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Abstract: For blood vessel tissue engineering, an ideal vas-

cular graft should possess excellent biocompatibility and

mechanical properties. For this study, a elastic material of

poly (L-lactic acid-co-e-caprolactone) (P(LLA-CL)), collagen

and chitosan blended scaffold at different ratios were fabri-

cated by electrospinning. Upon fabrication, the scaffolds

were evaluated to determine the tensile strength, burst

pressure, and dynamic compliance. In addition, the contact

angle and endothelial cell proliferation on the scaffolds

were evaluated to demonstrate the structures potential to

serve as a vascular prosthetic capable of in situ regenera-

tion. The collagen/chitosan/P(LLA-CL) scaffold with the ratio

of 20:5:75 reached the highest tensile strength with the

value of 16.9 MPa, and it was elastic with strain at break

values of �112%, elastic modulus of 10.3 MPa. The burst

pressure strength of the scaffold was greater than 3365

mmHg and compliance value was 0.7%/100 mmHg. Endo-

thelial cells proliferation was significantly increased on the

blended scaffolds versus the P(LLA-CL). Meanwhile, the

endothelial cells were more adherent based on the increase

in the degree of cell spreading on the surface of collagen/

chitosan/P(LLA-CL) scaffolds. Such blended scaffold

especially with the ratio of 20:5:75 thus has the potential

for vascular graft applications. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Over the past 50þ years, DacronTM and expanded-polytetra-
flouroethylene (ePTFE) vascular grafts used as large diame-
ters replacements or bypass grafts have been applied
successfully. However, their use as small diameter vascular
grafts (inner diameter < 5 mm) remain a challenge clinically
due to acute thrombus formation and chronic hyperplasia
brought about by the poor mechanical properties and compli-
ance mismatch.1 However, tissue engineering offers a poten-
tial ‘‘ideal’’ small diameter vascular graft with one concept
creating biodegradable polymeric structures that would be
used to provide mechanical support and continuous blood
supply while promoting vascular tissue development in situ.

Electrospinning is a versatile technique, which can gen-
erate fibers with diameter ranging from nanometer to
microns. The electrospun fibrous structures possess a large
surface area to volume ratio, high porosity, and potential for
mimicking the structure and function of natural extracellu-
lar matrix (ECM).2 It has been shown that electrospun
scaffolds can promote cell attachment, spreading and prolif-
eration which could potentially enhance tissue regenera-
tion.3,4 Recently, a variety of biodegradable polymers have
been electrospun to fabricate tissue engineering scaffolds
including collagen,5,6 collagen/elastin,7 silk fibroin,8 chito-
san,9 and synthetic polymers including poly (lactic acid)
(PLA),10,11 poly(glycolic acid) (PGA),12,13 polycaprolactone
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(PCL),14 polydioxanone,15,16 and poly(L-lactic acid-co-e-capro-
lactone) (P(LLA-CL)).17,18 Collagen is one of the most abun-
dant ECM proteins in mammals. It has been reported that
collagen has been utilized as a biomaterial for a breadth of
medical devices and tissue engineered scaffolds.19 Chitosan,
derived from chitin, is an abundant polysaccharide that may
be used to replace glycosaminoglycan. Because of the good
biocompatibility and biodegradability, both collagen and chito-
san have been applied in the field of tissue engineering.
Although previous studies have shown that collagen/chitosan
scaffolds demonstrate good cell viability,20–22 the insufficient
mechanical properties were not conducive for use as a vascu-
lar scaffold. P(LLA-CL) is a biodegradable copolymer of L-lactic
acid and e-caprolactone possessing good mechanical proper-
ties. Hence, P(LLA-CL) is an excellent candidate for use as a
vascular scaffold. However, P(LLA-CL) is a synthetic material,
which means it lacks the natural integrin binding domains for
proper cellular interactions.23 Therefore, the hypothesis that
electrospinning of a collagen/chitosan/P(LLA-CL) blended
structure will possess cellular compatibility as well as me-
chanical properties for application as a vascular tissue
engineering scaffold.

