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A B S T R A C T

Poly Lactic Acid (PLA) nanofiber scaffold has enjoyed great interest as a candidate bioactive material for tissue
regeneration. However, the hydrophobic nature of PLA and its weak mechanical properties with poor ductility
and low strength hinder its practical applications. In this study, coaxial electrospinning was used to fabricate
core-shell composite nanofibers with PLA in the core and PVA in the shell with significant enhancements in the
surface wetting and mechanical properties. More specifically, the core/shell-structured PLA/PVA nanofiber mat
exhibited excellent hydrophilic properties with a water contact angle of 27 ± 1.5° compared to 110° ± 2.5° for
pristine PLA. Moreover, the fabricated composite nanofibers displayed nearly 254% and 175% increase in tensile
strength and strain at failure, respectively, compared to pristine PLA (14.5MPa vs. 4.1MPa for tensile strength
and 110% vs. 40% for ductility). The coaxial electrospun PLA(core)/PVA(shell) nanofibers also showed suitable
properties for proliferation, and attachment of human embryonic kidney cells (HEK-293). These excellent
combined mechanical, surface wetting, and cytocompatibility properties clearly demonstrate the potential ap-
plications of the synthetic core-shell PLA/PVA composite nanofibers in biomedical and tissue regeneration.

1. Introduction

In the last 20 years, synthetic biopolymers have been widely used in
various important applications such as electronics, food packaging,
bioplastics, coating, and medical usage due to their excellent mechan-
ical, electrical, and biological properties [1,2]. In tissue engineering
and regenerative medical applications, an artificial biocompatible and
biodegradable fiber has gained attention due to its unique replacing
nature when a new tissue is regenerated [3,4]. In particular, nanofiber
scaffolds of Poly Lactic Acid (PLA) thermoplastic non-toxic materials
have received large interest predominantly as an emerging material for
utilization in the fields of regenerative medicine [5–7]. However, the
hydrophobic nature and weak mechanical properties of PLA with poor
ductility and low strength limit its widespread use in biomedical ap-
plications.

The hydrophilicity is particularly important in tissue engineering
because adhesion, protein absorption, and cell growth are strongly in-
fluenced by the surface wetting properties [8,9]. Several methods have
been proposed to modify the surface properties of PLA such as plasma

treatment [10–12] and the incorporation of highly hydrophilic mate-
rials with PLA [13]. Abdal-hay et al. [3] has shown that the hydro-
philicity of PLA can be improved by incorporating hydroxyapatite (HA)
with PLA by air jetting spinning. It was reported that the contact angle
decreased from about 130° for PLA to about 80° for nanoHA/PLA. Yang
et al. [14] has modified the surface wettability of electrospun PLA/
cellulose scaffold by applying a coating layer of polydopamine (PDA).
The PDA-coated composite nanofibers were reported to be completely
hydrophilic resulting in significant enhancements of the adhesion,
proliferation, and cell growth. In another study, the deposition of thin
poly (vinyl alcohol) (PVA) layer onto post electrospun PLA nanofibers
using hydrothermal approach has been shown to dramatically improve
the hydrophilicity of PLA [15]. The measured contact angle of the
fabricated PVA-coated PLA nanofiber mats was about 36° ± 1.5°.
Wang et al. [16] has used poly(γ-benzyl-L-glutamate) (PBLG) to modify
PLA by blending and improved its surface wettability. The water con-
tact angle of the electrospun PBLG/PLA fiber membranes was about 79°
compared to 91° for PLA.

