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Abstract—In this study, a small vascular graft based on
polyurethane (PU) blended with chitosan (Ch) nanoparticles
was fabricated using electrospinning technique. Initially, the
chitosan nanoparticles were synthesized using ionic gelation
method. UV–Vis spectrophotometer confirmed the presence
of synthesized Ch nanoparticles by exhibiting absorption
peak at 288 nm and the Fourier-transform infrared spec-
troscopy (FTIR) analysis confirmed the existence of the
chitosan. Further, the synthesized Ch nanoparticles showed
size diameter in the range of 134 ± 58 nm as measured using
ImageJ. In the electrospun PU/chitosan graft, the fiber
diameter and pore size diameter was found to be reduced
compared to the pure PU owing to incorporation of chitosan
into PU matrix. The FTIR spectrum revealed the presence of
chitosan in the prepared nanocomposite membrane by the
formation of the hydrogen bond and peak shift of CH and
NH stretching. Moreover, the contact angle measurements
revealed that the prepared graft showed decreased contact
angle indicating hydrophilic nature compared to the pristine
PU. The cytocompatibility studies revealed the non-toxic
behavior of the fabricated graft. Hence, the prepared graft
exhibiting significant physiochemical and non-toxic proper-
ties may be a plausible candidate for cardiovascular graft
applications.

Keywords—Polyurethane/chitosan membrane, Ionic gelation

method, Electrospinning, Physiochemical characterization,
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INTRODUCTION

Cardiovascular diseases is considered as a threat to
the health of mankind and it claims 17 million lives
each year. Coronary heart disease (CHD) which causes
the blockage of the coronary arteries and it accounts
almost 50% deaths associated with CVD.12,25,29 So
there is demand for artificial vascular graft in cardio-
vascular transplantation to recover from the CVD.
The tissue engineered vascular grafts have gained a
huge attention toward the fabrication of small arterial
substitutes incorporated with endothelial and smooth
muscle cells.3,4,10 But the tissue engineered vascular
graft possess certain limitations like poor porosity and
low infiltrating of cells into the scaffold. Recently,
electrospinning technology overcomes the limitations
of the tissue engineered graft by producing fibrous
matrices in nanoscale dimension which can be substi-
tute for vascular grafts.18 Electrospinning technique is
most versatile and cost effective method which applies
high voltage to polymer melts which produces the
nanofibers at the collector end.23 The nanofibers fab-
ricated thorough electrospun technique were reported
to possess high surface area which supports the cell
adhesion and high porosity to facilitate nutrients
transport and also for waste removal.19 In this
research, the tecoflex EG80A polyurethane which is a
poly-ether based medical grade PU was used in fabri-
cating the scaffold. Polyurethane is widely used in
making tissue engineered scaffolds because the fabri-
cation of nanofibers from PU is easy and also possess
biodegradable nature, good barrier properties, oxygen
permeability and mechanical properties.17,22,28,34
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However, the synthetic polymers provide sufficient
mechanical strength but they lack in bio-functional-
ization due to their hydrophobic nature. So, the com-
bination of synthetic and natural polymer in making
the scaffold was gained a huge attention now-a-days.8

Natural polymers provides many advantages like
hydrophilicity, cellular affinity and often degrades
which gives the spaces for cell migration and prolifer-
ation.21 In this work, chitosan a natural polymer was
used to enhance the properties of the developed graft.
Chitosan (Ch) nanoparticles is widely used in tissue
engineering applications such as bone, cartilage and
skin due to its hydrophilicity and also it renders suf-
ficient mechanical strength to the product devel-
oped.5,6,9,20,26 In the work, a small-diameter vascular
graft was fabricated based on PU and Ch nanoparti-
cles by the co-electrospinning technique. Further, the
fabricated vascular graft was subjected to physio-
chemical characterizations.

MATERIALS AND METHODS

Materials

Tecoflex EG-80A medical-grade thermoplastic
polyurethane (PU) was imported from LubriZol. The
solvents N,N-dimethylformamide (DMF) was supplied
from Merck Millipore, Germany. Glacial acetic acid
(100%) was obtained from Darmstadt, Germany.
Chitosan powder and sodium tripolyphosphate (TPP)
was from Sigma-Aldrich, Canada.

