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Abstract

Cardiovascular diseases (CVD) because of blood vessel disease are considered as one of the most frequent causes for mortality in
all over the world. Recently, blood vessel tissue engineering is identified as one the promising strategies in order to overcome
CVD. Accordingly, using Nano technology provides many benefits in blood vessel tissue engineering. In Present research
Unique electrical, mechanical and biochemical properties of SWNT combined with electrospun polyurethane nanofiber was
investigated as a functional composite scaffold for vascular tissue engineering. SWNT and polyurethane nanofibers incorporation
indicated a biomechanical behavior similar to native artery. The scaffold morphological properties have been investigated by the
use of scanning electron microscopy. With respect to the results, nanofiber diameter distribution was narrowed down by
increasing SWNT content, while mean nanofiber diameter increased from 40 nm up to 140 nm. Physico-chemical characteriza-
tion using FTIR, DSC, XRD and Raman test, demonstrated the nanoparticle appropriate dispersion and interaction to the
polyurethane macromolecule. Along with increasing SWNT content up to the 2% (W/W) ultimate stress and young modulus
increased 3 and 11 time, compared to pure PU, respectively. Structures electrical conductivity was increased from 0.0013 s/cm to
0.36 s/cm along with the increasing of SWNT content up to 2%. SWNT unique properties modulated samples hydrophilicity, and
also contact angle of nanofiber scaffolds decreased from 100° to 77°. By passing 7 days, in vitro cell culture demonstrated dense
layer of endothelial cells, which is crucial for blood vessel tissue engineering. Obtained results confirmed that electrospun poly
urethane-SWNT scaffold could be considered as an appropriate candidate for blood vessel tissue engineering.
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Introduction

Regarding the literatures, cardiovascular diseases are identi-
fied as one of the important causes of mortality and morbidity
in all over the world [1]. a plaque Formation in coronary
arteries branch would result in blood vessels obstruction,
and also inhibition of oxygenated blood delivery in long term,
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which leads to myocardial infarction [2]. In addition, one of
the current approaches in bypass surgery is using autologous
arterial or venous grafts instead of diseased vessels. However,
this strategy has some limitations due to pre-existing vascular
disease, prior surgery, limited length or poor histocompatibil-
ity [3].

Therefore, many strategies like using artificial blood ves-
sels were developed in order to overcome these limitations.
This prosthesis was made from polytetrafluoroethylene
(ePTFE) or polyethyleneterephthalate (Dacron) that were used
instead of impaired blood vessel. Some insufficiencies like
thrombus formation, intimal hyperplasia and compliance mis-
match often result in complete graft failure. These grafts could
not be permanently administrated for replacing every diseased
blood vessel [4]. Although, autologous blood vessels pos-
sessed essential blood compatibility, biocompatibility and
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flexibility, but approximately 30% patient who passed vascu-
lar surgery doesn’t have suitable graft with appropriate length
and size [5, 6].

Therefore, blood vessel tissue engineering toward
completely and biologically manufacturing the blood vessel
was developed. Many crucial factors were required in order to
design and engineer functional blood vessel. From the me-
chanical properties point of view, appropriate scaffold should
mimic the target tissue mechanical behavior [7, 8]. Necessary
mechanical strength, which includes compliance in terms of
native blood vessel, with the ability to tolerate long-term he-
modynamic stress without any rupture and indicating no per-
manent creep sign, which can lead to aneurysm formation, are
the key engineering factor that should be considered in design-
ing and preparation of blood vessel scaffold [9-11].

In tissue engineering principles, it has been widely ap-
proved that physical structure and chemical composition of
scaffold should be according to the native extracellular matrix.
Scaffolds play crucial role in development of functional tissue
engineering strategies [12, 13]. All of the constructive ele-
ments of native extra cellular matrix are in the size range of
nanometer (which always were considered in scaffolds fabri-
cation) [14]. Therefore, nanofiber administration as template
for vascular tissue engineering could potentially be effective,
and also guide the constructive cells behavior to forming neo
tissue.

It is extensively approved that scaffold mechanical proper-
ties should exhibit strain-stress response in comparison with
the tissue, which is intended to be replaced. And it is still
axiomatic that the way in which stress or the load transmitted
to the cells should be considered in designing the scaffold
[15]. This research attempted to achieve this purpose.

Much effort has been devoted to fabricating effective scaf-
fold materials in order to improve the cellular attachment,
proliferation, and differentiation. Nanomaterials determinative
characteristics in order to modulate cell behavior have re-
ceived increasing interest in the last several years.
Electrospinning represents an attractive technique for the
polymeric biomaterials processing into nanofibers.
Approximately 50 to 150 nm diameter of natural extra cellular
matrix element could guide tissue cells to perform special
behaviors. Scaffold nano scale properties could simulate this
condition effectively [16].

Electrospinning of nanofiber can produce structure to sim-
ulate nature environment of living cells similar to versatile as
effective and inexpensive procedure. However, this is impor-
tant that the morphology and the organization of cell cytoskel-
eton protein changes in contact with electrospun nanofiber [8,
17]. Despite of that, this important electrospun nanofiber
could modulate stress transmission to the cells similar to na-
tive tissue [18, 19]. Also, many studies investigated the
electrospun nano fibers applications, especially for blood ves-
sel tissue engineering [20].
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With respect to polyurethane known biocompatibility and
superior tensile and elastic properties, they are considered as
appropriate candidates for blood vessel tissue engineering
scaffolds [21, 22]. Therefore, polyurethane was administrated
during this research as main polymer in order to reach special
target.

