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Abstract: Biomaterial selection is one of the important factors in tissue engineering vascular graft (TEVG) because of its
hemocompatibility, mechanical properties, and biodegradability. In the present research, we prepared the bilayer electrospun
scaffolds from poly glycerol sebacate (PGS)/poly caprolactone (PCL) and poly glycerol sebacate (PGS)/poly lactic acid
(PLA), Then the surface of both groups was modified by using oxygen plasma. Physical, mechanical and hemocompatibility
evaluation of the bilayer PGS/PCL and PGS/PLA scaffold was performed to introduce a more suitable combination for
TEVG applications. Results demonstrated that the plasma treatment process did not affect the surface morphology of
electrospinning fibers but improved hydrophilicity, swelling ratio, and blood compatibility. It caused a faster degradation rate
in treated groups. Mechanical tests of these scaffolds showed a proper mechanical strength for vascular tissue engineering
before and after plasma treatment, however, elongation of the PGS/PCL scaffolds was more suitable for vascular graft
applications. The hemocompatibility study showed improvement in platelet adhesion, hemolysis, and blood clotting time
after plasma treatment in both groups also, there was no significant difference between the two scaffolds in
hemocompatibility characteristics. It concluded that the treated bilayer PGS/PCL scaffold can be more suitable for vascular

graft application.
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Introduction

Cardiovascular defects are one of the most common
reasons for mortality in the world [1]. In particular, coronary
artery disorders are the main reason for death, accounting for
53 % of all deaths resulting from cardiovascular diseases [2].
Therefore, it is essential to look for ways to treat and inhibit
disorders’ development, in addition to their prevention. In
many cardiac patients, veins in the body of the patients
cannot be used for numerous reasons, such as the patient’s
age, small size, previous surgical procedure, or different
disorders [3]. Therefore, it is necessary to find a blood vessel
substitute; especially, vascular transplantation with a very
small diameter, and proper substitutes can be helpful [4,5].

Nowadays, biomaterials play a significant role in biomedical
sciences. Biodegradable and biocompatible biomaterials,
such as Poly Caprolactone (PCL), Poly Glycerol Sebacate
(PGS), Poly Lactic Acid (PLA), and their copolymers, have
been widely used in medical research [6-8]. PGS is a
colorless, degradable and flexible polyester, with mechanical
properties appropriate for tissue substitution in the body [9].
PGS is used in tissue engineering of blood vessels, tissues
and interstitial adhesives, extracellular matrices, and
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substitution of soft tissue organs [10,11]. PLA is a synthetic
and hydrophobic polyester with a low degradation rate. The
ideal mechanical and biological properties of this polymer,
including biocompatibility, biodegradability, and non-toxic
effects, have made it an appropriate candidate for biomedical
and tissue engineering applications [11,12]. On the other
hand, PCL is a hydrophobic semi-crystal polymer with
excellent mechanical characteristics, high biocompatibility
and poor antigenicity; it is used in medicine due to its
flexible structure and long degradation time [13-15]. The
suitable mechanical and elastic properties of the vessel are
the important parameters for designing the proper scaffolds
in vascular tissue engineering [5,16]. Therefore, PGS shows
high flexibility, high hydrophilicity and good blood
compatibility, and PLA or PCL can provide good mechanical
strength. Therefore, the combination of PGS/PCL and PGS/
PLA can lead to suitable applications in the field of vascular
tissue engineering.

Electrospinning process is an interesting method to
fabricate these grafts and achieve a TEVG ideal scaffold
[17]. By applying the electrospinning technique, a multilayered
nanofibrous scaffold with different properties at various
layers can be fabricated to simulate the ability of the vessel
natural tissue. In this regard, Vaz et al. produced a bilayered
tubular scaffold of randomly oriented polycaprolactone
(PCL) nanofibers as the inner layer and aligned poly(lactic
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acid) (PLA) nanofibers as the outer layer to provide enough
strength and compliance required for vascular applications
[18]. Ye et al. also fabricated a bilayered tubular scaffold
consisting of PCL nanofibers in the inner layer and core-
shell nanofibers encapsulating Bovine serum albumin (BSA)
and tetrapeptide in the outer layer to release BSA and
tetrapeptide that could enhance the cell growth [19].

Plasma treatment is a versatile and effective method for
modifying the surface properties of a material without
affecting its bulk properties [20]. One of the important
effects of plasma treatment is surface cleaning, surface
activation, and its effects on surface roughness. A common
application of this technique is to improve surface
hydrophilicity by forming oxygen-containing groups at the
surface of the materials [12,21,22].