Synthesis of Chitosan (Ch) Nanoparticle

In this study, Ch nanoparticles were synthesized
using ionic gelation method. Initially, 1% (v/v) of
acetic acid solution was prepared by adding 1 mL of
glacial acetic acid into 100 mL of distilled water. Then,
the chitosan solution with 0.1 wt% was obtained by
adding 20 mg of chitosan powder into 20 mL of pre-
pared 1% acetic acid solution. Similarly, the sodium
tripolyphosphate (TPP) solution was prepared for two
different weight concentrations (0.1 and 0.2 wt%) by
diluting 20 mg and 40 mg of sodium tripolyphosphate
(TPP) into 20 mL of distilled water. Finally, two dif-
ferent concentration of Ch nanoparticles were
obtained by pipetting 4 mL of prepared sodium
tripolyphosphate (TPP) solution into 10 mL of pre-
pared chitosan solution as shown in Table 1. Then, the
prepared Ch nanoparticles solution were centrifuged at
12,500 rpm for 25 min. Finally, the obtained Ch
nanoparticles were dried under oven at temperature
100 �C for 4 min with intervals until crystal white
powder was formed.

Preparation of Composite Solution

The homogeneous solution PU solution with con-
centration of 8% (w/v) was obtained by dissolving
800 mg of PU beads in 10 mL of DMF and stirred for
24 h at room temperature. Similarly, the homogeneous
solution of Ch solution with 2% (w/w) was prepared
by suspending 50 mg of Ch nanoparticles in 2.5 mL of
DMF and stirred for 24 h. Finally, PU/chitosan solu-
tion with ratio of 8:2 (v/v) and 7:3 (v/v) was prepared
by slowly adding the prepared Ch homogeneous
solution into the PU solution and stirred for 1 h
maximum.

Fabrication of PU and PU/Chitosan Nanocomposites

To fabricate electrospun PU and PU/chitosan
membranes, the prepared solution was loaded into a
10 mL plastic syringe attached with 18-G stainless steel
needle and fitted to the syringe pump (SP20, NFiber).
Then the nanofibers were obtained by applying high
voltage to the steel needle was supplied using NFiber
high voltage unit. The fabricated polymer was col-
lected on a rotating stainless steel rod with diameter of
0.5 cm at 800 rpm and the collector distance was
maintained at 15 cm. For the both PU and PU/chi-
tosan nanocomposites, the flow rate was maintained at
0.50 mL/h with an applied voltage of 10.5 kV. Then
the electrospun membranes were carefully detached
from the collector and dried under vacuum at room to
remove any residual DMF content.

Physicochemical Characterization

UV–Vis Spectrophotometric Absorption

The synthesized chitosan nanoparticles prepared
using ionic gelation method was investigated through
GENESYS 10S UV–Vis Spectrophotometer to con-
firm the formation of Ch nanoparticles. To begin, the
obtained Ch nanoparticles were diluted with distilled
water for 2 h. After, the reaction mixture with 1 mL
was pipetted into a 1 cm length plastic cuvette and was
scans were performed in the wavelength of 200–
500 nm at a resolution of 1 nm. The absorption rate
and the peak wave was recorded and then corrected
base line using Spekwin software to calculate the
wavelength of the samples.

Scanning Electron Microscopy (SEM)

The Hitachi Table Top Microscope (TM3000) was
used to investigate the distribution and surface mor-
phology of the fabricated PU and PU/chitosan nano-
fibers. The electrospun nanofibers were gold plated at
20 mA for 2 min and micrographs was taken at an
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accelerated voltage of 10 kV with different magnifica-
tions. Using Image J software, the fiber diameter was
measured at least 50 points randomly in the captured
image and the average fiber diameter for both samples
were calculated.

Fourier Transform Infrared Spectroscopy (FTIR)

The IR spectrum of the prepared PU and PU/chi-
tosan membranes was obtained through NICOLET
IS5 spectrometer unit. For recording the IR spectra of
PU and PU/chitosan nanocomposites, a small piece of
sample membrane was cut out and placed on the sen-
sor. Meanwhile, the IR spectra of Ch was obtained by
placing a small amount of nanoparticles on the sensor.
Then, the each samples were recorded over the wave-
length of 400–4000 cm�1 at the resolution of 4 cm�1 to
investigate the chemical compositions. The obtained
IR spectra was base line corrected using Spekwin 32
software to identify the peak shift and differences.