Polyurethanes own the highest degree of elasticity low
thrombogenicity and compliance matching to the native vas-
cular tissue amongst those polymers, which had been admin-
istrated in blood vessel tissue engineering [23]. But the poor
bio stability and cell interaction limited their long term in vivo
application [24, 25].

In a study accomplished by Nieponice et al. interaction of
muscle stem cells by tubular polyurethane structure was in-
vestigated using rotational vacuum seeding device. Results
indicated that without any cell toxicity morphology, the cells
were remained unchanged after seven days [26].

It has been reported that carbon nanotube incorporation in
electrospun nanofiber increases final structure physical, me-
chanical and thermal properties [27, 28].

Carbon nanotube by low density, one dimensional struc-
ture, high aspect ratio and high young moduli attracted many
attentions in the past decade. Carbon Nano tube good disper-
sion, orientation and interfacial adhesion in polymer matrix
would dramatically improve the composites mechanical and
physical properties [29-31].

It is well experienced that carbon nano tube is an appropri-
ate candidate for improving properties of scaffolds and bio-
materials, due to its chemical structure, excellent conductive
properties and binding capacity to the biomolecules [32, 33].

using electrospinning as effective technique to orient car-
bon nanotube along nanofiber direction was investigated,
Especially for bone tissue engineering, and indicated good
osteoblast cells interaction [34].

In a study accomplished by Turk et al. composite porous
structures were characterized that were made of chitosan-
functionalized multi walled carbon nanotube-collagen.
Incorporation of MWNT particle enhanced the scaffolds bio-
activity which had no cytotoxic effect [35]. Also, in a study
done by Zhang et al. multi walled carbon nanotube adminis-
tration in poly lactic co glycolic acid was investigated, and the
results indicated appropriate cells adhesion to the electrospun
Nano fibers [36].

Moreover, weakening of young modulus of electrospun
nanofiber happens because of high shearing force that was
created during electrospinning and strong electric field in-
teraction. Also, incorporation of carbon nanotube as rein-
forcement agent could be helpful in order to overcome this
limitation [37]. With respect to this important point,
electrospinning could appropriately modulate the carbon
nanotube orientation to the nanofibers direction, which is
important for scaffold anisotropic mechanical properties in
special direction.
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Without using expensive and rare materials, in this research
effect of single-walled carbon nanotube to modified biologi-
cal, physical and mechanical properties of polyurethane nano-
fibers would be examined.

With inexpensive and simple method prepared scaffolds
for directing and modulating endothelial cells behaviors were
evaluated.

In this research, composite nanofiber scaffolds of polyure-
thane were prepared with different amount of single walled
carbon nanotube (SWNT). Their physico-mechanical proper-
ties and interaction with endothelial cells were characterized
in order to examine the PU-SWNT scaffolds capability as
template for blood vessel tissue engineering.

Materials and methods

Single walled carbon nanotube was purchased from
Chemistry & Chemical Engineering Research Center of Iran.
Its purity was about 95% and its diameter was in the range
between 12 and 20 nm, and also it has average length of
45 nm. Poly ester urethane (Desmopan-3458A) was pur-
chased from Bayer material science. It has 1200 kg/m® densi-
ty, and 260 KDa N molecular weight, N-dimethyl formamide
(DMF) was purchased from Sigma-Aldrich Company as sol-
vent. Dublicouse modified eagle medium (DMEM) and
HAMs F12 in 1:1 volume ratio as culture media, Penicillin-
streptomycin and fetal bovine serum was purchased from Bio
Sera Company. Human umbilical vein endothelial cell was
purchased from Pasteur Institute of Iran. All of the chemical
reagents were in analytical grade.

Electrospinning process

For electrospinning solution preparing, carbon nanotube
should be surface modified in order to produce a
homogenously disperse with polyurethane solution. Briefly
explain, SWNT Nano particles were treated in H,SO,/HNO;
with aspect ratio of 3:1 in ultrasonic bath (VWR, model 50HT,
45 W) for 30 min. After SWNTs acidic treatment, Nano par-
ticles were rinsed thoroughly by distilled water in order to
remove residual acids, and being filtrated using polycarbonate
filter membrane with pore size of 0.8 um [38, 39].

DMF solution was selected as amide solvent for preparing
carbon nanotube homogenous dispersion in polyurethane so-
lution. Poly urethane 12% w/v solution was prepared by

dissolving in DMF by passing 12 h using magnetic stirrer
(Coming Hot Plate Stirrer PC 351), and acid treated SWNT
was dispersed in prepared solution in various weights percent
(w/w%) of 0, 0.5, 1, 2, respectively.

Electrospinning process was operated with respect to the
following parameters listed in Table 1.

This procedure was accomplished in order to achieve
enough electrospun nanofiber thickness, with respect to the
listed parameters for 4 h. Samples were placed in laminar flow
hood overnight in order to remove residual solvent.

