value  balance  and  long  term  mechanical  support  results
showed  that  the  gradient  structure  effectively  improved  biodegradability.

© 2015  Elsevier  B.V.  All  rights  reserved.

issue engineering

. Introduction

Clinically accredited vascular prostheses are increasingly
esired as alternatives to autologous arterial or venous vascular
ubstitutes because of the high mortality and disability caused
y cardiovascular diseases. Although autograft is usually the most
ffective way, it has been often limited by the shortage of donors
1]. Besides, the acute thrombosis and subsequent occlusion often
ead to the failure of the transplantation when commercialized
acron or e-PTFE vascular grafts were used for small-diameter
lood vessels [2]. In this regard, the unmet need drives the research

nto alternative tissue engineered vascular grafts for small diame-

er vessels [3]. Tissue engineered scaffolds aim at mimicking the
atural extracellular matrix (ECM) both structurally and function-
lly to provide a suitable biophysiological microenvironment for

∗ Corresponding author at: State Key Laboratory for Modification of Chemical
ibers and Polymer Materials, College of Chemistry, Chemical Engineering and
iotechnology, Donghua University, Shanghai 201620, China.
el.: +86 02167792653.

E-mail address: xmm@dhu.edu.cn (X. Mo).

ttp://dx.doi.org/10.1016/j.colsurfb.2015.05.048
927-7765/© 2015 Elsevier B.V. All rights reserved.
tissue regeneration. As reported, ECM in native cardiovascular
tissue plays a critical role for cells proliferation, motility and
intercellular signaling, and the protein fibers along with other com-
ponents in the ECM confer the structural integrity and mechanical
support of blood vessels [4]. Therefore, choosing effective molding
technologies and ECM-mimicking biomaterials is of great impor-
tance for designing bionic tissue engineered grafts.

Electrospinning is now a commonly utilized fabrication tech-
nique to prepare ultrafine fibers and fibrous scaffolds [5,6].
Electrospun scaffolds could offer more cues for cell growth because
of the high surface area and porosity. Since the morphology and
diameter of electrospun fibers depend on materials and processing
parameters, through regulating these interrelated variables (i.e.
spinneret design, electric field intensity, auxiliary electric/magnetic
field, applied voltage, flow rate, collection distance, solution con-
ductivity, and solution viscosity), fibers morphology can be well
controlled [7].

A wide variety of natural and synthetic polymers have been

electrospun for tissue engineered tubular scaffolds, including col-
lagen, elastin, chitosan, polylactic acid (PLA), poly(�-caprolactone)
(PCL), poly(glycolic acid) (PGA), poly(l-lactide-co-caprolactone)
(P(LLA-CL)), etc.  [4,8–13]. Natural materials usually have better

dx.doi.org/10.1016/j.colsurfb.2015.05.048
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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iocompatibility and lower thrombogenicity, while synthetic bio-
aterials could provide suitable mechanical support [14]. Collagen,

s the primary structural component of natural ECM, could mod-
late the mechanical property of tissue engineered scaffolds and
egulate cell adhesion, proliferation, etc.  [4,15–18]. Chitosan is a
iomimetic, amino cationic polysaccharide derived by deacety-

ation of chitin, which could emulate ECM glycosaminoglycan
olecules and amplify the number of amine reaction sites and form

n ionic complex with collagen that may  result in enhanced stabil-
ty [19–21]. Our previous efforts [8,22–24] suggested that collagen
nd chitosan based electrospun scaffolds could achieve optimal
echanical property and biocompatibility when the blending

atio was 4:1 (w/w). P(LLA-CL) was further mixed with colla-
en and chitosan blend as the reinforcement. When the ratio
f P(LLA-CL)/collagen/chitosan was 75:20:5, the multicomponent
anofibrous scaffolds demonstrated good endothelial cell prolifer-
tion and mechanical support [13]. However, for blended scaffolds,
irect contact of synthetic material with tissues could not be
voided, which often results in a relatively slow cell growth than
atural scaffolds.