Porosity Diameter Measurement

The Image J software was used to measure the pore
size diameter in prepared PU and PU/chitosan com-
posite membrane by measuring 50 points randomly in
the scanned SEM image and the graphical represen-
tation of pore size distribution was prepared through
excel sheet.

Contact Angle Measurement

The VCA Optima contact angle measurement unit
was used to calculate for the wettability of PU and the
PU/chitosan membranes. Initially, the fabricated
membranes were cut into small square shape and
placed on the testing stage. Then, syringe loaded with
distilled water was fitted to the equipment and a dro-
plet with size of 1 lL was formed and carefully placed
on the sample sheets. The static image of the contact
angle were captured using a high- resolution video
camera after 10 s of droplet deposition. The degree of
the angle formed was analyzed using computer inte-
grated software. The experiment was repeated for three
separate trials to calculate for the mean contact angle.

Cytocompatibility Studies

HDF cells (Human Skin Fibroblast Cells 1184,
ECACC, UK) were cultured and maintained at 37 �C

in 5% CO2 in a Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum and the
medium was refreshed after every 3 days. For in vitro
culture adhesion and morphology studies, the fabri-
cated membranes were cut into small diameter circles
and placed in the 24 well plates. After, the scaffolds
were disinfected by soaking them in 75% alcohol for
3 h and then washed by phosphate buffered saline
(PBS). Then, the cultured HDF cells were trypsinized,
counted, and seeded on the electrospun membranes at
a density of 10 9 103 cells/cm2 and placed in the CO2

incubator. The cell viability was determined after
3 days culture. The nanofibrous scaffolds were added
with 20% of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetra-
zolium, inner salt) and incubated for 4 h. After 4 h, the
medium was retrieved and absorbance was recorded at
490 nm in a spectrophotometric plate reader to deter-
mine the cell counts in the electrospun membranes.

Statistical Analysis

All experiments involved in this study was carried
out thrice independently. One way ANOVA followed
by dunnett post hoc test was utilized to analyze the
statistical significance (p < 0.05). The results attained
from all experiments are expressed as mean ± SD and
for qualitative experiments, a representative of three
images is indicated.

TABLE 1. Two different concentration of chitosan (Ch) nanoparticles.

Set Concentration of chitosan solution (w/w%) Concentration of sodium tripolyphosphate (TPP) (w/w%)

A 0.1 0.1

B 0.1 0.2

FIGURE 1. UV–Vis absorption spectrum of chitosan
nanoparticles obtained from the different concentrations (Set
A and Set B).
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RESULTS AND DISCUSSION

UV/VIS Spectrum of Synthesized Ch Nanoparticles

Figure 1 depicts the UV/VIS absorption spectrum
of Ch nanoparticles obtained from the different con-
centrations (Set A and Set B). From results obtained, it
was observed that the Set A showed absorption peak at
288 nm while the Set B exhibited absorption peak at
289 nm respectively. Sathiyabama et al. synthesized
chitosan nanoparticles which exhibited the absorption
peak at 285 nm and confirmed the formation of the
chitosan nanoparticles.27 In our study, the absorption
peaks was measured at similar range which correlates
with their findings and confirmed the formation of Ch
nanoparticles.

Morphology of Synthesized Ch Nanoparticles

Figures 2a and 2b shows the SEM images of syn-
thesized Ch nanoparticles. The average diameter of Set
A was found to be 143 ± 68 nm and for Set B it was
observed to be 124 ± 47 nm. The corresponding par-
ticle size distribution curves for the synthesized
nanoparticles were shown in Figs. 2c and 2d. The
obtained results showed that the nanoparticles had
average diameter around 134 ± 58 nm with spherical
shape and scattered distribution. The particle size
diameter was found to be decreased with the increase
in the concentration of the TPP. Esquivel et al. syn-
thesized chitosan nanoparticles using ionic gelation
method. It was observed that the diameter of synthe-
sized chitosan nanoparticles was observed to be in the
range of 120–150 nm. Further, the increase in the