Characterization
Scanning electron microscopy imaging

Electrospinning process produces nanofiber using different
diameter distribution. Scanning electron microscopy process
was accomplished in order to determine the effect of produc-
ing parameter and composition in nanofiber diameter and
scaffold, and before the time that imaging samples were sput-
ter coated by thin layer of gold in vacuum sputter coating
machine (SC7620-EMITECH). SEM Process was operated
in accelerating voltage of 25 kV and 18 pA current
(AIS2100-SERONTech). Average fiber diameter and histo-
gram diagram of diameter distribution were analyzed using
Diameter J software with respect to the SEM images [40, 41].

Measurements of mechanical properties

Scaffold Mechanical properties play significant role in vascu-
lar tissue engineering strategies. For evaluating these proper-
ties, tensile test was accomplished using a 10 N load cell at
10 mm/min extension rate (Dynamic Testing Machine-
Hct400/25-Germany). Therefore, square specimen from dif-
ferent samples were cut into the dimeter of 1 x 2 cm? [42].

Contact angle measurement

Static contact angle measurement of nanofibers was operated
in drop test, in order to investigate the hydrophilicity level of
composite electrospun nanofiber. Surface contact angle of
electrospun nanofiner scaffolds was measured using a
Digital Contact Angle Measurement System equipped with a
CCD camera (KGV-5000). 600 uL droplet of distilled water
was carefully placed on the nanofibers surface, which were

Table 1 Parameters for

electrospinning process Voltage(KV)  Distance from tip to Feeding Collector rotation humidity  temperature
collector rate speed (%) ©C)
(cm) (mb/h) (1pm)
18 12 cm 0.3 2000 10 25
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fixed in camera view. For each samples 5 droplet was located
in 5 different parts of samples (1 x 2 cm?) [43].

FT-IR analysis

Characterization of the nanofiber samples chemical structure was
accomplished using FT-IR technique (Perkin-Elmer SRG
1100G). All data were documented by means of potassium bro-
mide internal reflective element ranged from 400 to 4000 cm ™.

X-ray diffraction

To investigate the carbon nanotube content and electrospinning
process effect on crystallinity of structure, The X-ray diffraction
(XRD) patterns were recorded using EQUINOX 3000 diffrac-
tometer. This process was performed with2D area detector oper-
ating under a 40 kV voltage and a 40 mA current. (Using Cu KR
radiation in 0.15418 nm). Process was operated in the 5°-50°
range at a scan rate of 5%min.

Dynamic scanning calorimetry

Dynamic scanning calorimetry (DSC) experiments were ac-
complished using Thermal analyzer (DS 2010) at temperature
ranged from 25 to 300 °C. process was operated at 10 °C/min
heating rate in nitrogen atmosphere, in order to investigate the
SWNT effect on thermal behavior of different samples of
electrospun [40].

Raman spectroscopy

Moreover, Raman spectroscopy (BRUKER, RFS, 100/s) were
operated in order to evaluate structural interaction of surface
modified SWNT to the polyurethane chain. A 632.8 nm He-
Ne laser was used as the light source [44].

Electrical properties

Electrical conductivity of poly urethane-SWNT nanofibers were
assessed by the use of standard 2-point method. Electrical resis-
tances were measured for different places, and also were aver-
aged in order to ignore any directional effect. Electrical conduc-
tivity of samples was calculated using Eq. (1):

/
T RxA

(1)
Where o is the electrical conductivity (S/cm), R stands for

the electrical resistance in €2, 1 (cm) is the length and A (cm?)
is the cross section area for different samples [45].
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Culture of endothelial cells

Endothelial cells interaction to the electrospun polyurethane car-
bon nanotube structure was evaluated to assess the fabricated
scaffold potential for application in blood vessel engineering.
By passing third passage, cells were detached from the flask in
medium solution containing the 1 x 10° cell/m cell concentration.
Cells were seeded on the samples, which were washed and in-
cubated in solution of 10% FBS in HAMs/DMEM culturing
media all over the night before cell seeding.

Evaluation of biocompatibility of endothelial cells
using MTT-assay

MTT assay by tetrazolium salts reduction is extensively ad-
ministrated currently as a reliable way for cell proliferation
examining. By passing 7 days from culture, cell seeded
electrospun scaffolds were incubated in MTT solution
(0.5 mg/ml, 37 °C, 5% CO,) for 3 h. At final stage, the sam-
ples were analyzed using ELISA spectrophotometer and the
amount of absorbance was measured at 570 nm. MTT test was
performed 3 times for each sample, and the mean with stan-
dard deviation was reported [46].

Evaluation of endothelial cells morphology using
scanning electron microscopy

By passing 3 and 7 days from culture, culture media was
removed and cell-scaffold structure was rinsed by phosphate
buffer solution. Afterward, for observing the cells interaction
with the structure, at first, the cell-scaffolds were fixed with
2.5% glutaraldehyde solution for 30 min, and after the remov-
ing stage, the solution samples were dehydrated for 30 min by
graded ethanol with different concentration (50, 60, 70, 80,
95, and 100 ethanol concentration, respectively). Finally fixed
samples were sputter coated with gold nano layer and SEM
image were taken in 20KV in order to investigate the cell
morphology and spreading [47].