Recently, multi-layered scaffolds consist of both natural bioma-
erials and synthetic polymers have been designed and fabricated
or vascular tissue engineering [14,25–29]. As reported, mul-
ilayered scaffolds could obtain diversified structure and have
n advantage over homogeneous constructs, in view of the
ombination of mechanical properties, biodegradability, and bio-
ompatibility [14,30–34]. However, some shortages restricted the
evelopment of multi-layered scaffolds like delamination or dif-
culty in molding three dimensional constructs with multiple
omponents. To address the issue, we prepared a multi-layered
ascular scaffold composed of natural biomaterials (collagen and
hitosan) and synthetic polymer (P(LLA-CL)). P(LLA-CL) was set as
he middle layer to provide mechanical support and extend degra-
ation time. Collagen (COL) and chitosan (CS) (9:1, v:v) were set as
he inner and outer layer to mimic  the structure and components
f natural ECM. Three transitional layers with gradient propor-
ions of both components were respectively set between inner (or
uter) layer and middle layer to regulate pore size and avoid delam-
nation. The mechanical properties, cell-scaffold interaction and
iodegradability of the scaffold were characterized in vitro to assess

ts potential in vascular tissue engineering.

. Materials and experiments

.1. Materials

P(LLA-CL) with 50% l-lactide was supplied by Gunze Ltd.,
apan (molecular weight ∼3 × 105 Da). Collagen type I was  pur-
hased from Sichuan Mingrang Bio-Tech Co. Ltd., China (molecular
eight 1 × 105 Da). Chitosan was bought from Sigma–Aldrich

viscosity 200,000 cps, medium molecular weight). 1,1,1,3,3,3-
exafluoro-2-propanol (HFIP) was acquired from Fluorochem Ltd.

UK). 2,2,2-Trifluoroacetic acid (TFA) and a cross-linking agent of
queous glutaraldehyde (GA) solution (25%) were procured from
inopharm Chemical Reagent Co. Ltd., China. Porcine iliac artery
ndothelial cells (PIECs) and human smooth muscle cells (hSMCs)
ere obtained from the Institute of Biochemistry and Cell Biol-

gy (Chinese Academy of Sciences, China). All culture media and
eagents were provided by Gibco Life Technologies Co. (USA) unless
pecified.
.2. Scaffolds fabrication

P(LLA-CL) and collagen were separately dissolved in HFIP at the
oncentration of 8% (w/v) and chitosan was dissolved in the mixture
ointerfaces 133 (2015) 179–188

of HFIP/TFA (9:1, v:v) at the concentration of 6% (w/v). The colla-
gen and chitosan solutions were then blended with the ratio of 9:1
(v:v). A modified bi-directional gradient electrospinning (Fig. 1a)
was employed to fabricate multi-layered vascular scaffolds with
gradient symmetrical structure. “Gradient” in this study means
that the proportions of natural or synthetic materials decreased
or increased regularly from inner or outer layer to the middle
layer. Specifically, the electrospinning solutions of P(LLA-CL) or
COL/CS were filled into 10 mL  plastic syringes with blunt-ended
needles which were attached to two  high voltage power supplies
(BGG6-358, BMEI Co. Ltd., China), respectively. Two syringe pumps
(789100C, Cole-Pamer, USA) were used in opposite directions. A
stainless steel mandrel (4 mm  diameter) with low rotating speed
(300 rpm) was used to collect tubular scaffolds and a drum col-
lector was used to prepare fibrous mats. A voltage of 14 kV was
applied for P(LLA-CL) solution, and 20 kV was  applied for COL/CS
solution. To fabricate multi-layered vascular scaffold with gradient
symmetrical structure, continuous bi-directional electrospinning
was applied with the flow rates (mL/h) of COL/CS to P(LLA-CL)
from inner layer to outer layer as follows: 0.8/0, 0.4/0.2, 0.2/0.4,
0.1/0.8, 0/1.6, 0.1/0.8, 0.2/0.4, 0.4/0.2, 0.8/0. For each flow rate, the
electrospinning process was kept for 30 min.

As controls, pure P(LLA-CL), COL/CS (9:1, v:v) and P(LLA-
CL)/COL/CS blended solution was  electrospun respectively as
described in Fig. 1b. In P(LLA-CL)/COL/CS blended solution, the
volume ratio of P(LLA-CL) to COL/CS (9:1, v:v) was  22:15, in accor-
dance with the proportion of multi-layered vascular scaffold. After
preparing the scaffolds, samples with collagen and chitosan were
cross-linked in a sealed desiccator with glutaraldehyde (GA) vapor
(evaporating from 10 mL of 25% GA aqueous solution) at room
temperature for 24 h, after which the samples were placed in the
vacuum oven for 7 days.

2.3. Scaffolds characterization

Scanning electron microscopy (SEM) (JEOL JSM-5600, Japan)
was used to observe the morphology of nanofibers and image
analysis software (Image-J, National Institutes of Health, USA) was
applied to analyze the average fiber diameter (n = 100) under lower
magnification (1000×).