FIGURE 2. SEM images of synthesized chitosan (Ch) nanoparticles (a) Set A and (b) Set B and particle size distribution of
synthesized chitosan (Ch) nanoparticles; (c) Set A and (d) Set B.
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concentration of TPP resulted in the decrease in the
particle size diameter7 and the obtained results corre-
lates with their findings. In the another study, Sa-
thiyabama et al. reported that the synthesized chitosan
nanoparticles which exhibited the absorption peak at
285 nm and showed nanoparticles in the range of 10
and 30 nm.27 In this study, size of the synthesized
chitosan nanoparticles (134 ± 58 nm) exhibited
absorption peak in the similar range but the calculated
particle size using Image J does not correlates with the
above findings. The reason for the increase in the
chitosan nanoparticle size was might be due to the
agglomeration masses of the particles.7,15

Infrared Spectrum of Synthesized Ch Nanoparticles

Figure 3 represents the FTIR spectrum of synthe-
sized Ch nanoparticles. The Ch nanoparticles exhibited
dominant peak at 3327, 2943, 2854, 1731.42, 1541.15,
1412.79, 1328.63, 1154.23, 1090.34, 1036.23 and

852.01 cm�1 respectively. The broad peak at
3327 cm�1 indicates the amine N–H symmetrical
vibration and the sharp peaks at 2943 and 2854 cm�1

represents the CH stretch vibrations. The peak
observed at 1731.42 cm�1 indicates the amide I group
and the vibrations of CO group were seen at peak at
1090.34, 1036.23 cm�1 respectively. The peak at
1541.15 cm�1 indicates the amino group of chitosan
and the peak at 1412.79 and 1328.63 cm�1 indicates
the CH3 symmetrical deformation mode. The peaks at
1154.23 and 852.01 cm�1 observed indicates the sac-
charide structure of chitosan.1,2 In Set B, the charac-
teristics peaks were observed at 3327, 2943, 2854,
1731.35, 1548.54, 1409.95, 1328.23, 1154.09, 1090.12,
1039.22, and 811.94 cm�1. It was observed that the
peak at 1541.15 cm�1 corresponding to amino group
in set A was shifted to 1548.54 cm�1 in set B which
clearly indicates the decrease in the particle size and
correlates with the SEM observations.

FIGURE 3. FTIR spectrum of synthesized chitosan nanoparticles (a) Set A and (b) Set B.
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Characterization of Electrospun Nanofiber

Morphology of Electrospun PU and Composite Nano-
fibers

The morphology of electrospun PU and PU/chi-
tosan nanofibers [8:2 (v/v) and 7:3 (v/v)] were shown in
SEM images as indicated in Figs. 4a–4c. It was
observed that the incorporation of Ch nanoparticles
into the PU matrix reduced the fiber diameter. It was
observed that the fiber diameter of PU was found to be
995 ± 112 nm and for PU/chitosan nanofibers elec-
trospun at ratio 8:2 (v/v) and 7:3 (v/v) was found to be
848 ± 192 nm and 493 ± 186 nm respectively as
shown in Figs. 5a–5c. Ishii et al. utilized polycapro-
lactone (PCL) for fabricating the vascular graft and
reported that the smaller fiber diameters favors en-
hanced cell attachment and cell proliferation owing to
its high specific area and porosity.11 Our developed
scaffold exhibited smaller fiber diameters which might
favors the enhanced cell attachment and cell prolifer-
ation and suitable for the vascular graft applications.

Infrared Spectrum of Electrospun PU and Composite
Nanofibers

Figure 6 shows the FTIR spectra of electrospun
pure PU and PU/chitosan nanofibers (8:2 (v/v) and 7:3
(v/v)). The pure PU exhibited peaks at 3322.47,
2939.11, 2854.16, 1728.98, 1702.19, 1530.29, 1413.24,
1368.17, 1104. 21 cm�1 respectively. A broad peak
observed at 3322.47 cm�1 represents the N–H sym-
metrical vibration and the peak at 1530.29 cm�1 indi-
cates the vibrations of NH group. The peaks seen at
2939.11 and 2854.16 cm�1 was attributed to the CH2

stretch and CH stretch vibrations and the vibrations of
CH was observed 1412. 79 and 1368.17 cm�1 respec-
tively. The sharp peaks observed at 1728. 98 and
1702.19 cm�1 indicates the CO group and the vibra-
tions of CO group were seen at 1104.21 cm�1.14,16