Result and discussion
Morphology investigation of samples using SEM

Each electrospun scaffolds SEM micrographs are displayed in
Fig. 1, which also demonstrated distribution of nanofiber diam-
eter of prepared samples. Table 2 indicated summarized informa-
tion of dimeter j analyzer about electrospun nanofiber contain
different SWNT content. Nanofiber samples owns smooth sur-
face by fibers, which are closed in diameter distribution. Some
beads formed in structures were associated to the increased
electrospinning solution viscosity by SWNT particles incorpora-
tion with unstable Taylor cone formation associated to SWNT
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Table 2 Nano fiber diameter

distribution (summarized data) Samples Median nanofiber Min nanofiber Max nanofiber Mean pore Porosity
diameter(nm) diameter(nm) diameter(nm) dimeter(nm) Percentage
(%)
Pure PU 139 +4 19+4 613 +4 165 +4 755£5
PU-0.5% 201 +4 20+ 4 1200 + 4 296 + 4 815+5
SWNT
PU-1% 240 + 4 21 +4 780 + 4 3234 77+5
SWNT
PU-2% 230 £ 4 20+ 4 1120 + 4 313+ 4 85+5
SWNT

observed nanofiber amongst the samples changed from 613 nm
up to the 1120 nm. As it was proved in literature, fibers diameter
increases in electrospinning as the conductivity and viscosity of
the solution enhances [48]. Viscosity enhancement may be asso-
ciated to the conformation changes in solution produced, in terms
of adding SWNT. It could be reported that nanofibers average
diameter was 139 nm for polyurethane, which was increased up
to the 240 nm for sample by 2% SWNT. It could be observed that
nanofibers diameter distribution were limited in samples contain
1% and 2% SWNTs. It could be in association with less branch
formation during solution stretching in electrospinning process
that lead to uniform nanofiber diameter distribution in compari-
son with other samples.

According to the information of Table 2, samples porosity
percentage (related to measurement method) are ranged from
75% up to maximum of 85%, which is related to the software
segmentation. Porosity percentage and pore size are very im-
portant similar to scaffold for tissue engineering, which their
result indicated high surface area for cells adhesion, prolifer-
ation, and spreading.

Electrospinning attracted great attention for SWNT nano
particle incorporation in the nanofiber direction, as an appro-
priate way for introducing individual carbon nanotubes in an

Fig. 2 Stress-strain curve of
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20

-
wn

Stress (MPa)

-
o

@ Springer

oriented direction, in order to express their unique anisotropic
properties. As it was observed, nanofiber structure contains
different fiber dimeter distribution. Structures are highly po-
rous during they are interconnected (considered as key factor
for tissue engineering [49]). The nanofibers of PU-SWNT
composite are relatively uniformed with smooth surface.
Uniform nanofiber dimeter distribution and specific surface
area to the volume ratio make the manufactured scaffolds as
appropriate candidates for blood vessel tissue engineering,
especially for adhesion and proliferation of endothelial cells
[39, 50].

Mechanical properties

Identifying the mechanical properties of PU-SWNT compos-
ite nanofiber is essential at the time of trying to design scaffold
that must have long-term exposure resistance against systolic
blood vessel pressure.

Figure 2 represented different samples stress-strain curves.
According to that, along with increasing SWNT to the nano-
fiber structure, the samples ultimate stress improved while
clongation at break point was decreased from 107% for pure
PU and 64% for PU-2% SWNT, respectively. With respect to

Stress-Strain Curve

PU-2% SWNT

PU-1% SWNT

PU-0.5% SWNT

-m Pure PU

0.2 0.4 0.6 0.8 1 1.2

Strain (%)
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the SWNT nature as bio ceramic, strength enhancement and
ductility decreasing could be observed. By SWNT content
increasing, ultimate stress enhanced from 7.25 MPa up to
the 22.92 MPa, in terms of the Table 3. In addition, the sam-
ples young modulus was increased from 3.57 MPa to
39.78 MPa. Young modulus and ultimate strength enhance-
ment was more than elongation decreasing at break and it
means that SWNT incorporation positive effect in poly ure-
thane nanofiber is more than it’s negative consequences. In the
stress-strain curve of native blood vessel (an artery), the be-
havior named collagen recruitment is observable. It means that
by increasing the stress after activation and also elastin fibers
directing to the load direction, collagen fiber begins the loads
bearing by a probability density function to the recruitment
stretch [51].

This behavior could be observed by the curve slope in-
creasing. In addition, this could be shown in sample contain
1 and 2% SWNT behavior, especially. Appropriate SWNT
content anchoring and dispersion in electrospun nanofiber
matrix may explain this phenomenon while the load transmit-
ted to the nanoparticle in order to bear as a reinforced
component.

In addition to homogeneous SWNTs dispersion in the PU
matrix and strong bonding between the nanotubes, polymer
chains are recognized as useful for transferring the load to the
SWNT as a reinforced agent in PU matrix. It was approved in
many studies that carbon nano tube network formation, espe-
cially when the stress reaches more than matrix elastic point
could transfer the load dramatically [52]. Appropriate load
transferring from Polyurethane chains to the SWNTs could
explain such biomimetic mechanical properties of prepared
scaffolds like a normal blood vessel. By considering blood
compatibility and as a vascular substitute, biomimetic me-
chanical properties of Polyurethane-SWNT composites could
improve long them patency rate of graft.