The aim of the present study was, therefore, to produce
bilayer electrospun fibers of PGS/PCL and PGS/PLA in two
groups before and after plasma surface treatment for
vascular tissue engineering applications. The chemical
structure, surface properties, physical properties, mechanical
characteristics, and blood compatibility of the PGS/PCL and
PGS/PLA scaffolds were studied and compared with each
other.

Experimental

Materials

The materials used in this study were sebacic acid (99 %,
Merck), glycerol (99 %, Merck), poly lactic acid (PLA)
(Mw=200 kDa, Sigma-Aldrich), poly caprolactone (PCL)
(Mw=8 kDa, Sigma-Aldrich), chloroform (Merck), acetone
(Merck) and phosphate-buffered saline (PBS, Fisher
Scientific, Gibco).

Polymer Synthesis, Electrospinning and Scaffolds Fabri-
cation

Poly glycerol sebacate (PGS) was synthesized according
to a previous protocol reported by Rai ef al. [23]. To describe
briefly, the PGS polymer was synthesized via condensation
polymerization from Sebacic acid and glycerol.

A mixture of sebacic acid and glycerol at a molar ratio of
1:1 was heated at 120°C for 24 hours under the N,
atmosphere, and the reactant was kept under a vacuum at
40°C for 24 hours. Finally, a white and viscous PGS
polymer was obtained [23].

The electrospinning setting was adjusted on the JMS-
model SP500 system (North America). The electrical power
supply with a direct current was connected to the system.

First, to get the bilayer scaffold, the PCL with 18 % (w/v)
concentration was prepared and stirred for 1 h in chloroform
and acetone solvent with an 8:2 aspect ratio, respectively.
PGS was then dissolved in these solvents at a 36 % (w/v)
concentration for 30 min. after that the PCL and PGS
solutions were mixed well for 15 min. After optimizing the
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electrospinning factor for the construction of bilayer scaffolds,
PGS/PCL (2:1) solution as the inner layer and PCL were
used in the outer layer. This scaffold was electrospun with
the initial selection parameters (Needle size of 23 G
tip-to-collector distance of 18 c¢cm), a voltage of 18 to 20 kV,
feed flow rates of 1 m//h, the temperature of 25+1 °C, and
humidity of around 30 %. On the other hand, to prepare
PGS/PLA with a total concentration of 9 % w/v, the PGS
polymer was mixed with PLA at a weight ratio of 2:1 w/w in
chloroform and acetone with an 8:2 aspect ratio as the inner
layer; PLA was used in the outer layer at room temperature
(26+1 °C), with the parameters of humidity (around 30 %)
and Needle size (23 G), as well as initial selection parameters
including tip-to-collector distance (15 c¢cm), voltage (30 kV)
and feed flow rates (0.8 m//h).

Surface Modification of Electrospun Nanofibers

Oxygen plasma treatment of electrospun PGS/PCL and
PGS/PLA fibers scaffolds was carried out by using radio-
frequency (RF) plasma cleaner (SATIA knowledge-intensive
company, USA). Nanofibers were placed in the chamber of
the plasma cleaner and according to our previous research
also similar studies plasma discharge was applied for
10 min, with the radio frequency power set as 20 under the
vacuum mode [24,25].

Characterization of the Electrospun Scaffolds

Chemical Characterization

Fourier Transform Infrared spectroscopy (FTIR) (IFS-66
V/S, Bruker, Ettlingen, Germany) was used to analyze the
chemical structure of PGS/PCL and PGS/PLA fiber scaffolds
over the wavenumber range of 400 and 4000 cm™.

Morphology Analysis

Fiber morphology of PGS/PCL and PGS/PLA scaffolds
with or without plasma treatment was evaluated by the
scanning electron microscopy (SEM) device (EM3200-
KYKY, Japan). Fiber diameters were measured using Image J
(National Institutes of Health, USA). Average fiber diameter
and size distribution were determined from approximately
30 random measurements by using micrographs representative
of the fiber morphology. The porosity of the samples in SEM
images was measured using the Matlab software (R 2016 a,
The Mathworks Inc.) [26].