The electrospun PU/chitosan membrane (8:2 v/v)
showed peaks at 3330.13, 2941.56, 2872.60, 1729.05,
1702.15, 1530.40, 1413.30, 1368.82, and 1104.45 cm�1

respectively. Similarly in electrospun PU/chitosan
membrane (7:3 v/v), the sharp peaks were observed at

FIGURE 4. SEM images of electrospun (a) pure PU; (b) PU/chitosan nanocomposites (8:2 (v/v)) and (c) PU/chitosan nanocom-
posites (7:3 (v/v)).
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3339.35, 2945.86, 2872.89, 1729.23, 1702.11, 1530.49,
1413.31, 1368.99, and 1104.30 cm�1 respectively. It
was observed that the there was no formation of new
peaks but the intensity of the PU peak was increased
due to the formation of the hydrogen bond.32 Further,
it was observed that the peak at 3322.47 cm�1 corre-
sponding to NH group in pure PU was shifted to
3330.13 and 3339.35 cm�1 in 8:2 (v/v) and 7:3 (v/v)
PU/chitosan nanofibers. Moreover, the peak at
2939.11 cm�1 in pure PU corresponds to CH group
was shifted to 2941.56 and 2945.86 cm�1 in 8:2 (v/v)
and 7:3 (v/v) PU/chitosan nanofibers respectively.30

The shift in peak clearly represents the interaction
between the PU with the chitosan nanoparticles and
the presence of Ch nanoparticles in the PU matrix.

Porosity of Electrospun PU and Composite Nanofibers

Figures 7a–7c depicts the pore size measurement of
electrospun pure PU and PU/chitosan nanofibers [8:2
(v/v) and 7:3 (v/v)]. It was observed that the pore size
diameter of the electrospun PU/chitosan nanofibers
was found to be reduced compared to pure PU. It was
observed that the pore size diameter of pure PU was
found to be 1345 ± 149 nm, while for PU/chitosan
nanofibers [8:2 (v/v) and 7:3 (v/v)], the pore size was
observed to be 1299 ± 162 and 1191 ± 129 nm
respectively. The obtained results clearly indicated that
the electrospun PU/chitosan nanofibers exhibited re-
duced pore size diameter compared to control. Nara-
yan et al. studied the effect of pore size on endothelial
cell growth in poly lactic acid (PLLA) polymer. It was

FIGURE 5. Fiber diameter distribution of electrospun (a) pure PU; (b) PU/chitosan nanocomposites (8:2 (v/v)) and (c) PU/chitosan
nanocomposites (7:3 (v/v)).
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reported that the small pore size diameter showed
endothelial cell growth compared to larger pore size
diameter.24 Hence, in our developed nanocomposites,
the pore size diameter was found to be decreased and it
might favors the better endothelial cell growth.

Contact Angles of Electrospun PU and Composite Na-
nofibers

The contact angle measurement indicates the wet-
tability of the electrospun nanofiber as indicated in
Table 2. It was observed that the PU/chitosan nano-
fibers exhibited hydrophilic nature compared to pris-
tine PU. The mean contact of pure PU was found to be
92.73 ± 1.42� and for PU/chitosan nanofibers elec-
trospun at ratio 8:2 (v/v) and 7:3 (v/v) was found to be
72.00 ± 3.46� and 47.80 ± 2.74� respectively. Wang

et al. prepared scaffold for vascular tissue engineering
based on PU cross linked with PEGMA. It was
observed that the incorporation of PEGMA into PU
matrix resulted in the hydrophilic behavior. It was
observed that the fabricated PU/PEGMA membranes
with contact in the range of 55�–75� showed enhanced
adhesion and growth of HUVECs. Further, the scaf-
folds with contact angle lower than this range showed
decreased proliferation rate of HUVECs which might
due to very hydrophilic nature. The increased
hydrophilicity caused reduction in the absorption of
protein and accordingly delayed the adhesion and
proliferation of the HUVECs.33 Hence, the contact
angle of electrospun PU/chitosan nanofibers at ratio
8:2 (v/v) was observed to within the limits and might be
suitable for the vascular graft applications.