Confocal laser scanning microscopy (LSCM) (Carl Zeiss LSM 700,
Germany) was utilized to observe the fiber distribution across the
scaffolds. Firstly, the P(LLA-CL) solution was mixed with coomassie
brilliant blue (CBB), while COL/CS solution was mixed with Rho-
damine B. Because of the symmetrical structure, only half of the
scaffold (from inner layer to middle layer) was prepared to obser-
vation. In this half part of the scaffold, the P(LLA-CL) fibers were
stained with CBB and the COL/CS fibers were stained with Rho-
damine B. Then z-axis scanning of LSCM was operated to observe
fibers distribution.

2.4. Mechanical properties

Tensile mechanical property of all specimens (50 mm × 10 mm,
n = 6) were characterized by a universal materials testing machine
(H5K-S, Hounsfield, UK) at ambient temperature of 20 ◦C and
humidity of 65%. A cross-head speed of 10 mm/min was  used for
all the specimens tested until breakage.

All samples were prepared for the same size (20 mm  × 10 mm,
∼0.06 mm in thickness, n = 5) and the suture retention strength was
tested by micro material testing machine (MMT-250N, Shimadzu
Co., Japan). Before testing, a loop of a 5–0 polyester suture (Shanghai

Pudong Jinhuan Medical Products Co. Ltd., China) was  placed 2 mm
from the edge of one end of the sample, and the other end of the
sample was clamped to one arm of the machine. Then the suture
was clamped to the other arm and stretched at a constant rate of
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Fig. 1. (a) Schematic representation of the bi-directional gradient electrospinning setup; (b) schematic representation of the electrospinning setup for pure P(LLA-CL), COL/CS,
and  blended scaffolds; (c) schematic structure of the cross section of the multi-layered scaffold; (d) digital camera photograph of the tubular scaffold and scanning electron
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icrographs of the cross section; (e) confocal images showing fiber distribution of
n  d and e; scale bar in the left image = 500 �m and scale bar in the right image = 10
eader  is referred to the web  version of this article.)

20 mm/min  until failure [35–37]. All samples were kept hydrated
hroughout the testing protocols, and the suture retention strength
as defined as the maximum force obtained during the testing
rocess.

Compliance testing was performed on the tubular scaffolds
3 mm of inner diameter and 5 cm of length, n = 4) using TM 1 Test
ench System (Bose Electro force, USA) in wet condition. The flow
ate of the fluid was 100 mL/min and testing frequency was 1 Hz.
ompliance under the pressure range of 80–120 mmHg  was calcu-

ated as:

Complliance = (RP2 − RP1 )
RP1

× 104

P2 − P1

here R is the internal radius, P1 is the lower internal pressure, and
2 is the higher internal pressure [13].

.5. Pore size

Pore size of all samples (30 mm × 30 mm,  n = 3) were measured
y a CFP-1100-AI capillary flow porometer (PMI Porous Materials
nt.) before and after cross-linking.

.6. Wettability
Surface wettability of different scaffolds was tested by mea-
uring the contact angle of water droplets using a contact angle
easurement instrument (OCA40, Dataphysics, Germany). 0.02 mL
hickness of the scaffold. 1: inner/outer layer, 2: transitional layer, 3: middle layer
For interpretation of the references to color in text near the reference citation, the

deionized water was used for each measurement and 6 different
positions on each sample were averaged.

2.7. Cell viability and morphology

Porcine iliac artery endothelial cells (PIECs) and human smooth
muscle cells (hSMCs) were respectively cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum
and 1% antibiotic–antimycotic in an atmosphere of 5% CO2 and
37 ◦C, and the medium was  replenished every two days. All elec-
trospun samples were placed into 24-well plates individually and
secured by stainless rings. Before seeding cells, all scaffolds and
cover slips were sterilized by immersing in 75% ethanol for 2 h,
washed 3 times with phosphate-buffered saline solution (PBS),
and then washed once again with culture medium. For cell adhe-
sion test, PIECs and hSMCs were both seeded with a density of
3.0 × 104 cells/well. For cell proliferation test, PIECs were seeded
with a density of 1.0 × 104 cells/well, while hSMCs were seeded
with a density of 3.0 × 104 cells/well.

Cells viability on different electrospun scaffolds was mea-
sured by methylthiazol tetrazolium (MTT) assay (n = 3 for each
group). The cells and matrices were incubated with 5 mg/mL 3-
[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide
(MTT) for 4 h after 1, 2, 4, 8 h and 1, 3, 5, 7 days of cells seeding.