Water Contact Angle

The dynamic contact angle of the untreated and treated
PGS/PCL and PGS/PLA samples was measured using an
optical contact angle measuring device. The contact angle
test was conducted by the drop model at a dosing volume of
4 pl. The timer was started when the drop first touched the
sample surface and it could be separated from the needle.
Pictures were captured by the Charge Coupled Device
(CCD) camera and the Image j software was used to
determine the contact angles. The reported values were
meantstandard deviation (n=3).
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Water Uptake

The water uptake of the untreated and treated PGS/PCL
and PGS/PLA fiber scaffolds was evaluated according to the
ASTM D-5946 standard. First, the samples were cut
(20 mmx5 mm); then the weight of each sample was
measured (w,) and each was immersed in deionized water
separately [27]. After that, the wet weight (w,,) of the fibers
was recorded (n=3). The percentage of water uptake was
measured by using the following equation.

Water uptake (%) = W=y

W,

x 100 (1)

where, W, is the fiber dry weight and W, is the fiber wet
weight.

In vitro Degradation

To study the degradation value of the fiber scaffolds, the
samples were examined in the PBS solution. Toward this
goal, the samples were cut (I cmx1 cm dimensions and
200 um thickness). Then the weight of each sample was
recorded. After that, all samples were incubated for 8 weeks
with 5 m/ of PBS (37°C, pH 7.4). The solution of each
sample was changed every week. The scaffolds degradation
test was performed in triplicate (n=3) [27]. After 8 weeks,
the samples were removed from the PBS solution and
washed with distilled water. The samples were then dried in
a vacuum oven for 24 h. The weight loss percentage for each
sample was measured by using the following equation:
W0 W x 100 2

174

Weight loss (%) =
0

where, W, is the fiber dry weight after degradation at different
times and W}, is the fiber dry weight before degradation.

Mechanical Analysis

Mechanical properties including elastic modulus and
tensile strength of the untreated and treated PGS/PCL and
PGS/PLA fiber scaffolds were estimated according to the
ASTM D882 standard. At first, electrospinning scaffolds
were cut with the dimensions of 3 cmx1 cm; the thickness of
every sample was about 300 pum. The tensile test was
analyzed by using the Zwick/material testing machine
(Zwick Co., Germany) (load cell=10 N and rate=5 mm/min).
Every test was evaluated in triplicate (n=3).

Blood Compatibility

To study the blood compatibility of all samples, the
hemolysis ratio, the degree of platelet adhesion and the
whole blood clotting time were evaluated.

Hemolysis Ratio

Human whole blood was drawn from healthy adult
volunteers (by the regulations of Isfahan University of
Medical Sciences); Polytetrafluoroethylene (e-PTFE) and
glass were used as negative and positive controls, respectively.
The samples were cut (1 cmx1 cm) and placed in conical
tubes (1.5 m/); then phosphate-buffered saline (PBS) and

sterile distilled water were added separately to the conical
tubes of positive and negative controls. After that, 200 p/ of
fresh blood containing anticoagulant sodium citrate and
10 m/ of normal saline (0.9 %) were added to each tube. The
samples were incubated for 120 min (at 37 °C). The samples
were then removed. After that, each tube was centrifuged for
10 min. All blood compatibility tests were carried out in
three replicates (n=3). Then all sampled tubes were transferred
to a 96-well plate and optical density was read by a
spectrophotometric plate reader (BioTek, FLX800, wavelength=
540 nm). The hemolysis ratio was measured by using the
following equation [24]:

A

R (Hemolysis Ratio) (%) = H x 100 3)

pc ne

where, A,,., A,. and A4, refer to the absorbance values of the
negative control (Teflon), positive control (glass), and test
sample, respectively.

Platelet Adhesion

The LDH (lactate dehydrogenase) activity assay kit
(Biosystems reagents & Instruments) was used to determine
the platelet adhesion degree of the fiber scaffolds according
to the manufacturer's protocol. At first, 200 p/ of the human
fresh PRP (platelet-rich plasma) was placed on the untreated
and treated PGS/PCL and PGS/PLA scaffolds and e-PTFE
and glass samples. The samples were then incubated for
120 min at 37°C. The suspension of all incubated samples
was removed; then they were washed with PBS three times
and 40 p/ of Triton X-100 (1 %) solution was added to each
sample for 30 min at 37°C. After that, lysate (20 w/) was
added to the substrate solution (1 m/) containing pyruvate
and NADH. Lactate dehydrogenase catalyzes the reduction
of pyruvate by using NADH. Optical density was recorded
at interval times (1-3 min). The concentration of LDH in the
fiber samples was measured by using the following equation
[24]:

V,><106

LDH concentration (U/L) = A4/min x
eExLxV

“
where, the average of differences between consecutive
absorbance is AA4/min; the light path (L) equals 1 cm; the
molar absorbance of NADH(g) at 340 nm equals 6300; the
sample volume (Vs) is 0.02 m/ and the total reaction volume
(Vt)is 1.02 m/.