The utilization of a synthetic vascular graft was first
reported by Dr. Voorhees and associates where they
reported the successful clinical application of arterial pros-
theses fabricated with Vinyon-N cloth tubes.24 Following
that work, Dr. Wesolowski’s research utilizing a partially
resorbable vascular graft illustrated the potential for the
design of a completely bioresorbable vascular graft. Overall
from these studies, it was considered that a vascular graft
structure should possess high porosity, as well as be a tem-
porary vascular scaffold composed of slowly absorbable
polymeric materials capable of promoting vascular regener-
ation.25 Since these early demonstrations, a fair amount of
effort has been placed in developing an ideal, bioresorbable
vascular graft. In one such example, Stock et al. utilized
poly(glycolic acid) and polyhydroxyoctanoates to fabricate
vascular grafts and got successful application.26 Regardless
of composition or indication for use, building an ideal vascu-
lar graft requires not only biodegradability, it should includ-
ing mechanical properties, biocompatibility, also must
stimulate cell attachment, proliferation to allow for the
proper vascular remodeling and regeneration.

The objective of this study was to generate a tissue engi-
neered vascular graft (TEVG) that possess enough strength
to withstand arterial pressure27 yet be elastic to match the
compliance of native blood vessels.28 Additionally, biological
properties will be evaluated in terms of endothelial cell
adhesion and proliferation to examine the regenerative
capacity. A successful TEVG must support endothelial cell
growth and development of a neointima on the graft lumi-
nal surface to reduce or eliminate the failure upon clinical
use. Thus, the focus of this study was characterizing the
mechanical properties and cell compatibility of the vascular
scaffolds composed of different ratios of collagen/chitosan/
P(LLA-CL). Specifically, the scaffolds were characterized in
terms of tensile properties, burst pressure, dynamic compli-
ance, and endothelial cell proliferation.

MATERIALS AND METHODS

Materials
Collagen type I was purchased from Sichuan Minrang
Biotechnology (molecular weight �105 Da). Chitosan was
purchased from Jinan Haidebei Marine Bioengineering (85%
deacetylated, molecular weight �106). The P(LLA-CL)
(50:50), which has a composition of 50 mol % L-lactide, was
supplied by Gunze Limited (Japan, molecular weight �3 �
105). The 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) from
Fluorochem (United Kingdom) and 2,2,2-trifluoroacetic acid
(TFA) from Sinopharm Chemical Reagent (China) were used
to dissolve the collagen, chitosan, P(LLA-CL) and their
blends. A crosslinking agent of aqueous glutaraldehyde (GA)
solution (25%) was purchased from Sinopharm Chemical
Reagent (China). Porcine iliac artery endothelial cells (PIECs)
were obtained from the Institute of Biochemistry and Cell
Biology (Chinese Academy of Sciences, China). Except
specially explained, all cell culture media and reagents were
purchased from Gibco Life Technologies (China).

Electrospinning
Collagen and P(LLA-CL) were dissolved in HFP, while chito-
san was dissolved in HFP and TFA (v/v, 9:1) all at weight
concentration of 8% and stirred (30RPM) at room tempera-
ture for 6 h. Before electrospinning, the three solutions
were blended at different volume ratios of collagen/chito-
san/P(LLA-CL). The solutions were placed into a 2.5-mL
plastic syringe with a 21-gauge blunt-end needle. The
syringe was located on a syringe pump (789100C, Cole-
Pamer, Chicago, IL) and dispensed at a rate of 1.0 mL h�1. A
voltage of þ14 kV using a high voltage power supply
(BGG6-358, BMEICO, China) was applied to the needle
opposite the grounded plate of aluminum foil collector (4 cm
� 4 cm), which was placed at a distance of 12–15 cm. To
fabricate the tubular scaffolds, the collector was a 3–4 mm
in diameter, solid stainless mandrel. The deposited fibrous
sheet or conduit was dried in a vacuum oven at room tem-
perature for several days to removal any residual solvents.

Fiber characterization
The morphology of the fibers was observed utilizing a scan-
ning electronic microscope (SEM) (JEOL JSM-5600, Japan) at
an accelerated voltage of 10 kV. Samples were dried under
vacuum and sputtered coated with gold. The mean fiber
diameters were determined using image analysis software
(Image-J, National Institutes of Health) and calculated by
selecting 100 fibers randomly.

Pore size measurements
A CFP-1100-AI capillary flow porometer (PMI Porous
Materials, USA) was used to measure the scaffold pore size
(3 cm � 3 cm square samples).29 Galwick with a defined
surface tension of 21 dynes cm�1 (PMI Porous Materials,
USA) was used as the wetting agent for porometry.