Thereafter, the culture media were extracted and 500 �L dimethyl-
sulfoxide (DMSO) were added for 20 min. When the crystal was
sufficiently dissolved, aliquots were pipetted into the wells of a
96-well plate and measured for each well by an Enzyme-labeled
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Fig. 2. (a) SEM images of different layers; (b) fiber diameter distribution of different
layers; bar = 10 �m.
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nstrument (Multiskan MK3, Thermo, USA) at an UV absorbance of
92 nm.

Cell adhesion and cell–fibers interaction was observed by SEM
fter 3 and 7 days of culturing. All samples in 24-well plates were
insed twice with PBS and fixed in 2.5% GA solution at 4 ◦C for 4 h.
ixed samples were rinsed with PBS for three times and then dehy-
rated in gradient concentrations of ethanol (30%, 50%, 70%, 80%,
0%, 95% and 100%). After being dried in vacuum oven overnight,
he samples were coated with gold sputter and observed under the
EM at a voltage of 10 kV.

Cell morphology and cell–cell interaction was observed by LSCM
fter 3 days of culture. All samples were rinsed twice with PBS and
xed in 4% paraformaldehyde for 1 h. After rising with PBS for three
imes, the samples were washed and permeabilized in 0.1% Triton
-100 (Sigma, USA) at room temperature for 5 min, and rinsed again
ith PBS for three times. Then 4′,6′-diamidino-2-phenylindole
ydrochloride (DAPI, Invitrogen, USA) and rhodamine-conjugated
halloidin (Invitrogen, USA) were used to stain the nuclei and
ytoskeletons of cells.

5 × 104 hSMCs were cultured on each electrospun scaffold for
 days. Infiltration of hSMCs was analyzed with Z-stacked confo-
al microscopy. For each sample, 15 slices were pictured by LSCM,
nd subsequently imaging software ZEN 2008 (Carl Zeiss, Germany)
as serviced to provide 3D images of the stained cells penetration

nto the scaffolds along z-axis.

.8. Biodegradability

Different scaffolds were cut into rectangles (40 mm × 20 mm)
or biodegradability test within the scheduled time (6 months) in
itro. The samples were placed in 15 mL  of phosphate buffered
olution (PBS, pH = 7.2 ± 0.1) in a water bath at 37 ◦C for pre-
etermined periods of time. 2.0 mg  sodium azide per 10 mL  PBS
as added to inhibit mold growth [38]. The PBS solution was

eplaced every month, and the degradation characterization of
amples was measured. The degraded samples were washed com-
letely with distilled water at room temperature, and then dried to
onstant weight in vacuum. The dried samples were weighted and
he weight loss percentages were calculated from the dried weight
btained before and after degradation using gravimetrical method
s the following relationships:

eight loss (%) = W0 − Wd

W0
× 100%

here W0 is the initial weight and Wd is the dry weight after degra-
ation [38,39]. The pH value of PBS solution of different sample
very month was measured by a digital pH meter. Each value was
veraged from three specimens. The ultimate tensile stress and
longation of break of degraded sample was measured by a univer-
al materials testing machine (H5K-S, Hounsfield, UK) every month
ntil the sample could not be measured.

.9. Statistics analysis

Statistics analysis was performed using origin 8.0 (Origin Lab
nc., USA). All the values were averaged at least in triplicate and
xpressed as means ± standard deviation (SD). Statistical differ-
nces were determined by the analysis of One-Way ANOVA and
ifferences were considered statistically significant at p < 0.05.