Blood Clotting Time

To study the whole blood clotting time of the fiber
scaffolds, e-PTFE and glass were selected as negative and
positive controls; they were evaluated using a whole blood
kinetic clotting time method [28]. First, 500 p/ of 0.03 M
CaCl, (Sigma Aldrich) was added to the 5 m/ of anticoagulant
whole blood to activate the whole blood. Afterward, the
samples were added to the 12-well plate with activated
blood (100 m/). The samples were then incubated for 5, 10,
20, 30, 40, 50, and 60 min at atmospheric temperature. After



that, 2.5 m/ of distilled water was added and 200 p/ of the
suspension was removed from each sample; then it was
transferred to a 96-well plate. The spectrophotometric plate
reader (BioTek, FLX800, wavelength=540 nm) was used to
measure the concentration of hemoglobin released in the
solution. Optical density values were inversely related to the
size of the clot plotted, according to the blood-contacting
time. The anti-clotting index (ACI) of all samples was
evaluated by using the following equation [29]:

_ OD of supernatant of blood with sample
ACI= .
c OD of citrated blood in distilled water x100 (%)

Statistical Analysis

One-way ANOVA followed by a Least Square Difference
test (LSD) was applied to analyze the results (statistically
significant results: p<0.05). The results were obtained as
meanztstandard deviation.
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Figure 1. FTIR spectra of bilayer PGS/PCL and PGS/PLA
scaffolds.
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Results and Discussion

Chemical Characterization

Figure 1 shows the FTIR spectra PGS, PCL, PLA, bilayer
PGS/PCL, and PGS/PLA scaffolds. The peaks included
1060 cm™, 1238 em™ and 1722 ecm™, belonging to the C-O,
C-O-C and C=0 functional groups of the PCL polymer [30].
The peaks around 2925 cm™ and 2853 cm™ were related to
methyl and alkane groups of the PGS polymers. The peak
around 3458 cm™ belonged to the hydroxyl group of two
polymers and the ones at around 1171 cm™ and 1731 ¢cm™
belonged to the C-O and C=0 functional groups related to
PGS [27,31]. Therefore, the FTIR spectrum of PGS/PCL
revealed all of the specific bonds were related to PGS and
PCL. The peaks around 2926, 1382 and 2854 cm™ (methyl
and alkane groups), 1738 cm™ (ester carbonyl group),
1181 em™ (C-O stretching bond) and 3458 cm™ belonged to
the PGS polymers. Furthermore, the peaks around 753 cm”
(C=0 bending bond), 1088 cm™ (C-O stretching bond), and
2292 cm™ (hydroxyl group) belonged to the PLA polymer
[24]. Also, the peaks around 3046 cm™ (C-H stretching
group) in the PLA polymer overlapped with the broad and
wide peaks of PGS, and OH groups (3458 cm™). Therefore,
these characteristic peaks demonstrated the combination of
the PGS and PLA polymers in the PGS/PLA electrospun
scaffold.

Fibers Morphology

The morphologies of the untreated and plasma-treated
electrospun PGS/PCL and PGS/PLA fibers are shown in
Figure 2. The diagram of the fiber diameter distribution was
also provided by measuring the diameter of 30 fibers in the

580 800 08 w00
Fiber Diamarer (ns)

Figure 2. SEM micrographs of (A) PGS/PCL before plasma treatment, (B) PGS/PCL after plasma treatment, (C) PGS/PLA before plasma