Crosslinking
The crosslinking process was carried out by placing the col-
lagen/chitosan/P(LLA-CL) scaffolds in a sealed, dual-layered
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desiccators. The round glass plate frame with some pores
divides the desiccators into two layers. About 10 mL of
25% GA solution in a Petri dish was placed inside the bot-
tom layer of the desiccators. The electrospun structures
were fixed on a glass frame and were crosslinked in an
atmosphere of GA vapor at room temperature for 24 h. After
crosslinking, the samples were placed in the vacuum oven
at room temperature for 1 week.

Contact angle measurements
Surface hydrophilicity of the electrospun fibrous structures
was characterized by water contact angle measurement. The
images of the droplet were visualized through the image
analyzer (OCA40, Dataphysics, Germany) and the angles
between the water droplet and the material surface were
measured. The measurement used distilled water as the
reference liquid and was automatically dropped onto the
structures. To confirm the accuracy, the contact angle was
measured three times from different positions and averaged.

Tensile testing
Mechanical properties were obtained by applying tensile
loads to specimens prepared from the electrospun collagen/
chitosan/P(LLA-CL) scaffolds (0:0:100, 20:5: 75, 40:10:50,
60:15:25,80:20: 0). For mechanical testing, five specimens
((30 mm � 10 mm, n ¼ 6) were prepared according to the
method described by Huang et al.30 Mechanical properties
were determined by a universal materials testing machine
(H5K-S, Hounsfield, England) at ambient temperature and a
relative humidity of 65% with an elongation speed of 10
mm min�1. Before testing, all samples were soaked in PBS
for 2 h. Ultimate tensile stress, elastic modulus, and strain
at break were determined.

Burst pressure
Burst strength testing of electrospun scaffolds was com-
pleted using six different (n ¼ 6) grafts and a device
designed in accordance with section 8.3.3.3 of ANSI/AAMI
VP20:1994.31,32 Tubes, 4 cm in length, were hydrated in
PBS for 12 h, fitted over 2.5 mm diameter nipples attached
to the device, a thin latex balloon (Party Like Crazy, Target)
was inserted, and the balloon/scaffold was secured with 2-0
silk suture to the nipples. Pressurized air was introduced
into the system, increasing the pressure at a rate of 5
mmHg s�1 until the tubes ruptured. Results were recorded
as the pressure (mmHg) at which the structures ruptured.

Dynamic compliance
Dynamic compliance was determined for 2.5 mm inner diam-
eter tubular grafts taken from six different electrospun grafts
(n ¼ 6) at a length of 4 cm under simulated physiological
conditions in accordance with section 8.10 of ANSI/AAMI
VP20:1994.32,33 The specimens were tested in an intelligent
tissue engineering via mechanical stimulation (ITEMSTM)
Bioreactor developed by tissue growth technologies filled
with PBS at 25�C. The bioreactor provided a cyclic (1 Hz,
representing 60 beats per minute) pressure change to the
inside of the graft at a pressure level of 120/80 mmHg

systolic/diastolic. Grafts were soaked in PBS at 25�C for 12 h
before testing. Briefly, specimens were secured at either end
to a nipple with 3-0 silk suture and placed in the bioreactor
chamber. PBS then filled the chamber and was run continu-
ously on the outside of the graft to maintain a temperature
of 25�C and a pressure of 0 mmHg. Simultaneously, PBS was
pumped through the inside of the graft and an actuator in
the bioreactor created the difference in pressure. Prior to
compliance measurements, all grafts were allowed to stress
relax for 600 cycles. Internal pressure was measured with a
pressure transducer capable of measuring dynamic pressure
up to 200 6 2 mmHg, while the external diameter of the
graft was recorded with a laser micrometer system with an
accuracy of 60.001 mm. Compliance was calculated from
recording of pressure and inner diameter as:

%Compliance ¼RP2 � RP1

RP1

1

P2 � P1
� 104 (1)

while R is the internal radius, p1 is the lower internal pres-
sure, and p2 is the higher internal pressure.32

Cell adhesion and proliferation
PIECs were cultured in DMEM medium with 10% fetal
bovine serum and 1% antibiotic-antimycotic (100 U mL�1

Penicillin and 100 lg mL�1 streptomycin) in an atmosphere
of 5% CO2 and 37�C with the medium replenished every 3
days. Electrospun scaffolds were prepared on circular glass
cover slips (14 mm in diameter) and the cover slips fixed
into 24-well plates with stainless rings. Before seeding the
cells, scaffolds and control (cover slips) were disinfected by
immersion in 75% ethanol for 2 h, washed three times with
phosphate-buffered saline solution (PBS), and then washed
once again with the culture medium.