FIGURE 6. FTIR spectrum of electrospun (a) pure PU; (b) PU/chitosan nanocomposites (8:2 (v/v)) and (c) PU/chitosan
nanocomposites (7:3 (v/v)).
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Cytocompatibility of Electrospun PU and Composite
Nanofibers

Figure 8 depicts the cell attachment and prolifera-
tion percent of electrospun pure PU and PU/chitosan
nanofibers [8:2 (v/v) and 7:3 (v/v)]. The results indi-
cated that the fabricated membranes were able to
facilitate the HDF cell proliferation without any toxic
effects. It was observed from the MTS assay that the

fabricated membranes exhibited enhanced prolifera-
tion of HDF cells than the control plates. Further, the
electrospun PU/chitosan membranes showed enhanced
attachment and proliferation percent of HDF cells
than the pristine PU membrane. The cell attachment
and proliferation percent of pure PU was observed to
be 141.9 ± 2.264 and for PU/chitosan nanofibers
electrospun at ratio 8:2 (v/v) and 7:3 (v/v) were found
to be 181.8 ± 2.611 and 180.8 ± 3.846 respectively.

TABLE 2. The contact angle measurements of PU and PU/chitosan nanocomposites.

S. no Sample Average contact angle in degrees

1 Pure PU 92.73 ± 1.42

2 PU/chitosan nanocomposites [8:2 (v/v)] 72.00 ± 3.46*

3 PU/chitosan nanocomposites [7:3 (v/v)] 47.80 ± 2.74*

*Mean differences were significant compared with pure PU (p < 0.05).

FIGURE 7. Pore size measurement of electrospun (a) pure PU; (b) PU/chitosan nanocomposites (8:2 (v/v)) and (c) PU/chitosan
nanocomposites (7:3 (v/v)).
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The results clearly indicates the presence of chitosan in
the PU matrix induced enhanced proliferation of HDF
cells significantly [*mean differences were significant
compared with pure PU (p < 0.05)]. Unnithan et al.
fabricated polyurethane wound dressing blended with
the emu oil. It was reported that the blending of emu
oil into the PU matrix resulted in the reduction of the
fiber diameter and favored improved fibroblast cell
adhesion and proliferation.31 Since, our fabricated
membranes rendered smaller diameter than the pristine
PU which might have favored the enhanced prolifer-
ation of HDF cells. Jang et al. fabricated electrospun
small diameter vascular graft based on poly (L-lactide-
co-e-caprolactone) seeded with fibroblast cells. It was
reported that the fibroblast cells located in adventitia
of native blood vessel which play a vital role in healing
process, remodeling of the tissue repair and producing
interstitial collagens, fibronectins, and other matrix
components. Moreover, fibroblast cells were reported
to capable of producing and secreting angiogenic fac-
tors and growth factors such as VEGFs and FGFs
which facilitate the cell viability and function without
genetic manipulation.13 Hence in our study, the fabri-
cated membranes showed enhanced cell attachment
and proliferation of the HDF cells which might be
suitable for the vascular graft applications.

CONCLUSION

The vascular graft based on PU blended Ch
nanoparticles was fabricated successfully using elec-
trospinning technique. The synthesized Ch nanoparti-

cles obtained through ionic gelation method exhibited
absorption peak in the range of 285–300 nm and par-
ticle size diameter in the range of 134 ± 58 nm. Fur-
ther, the FTIR analysis confirmed the existence of the
chitosan. The incorporation of Ch nanoparticles re-
duced the fiber and pore size diameter compared to
pristine PU. The existence of chitosan in PUmatrix was
identified by peak shifting of CH and NH stretching as
revealed in the FTIR. Further, the addition of Ch
nanoparticles into the PU matrix decreased the contact
angle indicating hydrophilic nature of the prepared
vascular graft. Moreover, the cytocompatibility studies
revealed the non-toxic behavior of the fabricated graft.
Hence, the developed vascular graft with significant
physico-chemical and non-toxic characteristics might
be a potential candidate in overcoming cardiovascular
diseases. However, its mechanical properties have to be
investigated in detail to further promote its candidacy.
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