treatment, and (D) PGS/PLA after plasma treatment.
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SEM images. The results are reported as mean+SD.
According to Figure 2(A), the PGS/PCL fibers were bead
free before plasma treatment, with a round shape; they were
uniform with an average diameter of ~659+53 nm. The
percentage of porosity was 91 %. On the other hand, oxygen
plasma treatments analyzed by SEM revealed that the
10 min treatment with 20 W power created a suitable open
space between the fibers still present in the mesh, and fibers
with a regular morphology and a uniform diameter were
observed. The fiber diameter in the treated PGS/PCL scaffold
was about 625+96 nm and the microscopic characterization
of this scaffold demonstrated a porous network structure (the
percentage of porosity was 95 %) (Figure 2B). The SEM
photomicrographs of the untreated and plasma-treated
electrospun PGS/PLA fibers are shown in Figure 2(C, D).
The results showed the average diameter of the electrospun
PGS/PLA fibers before the treatment process in a relatively
uniform size was about 638.9+62 nm; in the treated PGS/
PLA sample, this was about 61078 nm. The percentage of
porosity in the untreated group was about 89 %; and in
plasma-treated samples, this was 92 %. Based on the SEM
images, plasma treatment did not change the surface
morphology of the samples. There was no change in the
open space between fibers, point-bonded junctions or melting
of thinner fibers after plasma treatments. In other words, the
results showed that after plasma treatment, the average
diameter of the nanofibers was not considerably changed.
Moreover, no considerable change was observed on the
nanofiber surfaces in each group by using plasma surface
modification (p>0.05). Mozafari et al. [32] also showed that
the plasma treatment process did not affect the surface
morphology of gelatin electrospinning fibers. Also, the fiber
diameters result of PGS/PLA and PGS/PCL demonstrated
that there was no significant difference between these groups
(p>0.05), and these two groups had the same morphology
and diameter of fibers.

The suitable percentage of surface porosity for the tissue
engineering of vascular grafts was approximately 90 %,
providing conditions similar to those of the natural vessels.
The results of the present study were close to the above
conditions [28]. In general, by obtaining the appropriate
fiber diameter, it could be expected that the electrospun
scaffold would be suitable in terms of biological behavior
and blood compatibility [33].

Surface Hydrophilicity Analysis

Hydrophilicity essay is one of the main factors of
biomaterial-cell interaction and biodegradation process in
the first stage of contact. Figure 3 shows the hydrophilicity
value of the untreated PGS/PCL and PGS/PLA samples in
comparison with the treated PGS/PCL and PGS/PLA ones.
The PGS had extremely high hydrophilicity’ however, PCL
and PLA had high hydrophobicity. As shown, the water
contact angle of the untreated PGS/PCL composition was

=)
=
I

ros

=
1
1

Contact angle (°)
(o]
=

Figure 3. Water contact angle of nanofiber films before and after
plasma treatment of PGS/PCL and PGS/PLA after contact for 10
seconds (n=3, * p<0.05).

about 51.545.8. After using plasma treating the surface of
the PGS/PCL scaffold, the contact angle was dlecreased to
0-7°, and hydrophilicity was improved; so, it can be said
that plasma treatment plays a critical role in improving the
hydrophilicity of polymer surfaces. In the second part of the
study, the untreated PGS/PLA scaffold showed a contact
angle of about 4542.8 degrees, thus confirming the
hydrophilicity of this scaffold. The results of the contact
angle test of PGS/PLA also showed that the surface
treatment of this scaffold by plasma reduced the contact
angle of the scaffold from 45 to 0 degrees. Therefore, e
modification of the scaffold surface by plasma could
improve the hydrophilicity of PGS/PLA and PGS/PCL
fibers. Consequently, comparing the hydrophilicity test of
the two scaffolds (PGS/PCL and PGS/PLA) showed that the
hydrophilicity of PGS/PLA was more than that of PGS/PCL.

The hydrophilic parameter of the scaffold is important in
the tissue culture, with an effect on the cell adhesion and
initial migration [34,35]. PGS is a hydrophilic polymer due
to the bonding of hydroxyl groups to other side chains in the
polymer [36], whereas PCL and PLA are hydrophobic
polymers [16,37]. Plasma surface modification of PGS/PCL
and PGS/PLA scaffolds led to a reduction in the contact
angle of the scaffolds from 51 (PGS/PCL) and 45 (PGS/
PCL) to about 0 degrees. Oxygen plasma had a great
influence on the surface of the two groups composite
scaffold. By applying oxygen plasma to the surface, there
was an increase in the interaction with carboxyl and carbonyl
groups, which are largely polar and their presence provides a
high level of surface polarity [24]. Therefore, plasma-surface
modification by adding active functional groups (such as C-O
and C=0) causes a change in surface morphology and
surface charge, thus increasing the hydrophilicity of the
scaffold [38,39].