Particularly, nanotube dispersion, interfacial adhesion and
volume content determinative role on mechanical properties
of structure was investigated by recent research [53]. (This
enhancement in the mechanical properties is indicator of effi-
cient load transfer to the SWNTs in the composite mem-
branes). However, nanotube agglomeration was observed in
the relatively high reinforcing filler concentration region,
which act as stress-concentration point and accelerates failure
that were observable in sample contain high SWNT level [54].

Effective load transferring from polymer nanofiber to the
SWNT particles, and also nanofiber directing to the stress

direction could control the composite scaffold mechanical be-
havior like the normal blood vessel, which is crucial for blood
vessel tissue engineering substitute.

After SWNTs acidic treatment, some defects forms were
made on the structure surface. These defects could act as an-
choring sites for PU in order to lock in. the acid-treatment
attached some carboxylic acid groups, which could enhance
the SWNTs interaction with the OH groups of PU chains.
Also, this was reported by Jason et al.

It was recognized that nanofiber membrane mechanical
properties, similar to young modulus, is very weak compared
to the bulk with same composition. These are also in accor-
dance with very porous structure and high shearing force pro-
duced during electrospinning, which reduces molecular entan-
glement density, and leads to the lower structure mechanical
properties. However, this study results indicated that this
weakness was compensated by SWNTs unique properties.

Contact angle of nano structures

Figure 3 represents the hydrophilicity changes level in fabri-
cated scaffolds. By SWNT content increasing, samples con-
tact angle decreases from average of 100° to the 77 degrees.
Appropriate entrapped SWNT desperation in nanofiber espe-
cially in 2%, leads to more hydrophilic structure formation
reacted to the drop, and therefore, contact angle decreases.
Sufficient nanofiber interfacial adhesion to the SWNT is as-
sociated with water contact angle decrease as the SWNT con-
tent increases [55].

With respect to the uniform distribution of Nano parti-
cle in polymer matrix, along with the SWNT content in-
creasing, decreasing of contact angle value is observable.
Acquiring more carbon nanotube to the nanofiber film
surface results in the roughness enhancing and creates
open structure that could decrease the water contact angle.
It is noteworthy to state that surface modification of
SWNT powder to introduce hydrophilic functional group
affects water contact angle of scaffolds. Another reason
that describes changing the scaffold contact angle is at-
tributed to the nanofiber diameter distribution. By de-
creasing the mean fibers dimeter, and also along with
increasing the surface area to the volume ratio, water con-
tact angle decreases as more hydrophilic surface (some
protruding SWNTs presence at the surface) contacted to
the droplet [56].

Table 3 Mechanical properties of

electrospun different PU-SWNT samples Pure PU PU-0.5% SWNT PU-1% SWNT PU-2% SWNT
scaffolds
Ultimate Stress(MPa) 725+-0.5 10.35+0.5 17.57+0.5 22.924+0.5
Young Modulus (MPa) 3.57+0.5 8.82+0.5 24.68+0.5 39.78+0.5
Elongation at break (%) 107% 93% 70% 64%
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Fig. 3 Contact angle of different
PU-SWNT nanofibers
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FT-IR analysis

Figure 4 indicate different samples FT-IR diagram. Semi sharp
adsorption Peak was observed in 3451 cm™', which is associ-
ated to the O-H stretching vibration adsorption (Functional
group acquired in SWNT surface modification). Observed
peak in 3351 cm ™" is related to the N-H stretching vibration.
In 2924 cm ' and 2860 cm 'adsorption peak is associated to
C-H vibration mode of alkane functional group. Adsorption
peak in 2371 cm™'could be attributed to the N=C=0 (isocya-
nate functional group) in 1758 cm™', and also stretching vi-
bration of ester (C=0) bound was observed. Another function-
al group of stretching vibration of ester (O-C=0) group could
be seen in 1731 cm™'. In 1342 cm ™' and 1630 cm ™' bending
vibration probably belonged to amide (N-H) group could be
observed, respectively. In 1529 cm ™', N-O group stretch vi-
bration could be observed in association with poly urethane
group. In 1456 cm ', carboxylic acid (O-H) group stretch
vibration could be identified (this was attributed to the
SWNT acid oxidation). In 1378 cm ! alkane stretch vibration

Fig. 4 FT-IR spectrum of
different SWNT containing
samples

Intensity

0 500 1000
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SWNT Content

(methyl functional group C-H) was shown. Another function
group could be observed in association with the secondary
alcohol (C-O) in 1087 cm™'. Another aromatic ester could
be observed in 1221 e¢m™'.(functional group could be ob-
served related to the diphenyl methane diisocyanate or
hexamethylene diisocyanate) [57].

There is difference amongst the samples in the 1731 cm !
peak sharpness. It could be described that interaction of
SWNT to the ester functional group of Polyurethane matrix
may alter this functional group amount, probably. It means
that good covalently adhesion between matrix and reinforce-
ment agent occurred. In 1530 cm™ ' adsorption frequency
(which is correlated to the N-O functional group), another
difference amongst the sample demonstrated that it means
from the site of nitro component covalent bond between poly
urethane and SWNT particle formed. As the SWNT particle
content increases, the peak sharpness enhances in 1456 cm ™’
(related to acid oxidized SWNT) [58].

