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Abstract. In this study, vascular scaffolds were fabricated through a facile and modified method using an electrospinning procedure. For fabrication of scaffolds, at first, a three-layered nanofibrous structure comprising of polyvinyl
alcohol (PVA) multifilament, PVA nanofibres and electrospun PLA fibres, respectively, as the core, middle and outer
layers were produced. Then, the hollow PLA nanofibrous structure was obtained after elimination of the middle layer in
water and extraction of the core part. The fabricated structures illustrated PLA nanofibres with diameters in the range of
100 to 350 nm. Fourier transform infrared spectroscopy analysis confirmed that the PLA structure remained intact during
fabrication procedure of the hollow vascular grafts. The results of cell culture and cell attachment assays showed that
human fibroblast cells could adhere and proliferate appropriately on the designed nanofibrous scaffold. Moreover, the
hemolysis assay proved that the prepared vascular graft was non-hemolytic. The electrospun structures also exhibited
proper mechanical characteristics for the considered application.
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Introduction

In recent decades, cardiovascular diseases have been
considered as one of the most prevalent reasons of
fatality [1]. Narrowed and blocked artery replacement is
a common surgery, such diseases are generally substituted with vascular autografts obtained from a saphenous
vein, radial artery (RA) and internal mammary artery
(IMA) [2–4]. However, a vascular autograft is not an
appropriate solution in all coronary bypass graft surgeries due to the age of the patients, previous removals,
small size veins or other obstacles [5,6]. Hence, there is
a great demand for the design and fabrication of synthetic artificial vascular grafts and many efforts have
been dedicated to the field of vascular tissue engineering
in recent years [5–7].
Currently, polyethylene terephthalate grafts (PET,
Dacron) are commercially available for vascular graft
substitutions with large diameters ([6 mm) [8,9]. However, the structural design of vascular synthetic grafts with
a small diameter (\5 mm) has still remained a major
challenge [8,10]. Biodegradable nanofibrous structures
have shown a great potential for simulation of natural
excessive extracellular matrices (ECMs) due to the high
ratio of surface area to volume and small pore sizes related

to nano-sized dimensions that provide rapid growth and
migration of the cells [11–13]. Electrospinning has
attracted a great interest due to simplicity, flexibility, lowcost, etc. among the various methods for the fabrication of
nanofibres [14,15].
Appropriate mechanical properties, suitable cell attachment, growth and proliferation are of essential characteristics of an ideal vascular scaffold [16,17]. Biodegradable
vascular grafts have been fabricated from the electrospinning of various polymers, such as polylactic acid (PLA),
poly e-caprolactone (PCL), collagen and polyglycolic acid
(PGA) [13,18,19].
PLA is a biodegradable and biocompatible polymer with
a wide variety of applications in the field of pharmaceutical and tissue engineering [20–22]. So far, numerous
studies have focused on the fabrication of nanofibrous
vascular scaffolds using PLA nanofibres [7,13,23]. In
2005, Vaz et al [24] designed a bi-layered tubular scaffold
from PLA and PCL electrospun nanofibres, which displayed the proper ability of support and growth of human
mayo fibroblast cells. Pavia et al [25] also reported the
competency of PLLA/PLA hollow nanofibrous structure
for this application. In another effort, Yazdanpanah et al
[26] examined PLA nanofibrous vascular graft with
improved mechanical properties. Most of these works have
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been performed by applying a rotational mandrel with the
small diameter as a collector during fabrication procedure.
Nevertheless, there is still a limitation to approach hollow
nanofibrous structures with very small diameter by this
method.
A recent study by Javazmi et al [27] introduced another
technique, in that a polyvinyl alcohol (PVA) multifilament
was fed between two opposing nozzles during electrospinning and thus a core-sheath nanofibrous structure was fabricated. Then, after dissolving the core multifilament yarn in
hot water for about an hour, a PET hollow nanofibrous
structure was produced. Furthermore, Najafi et al [28]
applied the same procedure to fabricate hollow nanofibrous
structure of polyurethane nanofibres. Although here the
inner diameter of the hollow structure is adjustable, PVA
residuals decrease the porosity of the structure while
porosity plays a crucial role in lots of applications specifically in the biomedical field.
Fakhrali et al [29] improved the mentioned process by
changing the nuzzle location angles and produced a coresheath nanofibrous structure consisting of PVA nanofibres
in core and nylon 6 nanofibres in the sheath. Notably, the
core part can be removed in a shorter time due to a high
specific surface area; however, the inner diameter cannot be
more than 1 mm following the mentioned method.
In the previous study, the possibility of three-layered and
hollow nanofibrous structure fabrications were investigated
by feeding a multifilament core yarn through infusion
pumps during electrospinning [30]. In this study, the aforementioned modified route is applied to fabricate PLA
nanofibrous vascular grafts. Physical and mechanical characteristics of as-spun nanofibrous grafts were evaluated
using a scanning electron microscope (SEM), Fourier
transform infrared spectroscopy (FTIR) and tensile test
machine. In addition, biocompatibility, blood compatibility
and cell attachment of samples were studied to assess the
potential of application of such a nanofibrous scaffold as a
vascular graft.