Cell proliferation on electrospun scaffolds was deter-
mined by the standard MTT assay (n ¼ 3). After 1, 3, and
7 days postseeding, the cells and matrices were incubated
with 5 mg mL�1 3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-
2H-tetrazolium bromide (MTT) for 4 h. Thereafter, the
culture media were extracted and 400 lL dimethylsulfoxide
(DMSO) was added for 20 min. When the crystal was
sufficiently dissolved, aliquots were pipetted into the well of
a 96-well plate and tested by a microtiter plate reader (Mul-
tiskan MK3, Thermo, USA), at an absorbance of 492 nm.

For cell adhesion and morphology analysis, PIECs were
seeded onto scaffolds (n ¼ 2) at a density of 104 cells
well�1 for 3 days. After 3 days, the electrospun scaffolds
and the adhered cells were examined. The scaffolds were
rinsed twice with PBS and fixed in 4% GA solution at 4�C
for 2 h. Fixed samples were rinsed twice with PBS and then
dehydrated in graded concentrations of ethanol (30, 50, 70,
80, 90, 95, and 100%). Finally, they were dried under vac-
uum overnight. The samples were then gold sputter coated
and observed under the SEM at a voltage of 10 kV.

Confocal laser microscopy imaging was used to visualize
cell distribution and morphology within the scaffolds. The
cell-seeded scaffolds were fixed in 4% paraformaldehyde for
30 min and then washed and permeabilized in 0.1% Triton
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X-100 (Sigma, USA) for 5 min. Rhodamine-conjugated phal-
loidin (Invitrogen, USA) was used to stain cell actin
filaments into red. Images were captured using a confocal
laser scanning microscope (Zeiss LSM 700, Germany).

Statistical analysis
All the data were obtained at least in triplicate and
expressed as means 6 standard deviation (SD). One-way
ANOVA at a significance of p < 0.05 and p < 0.01 were per-
formed using Origin 8.0 (OriginLab, USA).

RESULTS AND DISCUSSION

Morphology and pore diameter
The morphology of different ratios of collagen/chitosan/
P(LLA-CL) fibers were observed by SEM. From Figure 1,
collagen/chitosan/P(LLA-CL) scaffolds appeared macro-
scopically smooth and without any gross defects. From the
micrographs, it is clear that the ratio of collagen/chitosan/
P(LLA-CL) significantly affected the fiber diameter distribu-
tions [Fig. 1(A–E)]. The collagen/chitosan/P(LLA-CL) fiber
diameter of the different ratios are shown in the
Figure 1(F). Fiber average diameters gradually deceased

FIGURE 1. Representative morphological assessment of collagen/chitosan/P(LLA-CL) scaffold with different ratios(A) 0:0:100, (B) 20:5:75, (C)

40:10:50, (D) 60:15:25, (E) 80:20:0, (F) fiber diameter distributions of scaffolds, and (G,H) images of small diameter electrospun tubes. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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from 1144 6 155 nm to 227 6 47 nm with increasing
collagen and chitosan content (Fig. 1, Table I). This phenom-
enon could be explained by the conductivity increase of the
electrospinning solution with increasing collagen and chito-
san content.34 As shown in Figure 1(G,H), we can fabricate
a fibrous tube with inner diameter of 2.5 mm, length of �9
cm, and wall thickness of �300 lm.

Electrospun scaffolds with microscale porous structures
are most favorable for tissue engineering scaffolds because
they are a network of interconnected pores that provides
nutrients and gas exchange and cellular infiltration, which
are crucial for cell/tissue viability and tissue regeneration.35

Pore diameters of the collagen/chitosan/P(LLA-CL) scaffolds
with various blend ratios are shown in Table I and Figure 2.
When blended ratios ranged from 0:0:100 to 80:20:0 mean
pore diameter decreased with increasing the content of
collagen/chitosan. According to a published report,36 as
expected the fiber diameter increased, the average pore size
of the scaffolds increased. With increasing the content of
collagen/chitosan, the fiber diameter decreased from micro-
scale to nanoscale, therefore, the pore diameter decreased.
As expected that cells infiltrated the scaffolds with lager
pore diameters. The nanofibrous scaffold with small pore
diameter exhibited reduced cellular infiltration, however,

previous research demonstrated that the nanofibers could
physical mimic the native ECM and promote cell more
spreading.36