Molecular backbone of Polyurethane composed of some
polar group, such as O=C-NH- and —CH2-O—, which are

Pure PU

= PU-2% SWNT
——— PU-1% SWNT
PU-0.5% SWNT

1500 2000 2500 3000 3500 4000 4500
Wave number (cm)
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Fig. 5 XRD spectrum of samples
containing different SWNT
content

Intensity

compatible with nanotube, could lead to the uniform nanotube
dispersion in PU matrix. The area under these absorption
peaks increased with the increase of SWNT content signifying
the physical adhesion, with respect to hydrogen bond between
the PU matrix amide group and C—O group, and also the
SWNTs carboxylic group [59].

XRD analysis

As it is observable from in Fig. 5, XRD pattern of electrospun
SWNT incorporated polyurethane nanofiber.

The broad peak appear in poly urethane XRD pattern of by
different SWNT content associated to the hard segment part of
semi crystalline. This peak does not dramatically changes
amongst 4 samples, but as it was described earlier, SWNT parti-
cle acts as nucleation site for semi crystalline structure forming.
Changing in polyurethane crystalline behavior may be associated
to the high-integrated area and orientation of PU molecular chain
around the carbon nanotube surface within the nanofiber.

As indicated in the sample by 2% SWNT content, the peak
sharpness is higher in comparison with other samples (With

Fig. 6 DSC thermogram for
different SWNT content

nanofibers 0 50

Heat Flow

Nl B P~

PU-2% SWNT
e PU-1% SWNT

PU-0.5% SWNT

Pure PU
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diffraction angle(26)

SWNTs incorporation into the PU matrix). Diffraction peaks
strength at around 22.58° significantly increased, in which
composite peak seems broad in pure PU and PU-0.5%SWNT.

As the main peak sharpness in XRD pattern for different
samples changed, SWNT particle homogenous dispersion in
nanofiberous scaffolds could be proved.

Dynamic scanning calorimetry

Regarding the Fig. 6, DSC thermogram is observable for dif-
ferent samples.

Various studies reported that introducing nanotubes in a
polymer matrix increased glass transition, melting and thermal
decomposition temperatures because of polymers hindered
chain and segmental mobility.

Figure 6 indicates some of the endothermic peaks of the
SWNT/PU composite films and nanofibrous mat shifting, espe-
cially at 220-230 °C. This behavior was associated to the hard
segment of PU melting. Interactions of the hard segment to
SWNTs. composite Thermal properties would be stabilized by
hydrogen bonds formation between SWNT and polyurethane
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chains. As the polymer chain mobility was limited, the glass
transition temperatures of Nano fibrous structures decreased.

Polyurethane soft segment melting point was observed in the
range from 49 to 52 °C. By SWNT homogenous distribution in
polymer, we could observe that the sharpness of soft segment
melting point decreased. Along with increasing of the SWNT
content, the melting temperature increased up to 52 °C.

As it was observed, incorporation of SWNT, which is well
reacted to the polyurethane macromolecules, changes the
polyurethane melting behavior to a range of temperature and
not in specific point. It appears that we cannot exactly specify
the determined temperature as composite melting point.
Changing the composite melting behavior indicated the ap-
propriate dispersion and compatibility between nanofiber
and reinforcement agent [60—62]. According to a study ac-
complished by Orgile’s et al. carbon Nano tubes by steric
hindrance would increase the poly urethane composites melt-
ing temperature [63].

In sample by 1% and 2% SWNT, nanoparticle acts as nu-
cleating agent, and could intensify composite scaffolds crys-
tallization, therefore scaffold crystalline formation was facili-
tated, and structures would be stabilized. This was confirmed
also by XRD result in section 4.5. [54, 64].

Raman spectroscopy

Figure 7 indicated Raman spectra for those samples with dif-
ferent SWNT content. There is no characteristic peak with
respect to the SWNT molecular structure in PU nanofiber
sample. In SWNT incorporated PU nanofiber, there is three
characteristic Peaks in 1338 cm™' and 1569 ¢cm ' and
2650 cm ', regarding the D-bonds (assigned to the in-plane
vibration of the C—C bond) and G-bonds (activated by the
presence of disorder in carbon systems), respectively. Also,

Wl

L

Intensity

2000

3000

Gbond peak is corresponding to the overtone of D-band in
2700 cm ', which may be resulted due to broken sp® bonds at
the time that SWNTs are dispersed in the polymer matrix [65].

As consequence of some carbon atoms hybridization on the
nanotube wall from sp? to sp” (acquired in SWNT
functionalization) D bond increasing could be observed as
nanoparticle incremented. These Peaks confirms a band exis-
tence, which corresponds to the defects and vacancies pres-
ence in sp? hybridized carbon atoms in SWNTs structure.
Peak sharpness is proportional to the defects concentration
[66].