2.
2.1

Materials and experimental
Materials

PLA and PVA polymers, respectively, with average
molecular weights of 300000 and 72000 were purchased
from Merck Company. A commercial PVA multifilament
(density = 61.2 denier) was also kindly received. In order to
approach a vascular graft with an inner diameter of about
5 mm, PVA multifilament was folded 180 times. PLA
solution with a concentration of 10 wt% was prepared by
dissolving into chloroform/dichloromethane (3:1) for 6 h at
room temperature. Distilled water was also used as the
solvent of PVA for the preparation of a solution with a
concentration of 7 wt%.
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2.2

Vascular graft fabrication

Figure 1 displays the applied electrospinning set-up apparatus to fabricate a vascular graft. As it is shown, PVA
multifilament, as the central part, was fed between two
oppose feeding pumps (TOP-5300, Japan), which are
located in specific angles. A high voltage power supplier
was utilized to apply 17.7 kV voltage to the syringe’s
needle. The PVA nanofibres, produced by positively
charged feeding nuzzle with the feeding rate of
0.875 ml h–1, were twisted around the core part. Moreover,
PLA nanofibres, spun with a negatively charged infusion
pump with the feeding rate of 0.25 ml h–1, covered PVA
nanofibres and formed the third layer. The fabricated triplelayer yarn with 5000 twist per metre (TPM) was collected
with the speed rate of 3 cm min–1.
After fabrication of a three-layer nanofibrous structure
consisting of PVA multifilament as the core part, PVA
nanofibres as the middle layer and PLA nanofibres as the
outer component using the described electrospinning
method, the produced structure was placed in water at
ambient temperature for 5 min. During locating in water,
PVA nanofibres were dissolved in water and therefore the
middle layer was eliminated from the triple-layered yarn.
Then, the PVA multifilament was easily pulled out and led
to the production of a PLA hollow nanofibrous structure. In
order to observe the effect of outer layer thickness on various features of the fabricated hollow structure, PLA
nanofibres were electrospun on middle and central parts
with various time intervals (take-up roller speed: 20, 40, 60,
80 and 100 cm s–1).

2.3

Graft characterization

The surface morphology of the hollow nanofibrous scaffold
was studied using a scanning electron microscope (Japan,
HITACHI, S-4160) operating at a voltage of 20 kV after
gold sputter coating. An image processing software (Digimizer) was also utilized to analyse fibre diameter distribution and vascular graft inner diameter. The average
diameter of the spun nanofibres was obtained manually
from 50 measurements. To reassure the elimination of PVA
from the fabricated structure and examine the effect of
water on PLA nanofibres, FTIR analysis (FTIR, Victoria,
Australia) was carried out, as well.

2.4

Tensile properties

To determine tensile properties of hollow fabricated structures, five specimens with the length of 3 cm were prepared
for each sample. A tensile tester (Instron 5566, USA) with a
cross-head speed of 1 mm min–1 and a gauge-length of
2 cm was used for the measurement of tensile properties.
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Figure 1.
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Schematic illustration of the applied electrospinning set-up.