. Results and discussion
.1. Morphology and structure

Before fabricating the multi-layered scaffolds, P(LLA-CL) and
OL/CS with various flow rates were respectively electrospun.
Through SEM observation, it is confirmed that both P(LLA-CL) and
COL/CS were able to form continuous fibers under all the flow rates
used in this study (Supporting information, Fig. S1). As shown in
Fig. 1c, the inner and outer surfaces of the scaffold were both formed
by collagen and chitosan, while the middle layer was  formed by
P(LLA-CL). By controlling the flow rates, the proportion of P(LLA-CL)
decreased gradually from interior to surface, whereas proportion of
COL/CS increased in gradients. Consequently, the inner and outer
surfaces of the composite scaffold were composed of pure natu-
ral materials. Fig. 1d displays the micrographs of the multi-layered
scaffold obtained by means of digital camera and SEM. The diameter
range of nano-scale fibers in inner and outer layer was quite differ-
ent from that of macro-scale fibers in the middle layer. Initially, the
scaffold was fabricated by one layer of pure P(LLA-CL) and another
layer of COL/CS, yet delamination of the layers often occurred due
to the lack of affinity between natural and synthetic materials. The
problem was  solved by adding transitional layers between P(LLA-
CL) and COL/CS layers. As the transitional layer contained both
P(LLA-CL) and COL/CS fibers, no delamination was  observed from
the multilayered scaffolds. The difference in fibers morphology and
diameter illustrated the components change in the multi-layered
scaffold. Such change was further proved by confocal images in
Fig. 1e. The red fibers were attributed to COL/CS component and
the blue fibers were P(LLA-CL). The transitional layer displayed both
blue and red fibers, indicating the mixture of P(LLA-CL) and COL/CS
fibers.

Fig. 2a is SEM images of fiber morphology of each layer. It dis-
played the structural and morphological change of the fibers in
different layers, which indicated the multi-layered symmetrical
structure and components distribution of the composite scaf-
fold. Fig. 2b is the quantification of the average fiber diameter
of different electrospun scaffolds. The average values demon-
strated the increase of the fiber diameter from inner (outer)
layer to middle layer with the proportion of P(LLA-CL) increased.
Statistical results suggested that the mean diameter of mid-
dle layer (2127 ± 381 nm)  was significantly larger than that of
the inner and outer layer (447 ± 169 nm)  with the presence of
COL/CS. It was  mainly because the jets at the tip of needle were
stretched due to the repulsive forces of static electricity during the
electrospinning process. The positive charge carried by chitosan

increased the solution conductivity and enhanced the stretch of
jets.
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ig. 3. Stress–strain curves of different electrospun scaffolds before cross-linking 

he  scaffolds with similar thickness; (e) compliance results of electrospun scaffolds
lectrospun scaffolds.

.2. Mechanical properties

Tensile results of all scaffolds are showed in Fig. 3 and Table 1.
ig. 3a shows the stress–strain curves of different electrospun
caffolds before cross-linking. Electrospun P(LLA-CL) scaffolds per-
ormed superior tensile stress and elongation, which was  higher
han COL/CS scaffolds. Stress and elongation of blended P(LLA-
L)/COL/CS scaffold and multi-layered scaffold were lower than

(LLA-CL) scaffold but higher than COL/CS scaffold (Table 1).

Fig. 3b shows the stress–strain curves of different scaffolds
fter GA cross-linking. Compared with the tensile curves before
ross-linking, the stress values of pure COL/CS and blended scaffold

able 1
ensile property of all scaffolds.

Specimen A

P(LLA-CL)
Dry 

Wet  

Blended
Before cross-linking (dry) 

After  cross-linking (dry) 

After  cross-linking (wet) 

Multi-layered
Before cross-linking (dry) 

After  cross-linking (dry) 

After  cross-linking (wet) 

COL/CS
Before cross-linking (dry) 

After  cross-linking (dry) 

After  cross-linking (wet) 
ter cross-linking in dry state (b) and in wet state (c); (d) suture retention force of
t state; (f) pore diameter before and after cross-linking; (g) water contact angle of

respectively increased, but the strain values decreased. The stress
value of multi-layered scaffold increased and the strain reduced
(Table 1). It can be seen that the GA cross-linking process had a
negative effect on the flexibility but a positive effect on mechanical
stress of scaffolds with COL/CS. As shown by the curve, the breakage
style of multi-layered scaffold experienced several stages during
stretch. Firstly, it tended to be stiffer with a higher initial modu-
lus due to the cross-linked COL/CS surface. After a rapid breakage

and sharp yield, the stretch of the multilayers leaned toward stable
except for a moderate drop until the final fracture. This curve had
a reasonable tendency because P(LLA-CL) fibers and COL/CS fibers
of the multi-layered scaffold were integrated by the symmetrically

verage tensile strength (MPa) Average elongation at break (%)