Besides the absence of hydrophilic characteristic of PLA, this
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material has poor elongation at break and low ultimate strength which
limit its successful implementation in applications with large plastic
deformation [5,17–19]. In this context, extensive efforts have been
directed toward the synthesis of PLA-based composite biopolymers with
improved mechanical properties [20–22]. Coaxial Electrospinning
technique is perhaps one of the most cheapest and effective process for
producing biopolymer composite fibers with very small diameters
[23–26]. A good review of the coaxial electrospinning and their dif-
ferent applications can be found in Refs. [27,28]. In this study, our
main objective is to use this process for the incorporation of PVA with
PLA materials in a core-shell structure to enhance the mechanical and
hydrophilic properties of PLA nanofibers while keeping its good bio-
logical properties. The PVA was selected because it has excellent sur-
face wetting and mechanical properties [29]. Thus, by combining PLA
and PVA polymers in a core–shell structure, the composite fibers are
expected to have the structural and hydrophilic benefits of PVA and the
biological properties of PLA. To conduct a thorough study, four dif-
ferent electrospun nanofibers were fabricated via electrospinning in-
cluding (1) core-shell structure with PVA in the core and PLA in the
shell, (2) core-shell structure with PLA in the core and PVA in the shell,
(3) pristine PLA, and (4) pristine PVA. The surface wetting, mechanical,
and biological performance for each class of these nanofibers were
characterized using contact angle measurements, tension tests, and cells
growth/attachment activities, respectively.

2. Experimental procedures

2.1. Fabrication of core-shell structure of PVA and PLA composite
nanofibers

2.1.1. Materials
The materials used for the synthesis work in this study were PLA

granules supplied by Green Chemical Co. (Seoul, Korea), Triton X-100
obtained from Loba Chemie Pvt. Ltd. (India), 99.9% hydrolysed PVA
pellets, Trichloromethane 99.8%, and ethanol monomers purchased
from Sigma-Aldrich (USA).

2.1.2. Coaxial electrospinning
In this study, we fabricated four different electrospun nanofibers

including (1) core-shell structure of PVA/PLA, (2) core-shell structure
of PLA/PVA, (3) pristine PLA, and (4) pristine PVA. The PVA solutions
were prepared by dissolving Poly Vinyl Alcohol morsels in distilled
water and ethanol with a ratio of 9:1. The mixture was heated at 75 °C
for about 1 h. The viscous solution of 10 wt.% was obtained and cooled
to room temperature. In order to reduce the OH bonding, few droplets
(∼3) of Triton X-100 were spurted into the PVA solution and stirred for
15mins. Furthermore, another viscous solution of 8 wt.% Poly Lactic
Acid was prepared by adding chloroform and Dimethylformamide
(DMF) with a ratio of 8:2. Stirring it at room temperature for about 5 h.
DMF was added to PLA solution in order to increase the conductivity
and dielectric constant [19].

A coaxial apparatus containing two concentric needles was used to
fabricate the core/shell structure of PVA/PLA and PLA/PVA nanofibers.
The diameters of the inner and outer needles were 0.8 mm and 1.2mm,
respectively. The inner needle was 0.25mm longer than the outer
needle. The PVA and PLA solutions were collected in separate two
20ml syringe pumps and delivered at feeding rates of 0.1ml/h and
0.2 ml/h for the core and shell, respectively. An aluminum cylindrical
rotating drum was used to collect the coaxial electrospun nanofibers
with a distance of 14 ± 1 cm between the needle tip and the collector.
During the coaxial electrospinning, the applied voltage was 19 kV and
the rotating speed of the collecting drum was 80 rpm. The electro-
spinning process runs for at least 7 h, which resulted in the formation of
thick non-woven nanofiber membrane.

The pristine PLA and PVA nanofibers were fabricated using the
same PVA and PLA solutions described above via single-nozzle

electrospinning method. The process parameters for producing both
pristine PLA and PVA electrospun nanofibers were set to 0.2 ml/h
feeding rate, 20 kV applied voltage, and 14 cm spinneret-to-collector
distance. Both PVA and PLA nanofiber membranes were taken out from
electrospinning device and heated in a furnace at 50 °C.