Contact angle
The scaffold’s surface hydrophilicity will affect the attach-
ment, proliferation, migration, and viability of many differ-
ent cells.37–39 Water contact angles were measured at two
different conditions (before and after crosslinking) and
shown in Table II. The P(LLA-CL) scaffolds had an average
contact angle of 136.1� which indicates that P(LLA-CL) was
hydrophobic. With the increasing content of collagen and
chitosan, the contact angles of the blend scaffolds decreased
from 110.5� to 79.6� indicating that the hydrophobic P(LLA-
CL) scaffolds could be transformed to a more hydrophilic
state by the introduction of the collagen and chitosan com-
ponents. While compared to untreated scaffolds, the contact
angle of the scaffolds after crosslinking just have a slight
change that means GA solution have no significant affect on
the contact angle of the scaffolds.

Tensile testing
Tensile tests were conducted on all scaffolds to determine
whether the properties were conducive for use as a vascular
graft. Results are showed in Figure 3 and Table III.
Figure 3(A) shows stress–strain curves of scaffolds under
tensile loading. All scaffolds showed onset of nonlinearity in
the initial stress–strain curve. However, the scaffold of
P(LLA-CL) is significantly different from 20:5:75, 40:10:50,
and 60:15:25. As showed in the Figure 3(A) for P(LLA-CL),
the slope of the curve decreased after the onset of nonli-
nearity. Compared to P(LLA-CL), scaffolds of 20:5:75,
40:10:50, and 60:15:25 have the opposite tendency, the
slope of the curves increased after the onset of nonlinearity
until scaffold fracture. After adding some content of P(LLA-
CL), the scaffolds were significantly stronger than collagen-
chitosan blended scaffold (80:20:0) [Fig. 3(B)], especially
when the ratio is 20:5:75 where the peak tensile stress
reached a value of 16.9 6 2.9 MPa. As a comparison, the
adventitial layer of the coronary arteries has an ultimate
tensile stress of about 1.4 6 0.6 MPa.40 Therefore, the
mechanical properties of a collagen-chitosan scaffold is too
weak to match that of native artery, thus adding some con-
tent of P(LLA-CL), the elastic tensile of blend scaffold will
modified.41,42 In the meanwhile, the ultimate strain has the
similar tendency that increasing the content of P(LLA-CL)

TABLE I. Fiber Diameters and Pore Size of Electrospun

Structures

Collagen/Chitosan/
P(LLA-CL)

Mean Pore
Diameter 6

SD (lm)

Mean Fiber
Diameter 6

SD (nm)

0:0:100 2.2 6 0.7 1144 6 155
20:5:75 1.1 6 0.5 409 6 120
40:10:50 0.8 6 0.4 330 6 46
60:15:25 0.6 6 0.1 226 6 46
80:20:0 0.7 6 0.1 389 6 105

FIGURE 2. Pore diameter of the different structures. *indicates a

significant difference from other scaffolds (p < 0.05). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

TABLE II. Water Contact Angle of Fibrous Structures at

Different Conditions

Collagen/Chitosan/
P(LLA-CL)

Contact Angle, Degrees (n ¼ 6)

Untreated Crosslinked

0:0;100 136.1 6 1.3 134.1 6 0.5
20:5:75 110.5 6 0.9 111.7 6 1.5
40:10:50 105.1 6 2.7 111.2 6 1.2
60:15:25 99.3 6 1.3 102.6 6 2.3
80:20:0 79.6 6 3.8 92.5 6 1.9
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the strain of scaffold increased [Fig. 3(C)]. When the ratio of
collagen/chitosan/P(LLA-CL) is 20:5:75, the ultimate strain
of the scaffold was 112%. With increasing collagen and
chitosan content, the scaffold of 40:10:50 could stretch to
94%, 60:15:25 and 80:20:0 have strain of 69 and 64%,
respectively. Over all, the ultimate strain of these scaffolds
was comparable to the human coronary artery
(45–99%).41,43 In terms of elastic modulus, all the scaffolds
except 80:20:0 were higher than radial arteries (2.68 6

1.81 MPa)42 as showed in Table III and Figure 3(D), Scaffold
of 0:0:100, 20:5:75, 40:10:50, 60:15:25, and 80:20:0 have
modulus values of 3.8, 10.3 6.2, 4.2, and 1.1 MPa,
respectively. Of particular note is that collagen/chitosan/

P(LLA-CL) blended scaffolds with high stress and high strain
also have high elastic modulus.