8.54 ± 0.71 314.33 ± 7.77
7.22 ± 0.37 290.01 ± 9.25

5.78 ± 0.56 88.33 ± 8.50
5.90 ± 3.30 56.8 ± 3.82
5.50 ± 0.49 93.33 ± 5.51

4.57 ± 0.31 203.15 ± 4.64
5.85 ± 0.52 264.77 ± 6.60
5.76 ± 0.60 276.22 ± 7.01

4.48 ± 0.41 7.99 ± 0.67
6.10 ± 0.30 6.85 ± 0.68
4.40 ± 0.52 38.95 ± 8.59
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ig. 4. Scanning electron micrographs of PIECs on different scaffolds after culturing
ays  (a); adhesion and proliferation of PIECs after culturing in 8 h (b) and 5 days (c)

radient electrospinning method. As expected, the tensile behavior
f multi-layered scaffold performed the characteristic of outer layer
COL/CS) at first. Following, several outer transitional layers shed
rst, and then other internal transitional layers broke gradually. In
his process, the tension changed slightly. Finally, the middle layer
radually exposed with stable stress and optimal tensile elongation,
xhibiting a highly similar tensile behavior to P(LLA-CL) scaffolds.

Fig. 3c shows the stress–strain curves of different scaffolds in
et state. P(LLA-CL) scaffold was still of the strongest mechani-

al property, while the COL/CS scaffold stayed the weakest. The
aximal tensile strength of blended and multi-layered scaffold

emained the same as a consequence of the identical composi-
ion and proportion, but the elongation at break of multi-layered
caffold was much larger than that of the blended one (Table 1).
n the fabrication of vascular scaffolds, better mechanical prop-

rties were of crucial importance to provide sufficient support,
specially in consideration of degradation and strength loss in wet
tate. Since most of the materials used in tissue engineering were
equired to be biodegradable, raw materials should possess higher
 and 7 days, and confocal images of PIECs on different scaffolds after culturing for 3
 25 �m.

mechanical strength and elongation [40–42]. As reported, the
adventitial layer of the coronary arteries had an ultimate tensile
stress of ∼1.4 ± 0.6 MPa, and the ultimate strain of human coro-
nary artery was 45–99% [13,33]. Also, the tensile stress of a natural
infrarenal aorta was  4.4 ± 0.9 MPa  [35]. The results inferred that the
tensile property of the multi-layered scaffold was  able to match that
of a native artery, even considering biodegradation.

Suture retention forces are given in Fig. 3d. Pure P(LLA-CL) scaf-
fold showed the highest suture force (1.46 ± 0.03 N) and COL/CS
was the lowest (0.14 ± 0.02 N), and both of those had signifi-
cant differences (p < 0.05) with the other three groups. By mixing
P(LLA-CL) and COL/CS components, the maximum suture reten-
tion forces of blended (0.34 ± 0.04 N) and multi-layered scaffold
(0.67 ± 0.03 N) were both larger than those of COL/CS scaffold. As
reported, strength of scaffolds relied largely on the strength of sin-

gle fiber [22]. For blended scaffolds, P(LLA-CL) and COL/CS was
mixed before electrospinning, whereas the bi-directional gradi-
ent electrospinning blended P(LLA-CL) and COL/CS fibers during
the electrospinning process. Thus, the abundant P(LLA-CL) fibers in
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ransitional and middle layer of the multi-layered scaffolds could
lay a crucial role to provide sufficient mechanical support for the

oints between suture lines and scaffolds.
Compliance results of different scaffolds were showed in Fig. 3e.

ure P(LLA-CL) possessed an average of 1.70%/100 mmHg, which
as significantly higher (p < 0.05) than other scaffolds. Owning

o the high elasticity of P(LLA-CL) fibers from middle layers, the
ulti-layered scaffolds had better compliance than the blended

ne. The compliance value was similar to that of the saphenous
ein (0.7–1.5%/100 mmHg) [13].

.3. Pore size

Fig. 3f shows the average pore diameter of different groups
efore and after GA cross-linking. The pore size of the multi-
ayered composite scaffolds decreased from 1.48 ± 0.13 �m to
.12 ± 0.18 �m after GA cross-linking. This was due to the distortion
f COL/CS components on surface, as they formed a denser struc-
ure after cross-linkage. The average pore size of pure P(LLA-CL)
or 3 and 7 days, and confocal images of hSMCs on different scaffolds after culturing
ar = 25 �m.

scaffold was the largest among the four groups with the value of
2.24 ± 0.39 �m,  owing to the largest diameter of P(LLA-CL) fibers.
The average pore size values of the multi-layered scaffold before
and after cross-linking were larger than those of the blended scaf-
fold, owing to the presence of single P(LLA-CL) fibers in the middle
layer and transitional layers in the multi-layered scaffold.