Electrical conductivity of electrospun poly
urethane-SWNT nanofibers

As it could be observed form Table 4, nanofibers electrical
conductivity was dramatically incremented along with in-
creasing of the SWNT content. Electrical conductivity of pure
polyurethane could not be measured. Sample electrical con-
ductivity was increased of about 0.0013 s/cm for sample con-
tains 0.5% SWNT, up to the 0.14 s/cm for sample by 2%
SWNT. There are two important factors specify samples elec-
trical conductivity. These factors are surface area and SWNT
mass ratio. Amongst those samples contain different SWNT
amount, no huge difference about surface area could be ob-
served according to Table 2. Along with the reduction of
nanofiber diameter, mean surface area increases, and electrical
conductivity also decreases. Differences in nanostructure con-
ductivity and crystallinity of structures may alter samples con-
ductivity. Generally, with respect to the Table 4, by increasing
the SWNT content, structure Electrical conductivity increases.
Moreover, according to the Fig. 5, although the samples crys-
tallinity increases, but this enhancement rate was limited [67].
Crystalline part in a conductive polymer composite, would act

Pure PU

| PU-2%SWNT

PU-0.5%SWNT

PU-1%SWNT

4000 5000 6000

Raman Shift(cm™)

Fig. 7 Raman shift of SWNT incorporated samples
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Table 4  Electrical conductivity of samples with different SWNT
content

Sample Electrical Conductivity(S/cm)
PU undetectable

PU-0.5% SWNT 0.0013 +£0.0002

PU-1% SWNT 0.058 £0.0050

PU- 2% SWNT 0.36+0.0120

as insulators and may destroy some possible conductive path-
ways built by conductive fillers (SWNT) inside the composite.
SWNT unique properties and its good distribution improved
the nanofiber scaffolds electrical conductivity [68].

Scaffolds biocompatibility and cells proliferation
using MTT assay

Figure 8 indicated MTT assay result of different samples as
absorbed optical density value. On the contrary with the con-
trol for all the sample after 12 h, the cells density, which was
adhered or reacted to the scaffold increased. It means that all
of the structures are biocompatible. By passing 1 day from
culture, the number of alive cells for all the samples increased
except for polyurethane nanofiber. It seems this result may
attribute to the lack of adequate hydrophilic functional group
on the scaffold. By passing 7 days from culture this occur-
rence repeated and between samples contain 1 and 2% of
SWNT, huge difference of absorption density was not ob-
served. According to the result of a study accomplished by
Huihui et al. proliferation of the fibroblast cells on electrospun
PVA-chitosan carbon nanotube nanofiber was improved in

Fig. 8 OD values of MTT assay ¢
for cell proliferation after 12 h,
1 day and 3 days 18

Absorbance
o o o
S (<)) o0 -

[=]
)

coparison with control (according to the high surface are to
volume ratio of scaffold, which facilitate the cells migration
and growth) [69]. Dissimilar to the SWNT’s toxicity supposi-
tion, this study result indicated that good dispersion of SWNT
and fabrication method can improve biological properties of
final structure using SWNT special properties [70, 71]. This
study result was also in agreement with the result of a study
accomplished by Yahui et al. who produced vascular carbon
nanotube containing structures. Their result demonstrated that
no negative effect related to the incorporation of carbon Nano
tube in proliferation of smooth muscle cells could be observed
in short and long term [72].

SEM micrograph of cell-scaffold structure

Figure 9 indicate endothelial cells interacted with different
nanofiber scaffold, by passing3 days from culture. Good col-
onization and completely spreading of the cells on the scaf-
folds surface are observable, especially in sample by 1 and 2%
SWNT. According to the nanofiber direction, which was
displayed in Fig. 1, we can observe that cell colonization is
in parallel with the mean nanofiber direction.

As it is observable with respect to the Figs. 9 and 10, the
number of adhered cells to the sample contain 1 and 2%
SWNT are more in comparison with 0.5% SWNT and Pure
PU nanofibers. One of the important reasons that describe this
occurrence is SWNT particle capacity to adsorb culture media’s
protein. It means that along with SWNT content increasing,
nanofiber scaffolds could efficiently retain essential protein for
longer time period [69, 73, 74]. Another reason appears to be
related to contact angle of nanofiber scaffolds, in which

14
12 I
0 I | I | | I | I I
Tcp 0 05 1 2

samples with different SWNT content
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Fig. 9 SEM micrograph for
sample after 3 days of culture a)
pure PU b) PU-0.5% SWNT ¢)
PU-1% SWNT d) PU-2% SWNT
e & f) high magnification of cell
interacted to the scaffold

hydrophilicity of scaffolds and endothelial cells interaction im-
proved by increasing SWNT content (by respect to the contact
angle measurement). As it is clear from Fig. 10, by passing seven
days from culture, the adhered cells density significantly in-
creased for all of the samples. In sample contains 1 and 2%,
SWNT a thick layer of the adhered endothelial cells were formed
on the basement membrane, which at first reacted to the
electrospun composite scaffold. It appears that sample contain
1% SWNT would be the optimum in the cell reaction. it should
be noted that By respect to the results of Table 2 the porosity
percentage of structures is between 75 up to 85%. And by re-
garding the space between the fibers and small size of endothelial
cells in comparison with other cell types it could be mentioned
that noticeable cells population could infiltrate into the scaffolds.
Meanwhile, as was observed in Fig. 1 and Table 2 enhancement
of SWNTs content increased fiber diameter and therefore bigger
interconnected pore created could promote cells infiltration into
the scaffolds. Also, this statement was in agreement with the
results of Hajiali et all who investigated the possibility of
electrospun Polyglycolic acid-gelatin nanofibers for vascular tis-
sue engineering [75]. During three days of culture, the presence
of the cell’s lamellipodia and filopodia could be identified in the
SEM images. But after 7 days of culture by the formation of
dense, fused and integrated endothelium layer it could be hard

@ Springer

to locate them. This endothelial cells behavior is so crucial for
blood vessel tissue engineering in the way that they could
completely cover and line the surface [76]. Also, it is noteworthy
to state that according to the study of Ian Holt et al. array of
SWNT particle could influence myoblast cells array and orien-
tation, drastically. In electrospinning process electro conductive
SWNT particle oriented to the main fiber axis and would help the
cells adhesion and direct them to the specific direction [77-79].
This study result about cells adhesion and proliferation also were
confirmed by research of Eyni et al. [79].