2.2. Measurement and characterization

2.2.1. Morphological observation
The nanofiber morphology was observed using JSM-7600 Field-

Emission Scanning Electron Microscope (FE-SEM) supplied by JOEL
Ltd., Japan. The samples were first Platinum coated using sputter coater
and observed at an acceleration voltage range of 5–15 kV. Transmission
Electron Microscopy (TEM) analysis was conducted on nanofiber sam-
ples to reveal the coaxial nature using TEM JSM-2100F. The TEM
samples were prepared by collecting nanofibers directly onto the
copper grids.

2.2.2. Thermal analysis
Differential Scanning Calorimetry (DSC) analysis was performed on

all four types of electrospun samples produced in this study (pristine
and core/shell structures) under nitrogen atmosphere. Samples
weighing 6–8 g were placed in alumina pans and heated from 24 °C to
600 °C at a heating rate of 10 °C/min in SDT Q600 machine supplied by
TA Instruments, USA. Glass transition temperatures (Tg) were mea-
sured. Furthermore, Thermogravimetric analysis (TGA) was conducted
on electrospun samples using SDT Q600 machine supplied by TA
Instruments, USA. The samples were heated from room temperature to
600 °C at a heating rate of 10 °C/min under nitrogen atmosphere.

2.2.3. Fourier-transform infrared spectroscopy
Fourier transformed infrared spectroscopy (FTIR) was conducted on

pristine as well as coaxial nanofiber mats to identify phase structures
and molecular properties using VERTEX70 machine supplied by
BRUKER, USA.

2.2.4. Surface wettability measurements
Static water contact angle test was conducted at room temperature

on nanofiber samples to regulate surface hydrophilicity of nanofiber
mats using Optical tensiometer, supplied by Dyne Technology, U.K. A
drop of 3 µl distilled water from stainless steel needle was plummeted
on a 40×40mm2 cut surface of pristine and coaxial electrospun mats.
The angular deflections were video recorded every 30 s to determine
the contact angles of nanofiber mats. The average of five readings taken
at different areas for each sample was taken as the contact angle.

2.2.5. Mechanical testing
The mechanical properties of the pristine PLA, PVA and core/shell-

structures of PVA/PLA and PLA/PVA nanofiber mats were determined
using a uniaxial tensile test. Samples of each type were cut in dog bone
shape according to ASTM D638-10 type-5 with an initial length of
40mm and thickness of 1mm. The tests were performed on a micro-
tensile test machine (MTD-500 PLUS) at room temperatures at a
crosshead speed of 10mm/min. The test runs until sample failure while
recording the force and elongation. To confirm reproducibility of the
data, five sample measurements of each nanofiber mats were con-
sidered.

2.2.6. Cell study related methods
2.2.6.1. General culture conditions. For the cytotoxicity assay, we used
human embryonic kidney cells (HEK-293). Cells were growing in
Dulbecco’s Modified Eagle’s (DMEM) medium containing 10% fetal
bovine serum, 2mM L-glutamine, and 1% Penicillin/Streptomycin. The
cultivation temperature was 37 °C, at approximately 99% humidity
atmosphere.
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2.2.6.2. Toxicity assay. We performed proliferation assay according to
the methods of Mosmann [30]. Briefly, cells (5× 104 cells/ml) were
cultivated in the absence and the presence of the polymer discs (12mm
in diameter) in 24-well plates for four days. The MTT was added to the
cells, and the cells were incubated under growth conditions for
additional two hours. The medium was then removed and the cells
were washed two times in Phosphate buffered saline (PBS). The formed
formazan crystals were dissolved in Isopropanol/HCl. The absorbance
was measured at 570 nm using a plate reader. The intensity of the
culture is proportional to the metabolic activity of the cells and the cell
number.