3.4. Wettability

Surface wettability of biomaterials greatly affected cell adhe-
sion, proliferation and migration. In Fig. 3g, synthetic P(LLA-CL)
scaffolds were hydrophobic with a water contact angle larger than
90◦ and natural COL/CS scaffolds were hydrophilic. With the addi-
tion of collagen and chitosan, hydrophilicity of blended scaffolds

was improved (Fig. 3g). The wetting process of multi-layered scaf-
folds was nearly the same as COL/CS scaffolds, as the surface of
the multi-layered scaffold did not consist of any synthetic poly-
mer.
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Fig. 6. Scanning electron micrographs of different scaf

.5. Cell viability and morphology

Fig. 4a shows SEM and confocal images of PIECs after culturing
or 3 and 7 days. PIECs were found to spread more easily on multi-
ayered and COL/CS scaffolds. At day 7, the surface of multi-layered
caffolds was covered by successive and structured endothelial cell
onolayer, while cell number was much lower on blended and

(LLA-CL) scaffolds. Confocal images confirmed the same trend as
IECs tended to spread better on pure natural surface and had better
ell junction than on synthetic and blended surfaces. It was because
he fibers on multi-layered and pure COL/CS surfaces could provide
arger specific surface for cell spreading than the fibers on P(LLA-CL)
caffolds. Also, the natural surfaces exposed more bioactive func-
ional groups and thus improved the interaction between scaffolds
nd cells. Fig. 4b shows PIECs adhesion after seeding on different
caffolds in 8 h, and Fig. 4c shows PIECs proliferation viability after
eeding on different scaffolds in 5 days. Adhesion values of COL/CS
nd multi-layered scaffolds were significantly higher than those
f other groups, regardless of culture time. The results indicated
hat COL/CS surface improved the biocompatibility of multi-layered
caffolds. After 1 day of culture, cell proliferation showed a simi-
ar trend. The results suggested that, in comparison to the blended
caffolds, the multi-layered composite scaffolds having a pure nat-

ral materials based surface could effectively enhance the adhesion
nd proliferation of PIECs.

hSMCs growth behaviors are exhibited in Fig. 5. hSMCs grew
etter on the scaffolds with natural COL/CS components than on
fter biodegradation for different periods; bar = 10 �m.

the P(LLA-CL) scaffold. Also, hSMCs on multi-layered scaffolds
appeared obviously stretched cell structure and less cell aggrega-
tion compared to the blended counterparts, mainly because of its
pure natural surface and the larger growth space inside the multi-
layered construction. Statistical results in Fig. 5b and c suggested
that electrospun scaffolds with pure natural surfaces had better cell
viability than P(LLA-CL) and blended scaffolds. Three-dimensional
growth of hSMCs on multi-layered and blended scaffold was
observed by Z-stacked confocal microscopy. The images suggested
that, in comparison to blended scaffolds, the larger space inside the
multi-layered construction effectively promoted cells penetration
(Supporting information, Fig. S2).

3.6. Biodegradability in vitro

SEM images of different electrospun scaffolds before and dur-
ing the degradation process are shown in Fig. 6. Generally,
the degradation of P(LLA-CL) scaffolds experienced a “swelling-
bonding-melting” process. P(LLA-CL) fibers began to swell and bond
since the first month. After 3 months, fibers were melted totally
and no obvious fibers structure could be seen through SEM obser-
vation. This was  mainly caused by the decrease of the molecular
weight of P(LLA-CL) [38]. As a rubbery state polymer, molecular

chains of P(LLA-CL) became mobilized when its glass transition
temperature was  near or below the experimental temperature, and
the fibers tended to “melt” together to reduce the surface tension
[40,43,44]. Consequently, P(LLA-CL) scaffold became viscous and
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ig. 7. Mass loss percentage (a), pH value change (b), ultimate tensile stress (c), elo

dhesive on a macro level. By contrast, no obvious morphologi-
al change was found in natural COL/CS nanofibrous scaffolds till
onth 2. After month 3, COL/CS nanofibers distorted seriously and

tarted to melt and break at month 4. However, for blended and
ulti-layered scaffolds consisted of the same components propor-

ion, the morphology change of nanofibers distinguished totally.
ibers in blended scaffolds began to swell and melt from the first
onth, which was similar to P(LLA-CL) scaffolds. After month 2,

ll fibers on the surfaces were melted together. This was mainly
ecause different components were blended in one single fiber and
(LLA-CL) accounted for the largest amount. Different from blended
caffolds, degradation of the multi-layered scaffolds was closer to
OL/CS scaffolds. After degradation for 1 month, the surface was
artly dissolved, but the integral fiber structure was  well remained.
rom month 2, the surface fibers began to adhere and break, sub-
equently a large area of fibers were bonded and melted gradually
ith no fibers could be seen after 5 months.