Burst pressure
The burst pressure of a vascular scaffold is one of the most
important parameters which determine the suitability of its
use as a vascular graft for implantation.44 For this study, all
the samples were soaked in PBS for 12 h before testing,
and the thickness of specimens were measured (ranged
from 0.24 to 0.33 mm). According to the burst pressure
results shown in Figure 4 and Table IV, the average values
for the collagen/chitosan/P(LLA-CL) blended scaffolds was
significantly different (p < 0.01) from P(LLA-CL). Pure
P(LLA-CL) can resist an average of 1403 6 210 mmHg of
burst pressure. The P(LLA-CL) blended with collagen-chito-
san scaffolds can resist burst pressure greater than 3320 6

72 mmHg (40:10:50). It should be noted that the 20:5:75
grafts did not even burst when the pressure reached the
systems maximum of 3365 mmHg. However, with higher
concentrations of collagen and chitosan, the burst pressure
decreased significantly to 432 6 24 mmHg and even lower
as the content increased to a point (80:20:0) where the
grafts were ruptured after soaking in PBS for 12 h. It has

FIGURE 3. Comparison of mechanical properties of scaffolds with different ratios of collagen:chitosan:P(LLA-CL). (A) The stress–strain curves of

scaffolds. (B) Tensile stress of scaffolds. *indicates a significant difference from 40:10:50, 60:15:25, and 80:20:0 (p < 0.01), #indicates a significant

different from others (p < 0.01) (C) Elongation at break. *indicates a significant difference from other scaffolds (p < 0.01). (D) Modulus. *indi-

cates a significant difference from other scaffolds (p < 0.01), #indicates a significant different from other scaffold except 60:15:25 (p < 0.01), V
indicates a significant different from other scaffold except 0:0:100 (p < 0.01). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

TABLE III. Mechanical Properties of Scaffolds

Specimen
Ultimate

Stress (MPa)
Elongation

at Break (%)
Elastic

Modulus (MPa)

0:0:100 13.6 6 1.8 359 6 56 3.8 6 1.1
20:5:75 16.9 6 2.9 112 6 11 10.3 6 1.1
40:10:50 8.6 6 1.2 94 6 11 6.2 6 0.5
60:15:25 4.0 6 0.6 69 6 6 4.2 6 0.8
80:20:0 0.4 6 0.1 64 6 11 1.1 6 0.2
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been reported that saphenous vein and mammary artery
have burst pressure values of 1680–2273 and 2031–4225
mmHg, respectively.44,45 Therefore, the scaffold of 20:5:75
can resist burst pressure over 3365 mmHg, illustrating
potential use as an artery bypass graft.

Dynamic complicance
Results from Figure 5 and Table IV showed compliance val-
ues with a range from 0.7 to 2.0%/100 mmHg, where
0:0:100 had an average value of 2.0; 20:5:75 had an average
of 0.7 and 40:10:50 had an average of 0.8%/100 mmHg.
While 60:15:25 had also been measured, unfortunately the
grafts were ruptured before reaching 600 cycles. The
0:0:100 grafts were significantly higher (p < 0.05) than
other scaffolds. Because P(LLA-CL) is an elastic polymer, the
compliance values of the P(LLA-CL) grafts approached that
of native tissue (2.6%/100 mmHg).46 According to a prior
study, 20:5:75 graft produced similar compliance values as
saphenous vein (0.7–1.5%/100 mmHg).45,47,48 In addition,
the grafts possess higher compliance values than standard
ePTFE grafts (0.1%/100 mmHg).49

Cellular analysis
Scaffolding for tissue engineering was typically designed
to promote cell growth, physiological functions, and main-
tain normal states of cell differentiation.50 To evaluate cell

proliferation and adhesion on collagen/chitosan/P(LLA-
CL) blended scaffolds, PIECs were seeded on the scaffolds.
The proliferation of PIECs on days 1, 3, and 7 after seed-
ing on the various scaffolds is shown in Figure 6. All the
scaffolds were conducive to cell proliferation in compari-
son with cover slips (control), the cell proliferation values
of 20:5:75, 40:10:50, and 60:15:25 grafts were significant
difference (p < 0.05) from control at day 1. On day 3,
cell proliferation on 40:10:50 and 60:15:25 scaffolds
exhibited a significant increase (p < 0.05) compared to
cover slip. On day 7, cell proliferation on 60:15:25 scaf-
folds was significantly greater (p < 0.05) than cover slip.
Meanwhile, cell proliferation on 40:10:50 and 60:15:25
scaffolds were significant different (p < 0.05) when com-
paring to P(LLA-CL). The results showed that blended
scaffolds could promote increased cell growth and