Cytotoxicity, cell adhesion and hemolysis assays

Human fibroblast cells obtained from the National Cell
Bank (Iran, Pasteur Institute) were applied for cell experiments. First, the hollow nanofibrous structure was washed
using phosphate-buffered saline (PBS). Then, it was sterilized by ethanol (70%) and UV for 30 min and 120 min,
respectively, and placed in a 24-well cell culture plate.
Subsequently, cells were seeded in Dulbecco’s modified
Eagle medium (DMEM) containing 10(v/v)% fetal bovine
serum (FBS) and 1(v/v)% of streptomycin/penicillin, purchased from Iran, Bioidea, at 37°C under CO2/air (5%/95%)
condition.
Dulbecco’s modified Eagle’s medium (Bioidea, Iran) was
changed every 2 days. In next step, cells were detached
using 0.25% trypsin/ethylene diamine tetra-acetic acid
(EDTA) solution. Cells with a density of 104 cells per well
were seeded on the nanofibrous graft in an incubator (at
37°C in an atmosphere containing 5% CO2). For MTT
assay, relative cell viability was calculated in several time
intervals including 1st, 3rd and 7th days.
In parallel, for cell attachment analysis, the culture
medium was removed and the cells were placed in 500 ll of
glutaraldehyde/PBS solution (2.5%) for 3 h. Then glutaraldehyde solution was removed and the electrospun
sample was hydrated using a graded series of ethanol (30,
70, 90, 96 and 100%). Cell attachment on the nanofibrous
vascular graft was observed after 7 days using SEM.
Hemolysis test was also performed for evaluation of
blood compatibility of the fabricated vascular grafts. For the
hemolysis assay, PLA nanofibrous structure was cut into
small pieces (1 cm 9 1 cm) and sterilized using ethanol

(70% v/v, 30 min) and UV light (1 h). Healthy human
blood was collected into a 10% sodium citrate tube and
diluted 4:5 with PBS. Then as-prepared specimen was
immersed in PBS and blood (volume ratio of 50:1), incubated for 60 min at 37°C, and centrifuged (2700 rpm,
5 min). The optical density (OD) of free haemoglobin in the
supernatant was measured at 540 nm using an ultraviolet
spectrophotometer. The hemolysis percentage was calculated through the following formula (equation 1) [31]:
Hemolysis percentage ð%Þ
¼ ðTS  NCÞ=ðPC  NCÞ  100

ð1Þ

where, TS is the absorbance of a test sample. In addition,
NC and PC are the absorbance of the negative and positive
controls, respectively.

3.

Result and discussion

Figure 2 shows images of the fabricated nanofibrous
structure taken from SEM. The tri-layered nanofibrous
structure is represented in figure 2a and b. As it can be
seen, the average diameter of PVA monofilaments is about
12 lm. While, PVA nanofibres (located in the middle layer)
displayed an average diameter of about 90 nm. The hollow
part of a prepared vascular graft, shown in figure 2c and d,
displays an inner diameter of about 3 mm. It is worth to
note that diameter of PVA multifilament yarn, the central
part of the tri-layered structure, determines the inner
diameter of the fabricated hollow nanostructure. Therefore,
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Figure 2. SEM images of (a and b) three-layered fibrous structure, (c and d) nanofibrous vascular scaffold, (e) PLA
nanofibres and (f) distribution of PVA and PLA nanofibre diameters.

the hollow yarn inner diameter can be easily manipulated by
applying various number of multifilament folds. Figure 2e
shows uniform PLA nanofibres without any bead formation
on their surfaces. Moreover, distribution of the electrospun
PVA and PLA fibres is shown in figure 2f. As it is apparent,
PVA nanofibres were fabricated in the diameter range of 35
to 150 nm. Formation of thin fibres in the middle layer of
the fabricated yarn enabled fast dissolving of the PVA
nanofibres in water at ambient temperature. Therefore, the
core part could be simply pulled out from the outer layer

resulting in fabrication of hollow electrospun PLA fibres.
The PLA fibres were also in the range of 100 to 350 nm.
Hence, the produced thin electrospun PLA fibres are able to
reveal an appropriate cellular infiltration behaviour due to
their high porous structure, which is created by fabrication
of the fine fibres [32].
Figure 3 displays the FTIR spectra of PLA nanofibres
before and after the elimination of PVA components. In
both spectra, –CH3 asymmetric and symmetric characteristic peaks appeared at 2985 and 2946 cm–1, respectively. In
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Figure 3. FTIR spectrum of PLA nanofibres in the (a) threelayered nanofibrous structure and (b) hollow vascular graft.