In multi-layered scaffolds, the integral structure could be better
emained at the early stage till month 3. A reasonable explanation
as that the scaffolds were composed of two kinds of fibers: the

ymmetrical hydrophilic COL/CS surfaces and inner hydrophobic
(LLA-CL) fibers. The same natural surfaces made the degrada-
ion process of multi-layered scaffolds similar to natural COL/CS
caffolds in the early periods. This proved that the symmetri-
al structure of multi-layered scaffolds contributed to maintain
bers morphology and extended the duration of degradation than
lended and P(LLA-CL) scaffolds. It is believed that the degrada-
ion time can be further tailored by using the same electrospinning

ethod with different proportions of COL, CS and P(LLA-CL).
Fig. 7a describes the mass loss ratio of different groups in the

egradation periods. Despite of the severe morphological change,

he mass loss of pure P(LLA-CL) rose gradually to 27.3% till month
, mainly because that the degradation products of P(LLA-CL)
ere insoluble in PBS. However, the mass loss of COL/CS scaf-

olds changed dramatically since month 1, due to the dissolution
n at break (d) of different scaffolds after biodegradation for different periods.

of some uncross-linked fibers in the degradation medium. Also,
the hydrolysis products of natural protein and polysaccharide were
water soluble, leading to a quick mass loss. Compared with natural
polymer, longer periods were taken for the mass loss in blended
scaffold and multi-layered scaffold, mainly because different com-
ponents were mixed in one fiber in blended scaffold and two kinds
of fibers were composited in multi-layered scaffolds. Finally with
the fibers degradation, the mass loss ratios increased from month
3 and finally reached almost to 30%.

Fig. 7b shows the pH value change of degradation medium
during the degradation process. As the degradation medium was
changed every month, the pH value curves in the graph indicated
the change in each degradation month. For pure P(LLA-CL) scaffold,
the pH value kept decreasing during the degradation periods, while
that of COL/CS scaffold only fluctuated in a near-neutral range.
Due to the mixture of P(LLA-CL) and COL/CS in blended scaffold
and the wrapping of COL/CS surfaces for the interior P(LLA-CL) in
multi-layered scaffold, the degradation of P(LLA-CL) component
was postponed.

The tensile stress and elongation of the electrospun scaffolds in
different degradation time are shown in Fig. 7c and d. As illustrated
by Fig. 7c, P(LLA-CL) scaffold had the highest strength and the value
of COL/CS scaffold remained the lowest among all the groups after
degradation for 1 and 2 months. However, with the degradation of
P(LLA-CL) fibers, the maximal tensile stress decreased at month 3,
and after that P(LLA-CL) scaffolds started to be viscous and could not
be measured because of the P(LLA-CL) molecular weight decrease
[38]. As a result, the mechanical property of P(LLA-CL) fibers suf-
fered a great loss. Conversely, the maximal tensile stress values of
blended and multi-layered scaffold were both gradually declined,
and the strength of multi-layered scaffold was able to maintain

around 2 MPa  after 3 months in the biodegradation environment,
which was  larger than those of the other three groups.

In Fig. 7d, the elongation values of P(LLA-CL) and multi-layered
scaffold were the highest two groups, because of the better
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lasticity of P(LLA-CL) fibers. Although the initial flexibility of
(LLA-CL) scaffold was slightly better than multi-layered scaffold,
he elongation of multi-layered scaffold retained the best from

onth 1 to month 6. Because P(LLA-CL) fibers were wrapped by
OL/CS fibers, the inner P(LLA-CL) fibers were protected from being
egraded rapidly. Finally the multi-layered scaffold could still keep
n elongation of ∼50% after 6 months of degradation. The degrada-
ion results suggested that the multi-layered symmetrical structure
ould better preserve the mechanical performance of the scaffold.

. Conclusions

In this study, a novel vascular tissue-engineered scaffold with
ymmetrical gradient structure was successfully developed by
sing the bi-directional electrospinning method. The symmetrical
tructure made the multi-layered scaffold an optimal composi-
ion between synthetic and natural biomaterials. The multi-layered
caffold exhibited a combination of excellent mechanical property
nd high biocompatibility. It also provided longer mechanical sup-
ort during the biodegradation process, making the scaffold an

deal candidate for vascular tissue engineering.
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