TABLE IV. Burst Pressure and Compliance of the Tubular

Scaffolds

Specimen
Burst Press

(mmHg)
Compliance

(%/100 mmHg)
Wall Thickness

(mm)

0:0:100 1403 6 210 2.0 6 0.6 0.24 6 0.08
20:5:75 >3365 6 6 0.7 6 0.4 0.33 6 0.09
40:10:50 3320 6 72 0.8 6 0.4 0.31 6 0.07
60:15:25 431 6 23 – 0.33 6 0.06

FIGURE 5. Compliance results for the different collagen:chitosan:

P(LLA-CL) scaffolds. *indicates a significant difference from 20:5:75

and 40:10:50 (p < 0.05). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

FIGURE 6. Proliferation of PIECs cultured on collagen:chitosan:P(L-

LACL) scaffolds and cover slips for 1, 3, 7 days. Statistical difference

between groups is indicated (*p < 0.05). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 4. Burst pressure of scaffolds with different collagen:chito-

san:P(LLA-CL) ratios. *indicates a significant difference from 0:0:100

and 60:15:25 (p < 0.01), #indicates a significant different from 60:15:25

(p < 0.01), *indicates the scaffolds have not burst under the maxi-

mum pressure achieved by the system. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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proliferation in comparison with P(LLA-CL). From Figure
6, the result showed the scaffold of 40:10:50 and
60:15:25 provided more suitable cell growth condition for
PIECs compare to control and P(LLA-CL). This is probably
caused by the introduction of biological functional groups
via collagen and chitosan in collagen/chitosan/P(LLA-CL)
that enhanced the proliferation rate of PIECs. Also, the
addition of collagen and chitosan improved the fibers
surface wettability. Meanwhile, previous research demon-
strated that the nanofibers could physical mimic the
native ECM and promote cell more spreading.36

Cell morphology and the interaction between cells and
scaffolds were studied in vitro for 3 days. SEM micro-

graphs and Confocal laser microsgraphs were shown in
Figures 7 and 8. After 3 days, PEICs more easily spread to
develop an endothelial cell layer on the surface of
60:15:25 scaffolds compared to the control and PLLA-CL
scaffolds. That is because nanofibers structures have been
shown to enhance cell spreading as nanofibers mimic the
native ECM.36

CONCLUSION

In this study, we developed fibrous small diameter vascular
scaffolds with collagen, chitosan and P(LLA-CL) blended in
different ratios. Grafts were assessed via mechanical proper-
ties and cell compatibility to evaluate effectiveness as

FIGURE 7. SEM micrographs of PIECs grown on scaffolds for 3 days. (A) P(LLA-CL); (B) Collagen:chitosan:P(LLA-CL) (60:15:25); (C) Cover slips;

(D) is the high-resolution of an area squared in B.

FIGURE 8. Confocal laser micrographs of PIECs grown on scaffolds for 3 days. (A) P(LLA-CL); (B) Collagen:chitosan:P(LLA-CL) (60:15:25); (C)

Cover slips. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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prospective vascular grafts. The mechanical properties of
scaffolds in terms of their tensile strength, burst pressure,
and compliance were studied. Results showed that the graft
with the ratio of 20:5:75 exhibited similar tensile strength,
burst pressure and compliance properties as the saphenous
vein. Meanwhile, we evaluated the cell compatibility of
grafts by assessing the surface wettability and cell prolifera-
tion. The hydrophobicity of the P(LLA-CL) scaffolds could be
transformed to hydrophilic by introducing collagen and
chitosan. Thus, cell proliferation assays showed that cell
proliferate was enhanced on the collagen/chitosan/P(LLA-
CL) blended scaffolds as compared to P(LLA-CL) scaffolds.
In the meantime, PEICs spread more easily to develop an
endothelial cell layer on the surface of collagen/chitosan/
P(LLA-CL) blended scaffolds. Overall, to balance the me-
chanical properties and biocompatibility, the results indicate
that the collagen/chitosan/P(LLACL) scaffold with the ratio
of 20:5:75 has potential application in vascular tissue
engineering.
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