According to a previous study, plasma surface modification
of the fibers improved the scaffold surface properties and



significantly increased hydrophilicity; so, the growth and
proliferation of HUVEC cells on the fibers could be
improved [38,39]. As Mozaffari ef al. demonstrated, plasma
surface treatment was an ideal process to improve the
hydrophilicity of nanofibers and acceleration the biomaterial’s
bio-functionality [40].

Water Uptake Analysis

The results of water uptake analysis showed the uptake
rate of PGS/PCL scaffolds with and without the plasma
treatment process was, on average, 120 % and 84 %,
respectively (Table 1). In other groups, the uptake rate of the
treated and untreated PGS/PLA scaffolds was, on average,
170 % and 89 %, respectively. The results were, thus,
completely consistent with the contact angle test; this was
because with increasing hydrophilicity due to surface
modification, the reaction rate with water molecules was
also raised, and water absorption was enhanced as well.

The main reason for the increase or decrease in the value
of water uptake is hydrophilicity and the chemical interactions
between the functional groups. So, the combination of PGS/
PLA, which has more active types of hydroxyl, has higher
hydrophilicity and more water absorption, as compared to
PGS/PCL [41,42]. On the other hand, by modifying the
surface by using oxygen plasma, the interactions between
carbonyl and carboxylic groups in both groups were
increased, leading to more hydrophilicity and better water
absorption capacity [24,38]. In both groups, the surface
plasma treatment of the samples leads to a suitable
hydrophilic surface and swelling ratio. Previous studies
reported that proper water absorption is important in vascular
tissue engineering because it can prevent the loss of nutrients
and is beneficial for cell growth and tissue regeneration
[43,44].

Degradation Analysis

The degradation behavior of PGS/PCL and PGS/PLA
scaffolds, before and after the plasma treatment process, was
evaluated. The results of this analysis showed that the
degradation of the scaffold after the treatment process in the
PBS environment had a faster rate in comparison with the
untreated sample in the PGS/PCL and PGS/PLA samples.
According to Figure 4, the weight loss of the bilayer
untreated PGS/PCL, treated PGS/PCL, untreated PGS/PLA,

Table 1. Water uptake rate of samples after 24 hours of immersion
in deionized water at 37 °C

Scaffolds Water uptake rate (%)
PGS/PCL with plasma treated 120£12
PGS/PCL without plasma treated 84+14
PGS/PLA with plasma treated 170£22
PGS/PLA without plasma treated 89+9
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Figure 4. Degradation curves following soaking in PBS for PGS/
PCL before and after plasma treatment, PGS/PLA before and after
plasma treatment (n=3).

and treated PGS/PLA samples were about 14 %, 25 %,
19 %, and 29 % after 7 days. The Fast degradation in the
initial days was due to the presence of PGS polymer in the
structure, high water absorption, and surface degradation of
this polymer [27,45]. After that, the degradation proceeds in
a more stable so that, the weight loss of the bilayer untreated
PGS/PCL sample was about 30 % after 60 days. The weight
loss of the bilayer untreated PGS/PLA sample was about
34 %. After the plasma treatment process, the weight loss in
PGS/PCL and PGS/PLA was about 45 and 46 percent,
respectively. In the case of PGS/PLA and PGS/PCL, the
results of the degradation test showed that the scaffolds had
a faster degradation rate after plasma treatment during the 12
weeks. The results of the contact angle test of PGS/PLA and
PGS/PCL also showed that surface treatment by plasma
reduced the contact angle of the scaffolds. Therefore,
modification of the scaffold's surface by plasma could
improve the hydrophilicity of the fibers; by increasing the
hydrophilicity of the fibers, the penetration of the PBS
solution into the scaffolds was faster and the degradation
rate was increased too.

So, the combination of PGS/PLA, which had more active
types of hydroxyl groups, displayed higher hydrophilicity,
more water absorption, and better interaction with water
molecules, as compared to PGS/PCL [41,42]. This could be
regarded as the cause of the faster degradation in the treated
PGS/PLA scaffold, rather than the treated PGS/PCL.
However, based on the comparison of these two membranes
after surface modification in the process of degradation, it
could be said that the degradation rate of treated PGS/PCL
and PGS/PLA in this period time was not significantly
different, with values close to each other.

It can be, therefore, concluded from this part that due to
the modification of the scaffolding surface in both groups,
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the amount of hydrophilicity, water absorption, and
consequently, the rate of degradation was increased; however,
the change in the degradation rate was increased by only
10 % and the specimen was not disintegrated after this
period time (60 days).