It could be noted that nanofiber dimeter and nanofiber di-
ameter distribution play significant role approximately in all
of cells behavior like adhesion and spreading. According to
the of section 4.1 result, mean diameter of nanofiber were in
the 139 nm to 240 nm. We could observe the dense topogra-
phy of nanofiber which accelerate cells spreading. In addition,
the mean diameter and diameter distribution of nanofibers
were ideal for cells adhesion and colonization, which were
consistent with the result of a study accomplished by Young
et al. [80].

Endothelial cells secret prostacyclin and some important fac-
tors, which inhabit platelets activation in blood that prevent
thrombus formation. Therefore, scaffolds complete surface cov-
ering by endothelial cell with no exposing site to platelet would
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Fig. 10 SEM micrograph for
sample after 7 days of culture a)
pure PU b) PU-0.5% SWNT ¢)
PU-1% SWNT d) PU-2% SWNT
e & f) high magnification of cell
interacted to the scaffold

7

B TR 3

be considered as important progress in tissue engineering of
blood vessels or artificial blood vessel grafts [80].

Khang et al. established that high ratios of MWNT coated
with polyurethane provided a more hydrophilic surface (be-
cause of greater Nano surface roughness), despite of surface
modification in order to introduce hydrophilic functional
group to the surface [81].

Another promising factor in which influences this great
cells adhesion may associated to the surface electrical conduc-
tivity incremented in which with respect to the Table 4 as the
SWNT content increases. Research of kai et al. Indicated that
electospun conductive polymer composed of poly pyrrole in-
corporated poly caprolactone and gelatin noticeably affected
cardio myocytes cell adhesion and proliferation. Their re-
search indicated that conductive agent presence in the struc-
ture would affect cardio myocytes cell adhesion and prolifer-
ation strongly agent in the structure would strongly affect
cardio myocytes cell adhesion and proliferation [82]. Also,

this result was confirmed by research of soleimani et al. who
investigated the conductive substrate positive effect using
graphene and poly aniline in peripheral nervous system injury
regeneration [83]. In this study, another promising reason that
can describe high endothelial cell adhesion level may relevant
to slightly positive charge of SWNT particle in matrix who
interacted to the negatively charged cell membrane electrostat-
ically a prepared stronger attachment sites [20, 84, 85].

It should be considered that most of cells behaviors was con-
trolled by cell adhesion (cell morphology, migration, Apoptosis,
growth, proliferation). Hydroxyl and carboxyl group Formation
on the SWNT particle surface and changing the surface energy
provides appropriate adhesion site in nanofiber structure.
Therefore, good endothelial cell adhesion were provided with
respect to the Figs. 8, 9 and 10.

Moreover, it is noteworthy to state that despite of ap-
propriate cells adhesion and proliferation for vascular tis-
sue engineering substitute, PU-SWNTs indicated having
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enough blood compatible properties. The surface of com-
posites containing carbon nanotubes may have some spe-
cial interactions with the adsorbed plasma proteins in or-
der to make them undergo conformational changes and
partly lose their activating and binding platelets functions,
which led to the suppression of platelet adhesion and ac-
tivation on the composite surface [38]. Therefore, suitable
blood compatibility was provided by administration of
SWNTs. Also, another outstanding achievement of the
present study is efficient endothelialization of vascular
graft which is critical for long term successful implanta-
tion of a vascular graft. By respect to appropriate mechan-
ical properties, completely covering of surface using en-
dothelial cells create the most antithrombotic layer would
inhibit intima hyperplasia [86].

Conclusion

In this study physico-mechanical and biological properties
of fabricated electrospun poly urethane-SWNT nanofiber
scaffold were evaluated as a synthetic graft for vascular
tissue engineering. With respect to the morphological as-
sessment, nanofiber average diameter increased from
40 nm up to the 149 nm, by the SWNT content increasing.
Homogenous dispersion and sufficient interaction of
SWNT to poly urethane chain has positive effect on com-
posite mechanical behavior like tensile and young modu-
lus, which could mimic the blood vessel natural properties.
Thermal properties of electrospun nano fibrous scaffolds
indicated that SWNT particles increased melting tempera-
ture and changed the structures melting behavior.
Hydrophilicity of scaffolds increased along with increasing
of SWNT content, which was confirmed by contact angle
reduction from 100° to 77°. Incorporation of SWNT causes
adsorption and retention of culture media’s protein, which
are beneficial for dense endothelial layer formation on
electrospun nano fibrous scaffolds. In vitro evaluation rep-
resented SWNT possess unique physico-chemical proper-
ties that could increase cells proliferation. These results
recommended that poly urethane nanofibers contain car-
bon nano tube mimic biological properties of blood vessel
extracellular matrix in order to accomplishing vascular tis-
sue engineering.
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