addition, the band at 1755 cm–1 was attributed to the C=O
stretching. The characteristic peaks at 1450 and 1361 cm–1
corresponded to –CH3 asymmetric and symmetric bending,
respectively. Moreover, the appeared peaks at 1184 to
1087 cm–1 were assigned to the C–O stretching vibration.
Furthermore, the peaks at 860 and 736 cm–1 were attributed
to C–COO vibration and C=O stretching, respectively
[33,34]. Therefore, the evidence from this examination
indicates that hydrolysis has not occurred during PVA
elimination from the fabricated three-layered nanofibrous
structure.
Tensile properties of fabricated grafts with various
thicknesses are provided in figure 4. According to the
obtained results, an increment in the thickness of vascular
grafts, with regard to the constant inner diameter, leads to
enhancement of several tensile characteristics, including
Young’s modulus, maximum stress and strain. The
observed trend could be obviously attributed to the association of more nanofibres in the structure of produced
grafts [35]. So, the appropriate mechanical characteristic
for practical application of the hollow nanofibrous structure can be tuned by changing of the electrospinning time.
In fact, the tensile features could be enhanced by increment of the electrospun hollow yarn thickness, which can
be obtained through increasing of the outer layer electrospinning time.
Cytotoxicity is one of the efficient in-vitro biological
examinations for evaluation of cell growth rate and reproduction. The aforementioned valuable investigation identifies the cytotoxicity degree of fabricated vascular grafts in
the cell culture [36]. As it is apparent from figure 5, human
fibroblast cells cultured on sample G5 remained viable
during the evaluation period. The slight increase in cell
viability values from the 1st to 7th day implies proliferation
of the cultured cells and hence non-toxicity of the as-spun
vascular graft. The obtained data ties well with the study

Figure 4. Mechanical properties of the fabricated vascular
scaffolds with various thicknesses.

Figure 5.
to 7.

Cell viability values cultured on sample G5 from day 1

carried out by Xavier et al [37]. Proliferation of the cells on
the electrospun PLA nanofibres, during 14 days, has also
been illustrated by McCullen et al [38] through cytotoxicity
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Figure 6. SEM micrographs of human fibroblast cell adhesion after 7 days of cell seeding on sample G5.

assay, as well as DNA quantification analysis. Similar
results were also claimed by Luu et al [39].
The interaction between cells and fabricated vascular
graft (G5) by the end of day 7 is illustrated in figure 6. As
shown, human fibroblast cells were adhered to the hollow
nanofibrous scaffold with a spreading morphology and
covered the surface of the fabricated vascular graft.
Hemolysis is one of the vital obstacles in applying vascular scaffolds. So, hemolysis assay is considered as an
essential investigation in development of vascular grafts.
According to the previous researches, hemolytic materials
must show a hemolysis percentage of more than 5% [31].
The ‘sample G5’ fabricated structure displayed hemolysis
percentage of about 2.45 ± 0.4%. Therefore, the designed
hollow nanostructure is blood compatible and could be a
potential candidate for being applied as vascular graft after
further characterizations.

4.

Conclusion

PLA hollow nanostructures with various wall thicknesses
were fabricated through a novel method using an electrospinning procedure. Investigation of the SEM images

demonstrated normal distribution of the PLA electrospun
fibres with an average diameter of about 200 nm. FTIR
spectra confirmed lack of any change in the PLA nanofibre
structures during the fabrication process. Biocompatibility
and hemocompatibility assays confirmed non-toxicity,
blood compatibility, and appropriate cell attachment characteristics of the fabricated hollow nanostructure. In addition, tensile tests revealed sufficient strength of the
electrospun hollow yarn. The proposed method suggests an
efficient technique for the fabrication of three-layered and
hollow nanofibrous structures with desired inner and outer
diameters. The designed hollow structures are great candidates for small-diameter vascular scaffold applications.
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