Mechanical Properties

The tensile stress-strain curves of the untreated/treated
PGS/PCL and PGS/PLA scaffolds have been shown in
Figure 5. Other mechanical values such as tensile strength,
elastic modulus, and elongation are reported in Table 2. The
tensile strength of the untreated PGS/PCL and treated PGS/
PCL scaffolds was equal to 0.81+0.09 and 0.77+£0.1 MPa,
respectively. On the other hand, the untreated and treated
PGS/PLA scaffold had a tensile strength of about 1.3+0.12
and 0.89+0.14 MPa, respectively.

Therefore, the mechanical properties of the untreated and
treated PGS/PCL and PGS/PLA were close to the proper
mechanical properties of the natural vessels. These two
scaffolds showed a mechanical strength suitable for preventing
any fracture and rupture that could be deadly for the patient;
therefore, these results could be regarded as one of the
important advantages for vascular tissue engineering. Based
on the previous studies, it can be said the elastic modulus for
healthy arteries is at least 400 kPa. Elastic modulus and
tensile strength values in this study could be suitable for
vascular engineering [46].

It was shown that plasma treatment affected the mechanical
properties of all samples. After plasma treatment, both
ultimate tensile stress and young modulus of PGS/PLA and
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Figure 5. Stress-strain curve of untreated and plasma treated
bilayer PGS/PCL and PGS/PLA electrospun scaffold (n=3).

Table 2. Tensile profiles of the treated and untreated PGS/PCL and
PGS/PLA (n=3)

Untreated  Treated Untreated Treated
PGS/PCL PGS/PCL PGS/PLA PGS/PLA

Tensile strength

0.81£0.09 0.77+0.1 1.3+0.12 0.89+0.14

(MPa)
Elastic modulus
+ + + -+
(MPa) 4.8+0.1 3.8+0.4 9.8+0.3 5.94+0.9
Elongation (%)  56+7.2 67+£12.2 50+9.8 50+6.2

PGS/PCL were lower than those of the untreated samples.
The elastic modulus of PGS/PCL was decreased from
4.840.1 MPa to 3.840.4 MPa after the treatment plasma
process; the elastic modulus of PGS/PLA was decreased
from 9.8+0.3 MPa to 5.9+0.9 MPa after treatment.

The decrease in ultimate tensile strength and elastic
modulus after the plasma treatments could be attributed to
the well-known plasma etching effects [38]. The effect of
plasma etching is caused by the presence of oxygen ions and
the reaction of these reactive ions with the chemical
structure of the surface fibers, leading to some changes in
the surface roughness of the nanofibers [47]. As shown by
Mokhtari et al. [24], plasma surface modification could
increase PGS/PLA fiber surface roughness and surface
morphology changes.

Despite this slight reduction, both groups of scaffolds
(untreated/treated PGS/PCL and PGS/PLA) still had ideal
mechanical properties for vascular tissue engineering
applications. However, based on the comparison of the two
groups, the final tensile strength and Young's modulus in the
PGS/PLA sample, in both cases, before and after the
treatment process, were higher than those of the untreated
and treated PGS/PCL membranes.

Blood Compatibility Study

The results of the LDH test were based on the activity of
the lactate dehydrogenase enzyme, as shown in Figure 6(A)
for the untreated and treated PGS/PCL, PGS/PLA scaffold,
PTFE, and glass samples. According to the LDH results,
there was a significant difference between the positive
control group (glass) and the negative one (Teflon) with the
untreated/treated PGS/PCL and untreated/treated PGS/PLA
electrospun scaffold (p<0.05). The platelet cells were more
sensitive to contact with the surface of the biomaterials, as
compared with other blood cells. The LDH activity of the
treated PGS/PCL electrospun scaffold was 0.37+0.08 at
540 nm. According to the obtained results, it can be said that
the fiber morphology played a very important role in
determining the rate of platelet adhesion to the scaffold
surface. The LDH activity of the treated PGS/PLA scaffold
was 0.48+0.06. A comparison of the treated PGS/PCL
scaffolds and the treated PGS/PLA sample showed that the
level of LDH activity was very close; as shown in the figure,
there was no significant difference between these two treated
groups (p>0.05). According to the obtained results, the
surface modification by plasma decreased the platelet
adhesion in each of the groups. These could be attributed to
the effect of active functional groups and the increase of
hydrophilicity. Platelet adhesion is the beginning of thrombosis
and a gradual decrease in blood flow, ultimately leading to
vascular occlusion [48].

The results of the hemolysis of PGS/PCL and PGS/PLA
before and after the plasma treatment process are demonstrated
in Figure 6(B). The percentage of damage and lysis of the
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Figure 6. Blood compatibility evaluation of untreated and treated PGS/PCL and PGS/PLA scaffolds, e-PTFE, and glass samples;
(A) platelet adhesion, (B) hemolysis ratio, and (C) blood clotting profiles, (*): p<0.05.

red blood cells in the presence of untreated PGS/PCL,
untreated PGS/PLA, treated PGS/PCL, treated PGS/PLA
scaffolds, positive and negative control samples was 2.9+1.2,
2.4+0.2, 0.9+0.05,1+0.09, 4.91+£0.41 and 1.02+0.13, respectively.
According to the previous studies, a hemolysis rate of less
than 2 % is very desirable for vascular applications [49].
Therefore, the treated PGS/PCL and PGS/PLA scaffold
showed very favorable conditions in terms of hemolysis due
to its hydrophilicity, and uniform and smooth fibers. Based
on the results, the scaffold with plasma treatment showed
very good conditions in terms of the hemolysis rate. Overall,
it can be said that the tested scaffolds with plasma treatment
showed no hemolysis; therefore, they are suitable for use in
vascular tissue engineering. Also, the results of this study
showed that hemolysis was the same in the treated PGS/PCL
and PGS/PLA scaffolds, and there was no significant
difference between the two groups.

In the last part of the blood compatibility tests, the results
of the blood clotting of the PGS/PCL, PGS/PLA scaffolds,
before and after plasma treatment, glass, and Teflon as
positive and negative control are shown in Figure 6(C).
Clearly, there was no significant difference between the
groups of electrospun scaffolds before plasma treatment, as
compared to the scaffolds after plasma treatment and
negative control (Teflon) in blood clotting. In other words,

the level of blood clotting in the untreated and treated PGS/
PLA and PGS/PCL samples was suitable, such as Teflon in
vascular tissue engineering.

Blood clotting in the presence of biologic scaffolds is
considered the peak undesirable effect of the scaffold's blood
compatibility, which is the beginning of a coagulation
cascade [50]. In bilayer scaffolds, before and after surface
treatment, hydroxyl and carbonyl groups on the polymer
surface increased the polarity of the surface, and enhancing
oxygen at the surface reduced coagulation activation [51,52].

In general, the results of blood compatibility tests in the
present study demonstrated that both PGS/PCL and PGS/
PLA samples, especially after the plasma surface treatment
process, showed the compatibility of blood cell behaviors by
increasing hydrophilicity and adding new chemical groups
on the surface. On the other hand, the results of blood
compatibility in LDH activity, hemolysis, and blood clotting
showed that the treated PGS/PCL and PGS/PLA, were close
to each other; in fact, there was no significant difference
between these two groups.

Conclusion

In this study, two bilayer scaffolds were made from PGS/
PCL and PGS/PLA via the electrospinning method and then
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treated by plasma technology. The chemical, physical and
biological properties of the untreated and treated bilayer
PGS/PCL and PGS/PLA scaffolds were evaluated.
Morphological properties of these samples showed the
smooth and free-bead fibers before and after the treatment
process. The results also demonstrated the plasma treatment
process improved the physical properties. The hydrophilicity
of the treated scaffolds was more than that of the untreated
ones in the two groups. Therefore, the swelling and degradation
rate of the treated PGS/PLA and PGS/PCL scaffolds was
faster than that of the untreated ones. Studies on the
mechanical properties of these two samples also showed that
in both cases, before and after plasma surface modification,
the mechanical properties of bilayer membranes could be
suitable for vascular applications. Comparison of PGS/PCL
and PGS/PLA also showed that the treated PGS/PLA had a
higher ultimate tensile strength and elastic modulus when
compared to the untreated and treated PGS/PCL. The blood
compatibility study also showed the low rate of platelet
adhesion to the scaffold surface, the lowest hemolysis rate of
red blood cells in contact with the scaffolds, and the best
blood clotting time in the presence of both electrospun
scaffolds. Therefore, based on these results, the blood
compatibility of the treated PGS/PLA and PGS/PCL
scaffolds was similar and suitable for use in vascular tissue
engineering.
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