2.2.6.3. SEM protocol. Cells were fixed in buffered aldehyde containing
2.5% Glutaraldehyde, and 0.2 M Sodium Cacodylate (pH 7.2). The fixed
cells were rinsed three times each for five minutes in a Sodium
Cacodylate buffer solution (0.04 g/ml Sodium Cacodylate in 0.2 N
HCl). Post- fixation was performed in one percentage Osmium tetra
oxide aqueous solution, containing 0.1 M Sodium Cacodylate buffer
solution. Dehydration of the samples were done using graded Ethanol
series (25, 50, 75, and 100%). Finally, the samples were dried using
Critical Point Dryer (CPD), mounted on specimen stabs, and coated
with Gold (Thickness 3 nm). Sample examination was done using a
high-performance, scanning electron microscope (JSM-6380 LA- Japan)
and analyzed using Smile ShotTM software (JEOL- Japan).

3. Results and discussion

3.1. Morphological aspects

The morphologies of the pristine PLA, PVA and core/shell-structures
of PVA/PLA and PLA/PVA nanofiber mats were examined using FE-
SEM as shown in Fig. 1. The diameters of the pristine and coaxial
electrospun nanofibers were estimated to be 138 ± 10 nm and
165 ± 10 nm, respectively. It was noted that the diameter of the fibers
increased slightly during the co-axial electrospinning. For the core-shell
structure with PVA in the core and PLA in the shell, it was observed that
few areas have broken shell due to the brittle nature of PLA. The core
structure of PVA was clearly revealed in these locations with broken
PLA shell. The break of PLA fibers into short porous structures when
immersed in aqueous solutions were reported in previous studies and
related to the hydrolysis of aliphatic polyesters [31,32]. The core/shell
structure of the nanofibers produced via coaxial electrospinning tech-
nique was revealed using TEM analysis as shown in Fig. 2. In order to
differentiate between the core and shell fibers in the TEM analysis only,
silver nanoparticles were added to the shell polymer solution before
electrospinning. The analysis articulates that the core PLA or PVA was
restricted at center with a diameter of 35 ± 5 nm and shell fiber as an
external layer with a diameter of 165 ± 10 nm. Moreover, it was ob-
served that the pristine PLA and PLA shell fibers have a porous structure
as shown in Fig. 3.

3.2. Thermal analysis

Thermal analysis of pristine PVA, PLA and core/shell-structured
PLA/PVA and PVA/PLA nanofiber mats were investigated by thermo-
gravimetric (TGA), differential thermogravimetric (DTG) and differ-
ential scanning calorimetry analysis. Fig. 4(A and B) demonstrates the
TGA and DTG curves obtained in a range of 20–600 °C with a heating
rate of 10 °C/min. The PVA polymer nanofibers showed three stages of
degradation. In the first stage, moisture loss was observed from 25° to
280 °C. The second (side chain decomposition) and third (main chain
decomposition) stages were observed at 290–360 °C and 420–450 °C,
respectively. Furthermore, the pristine PLA nanofiber showed a single-
stage degradation at 368 °C. On the other hand, the core/shell struc-
tures of both PLA/PVA and PVA/PLA nanofibers showed nearly two
steps of degradation as shown in Fig. 4(A and B). These degradations

occurred at about 298–301 °C and 430 °C, respectively. It is clear that
the two core/shell- structured nanofiber mats exhibited almost similar
trends in their thermal properties. It is interesting to note that the shape
of the TGA/DTG curves for the coaxial composite nanofibers of PLA/
PVA and PVA/PLA combines the main characteristics of both pristine
PLA and PVA with an initial steep decrease in slope (similar to PLA)
followed by gradual degradation (similar to PVA). These TGA results
provide further evidence to the successful fabrication of core/shell
composite nanofibers of PVA and PLA via coaxial electrospinning
technique. It can conclude from the thermal properties that the PLA/
PVA composite nanofibers mats possese lower decomposition tem-
peratures than that of prisine mats.

Fig. 5 illustrates the results of the DSC measurements. The pristine
PLA curve indicates that the glass transition temperature and melting
point occur at 66.6 °C and 154 °C, respectively. The pristine PVA curve
shows that the glass transition temperature overlapped with water loss
peak and can be measured at about 58 °C and the melting point at
210 °C. However, the results of the core/shell structures of both PLA/
PVA and PVA/PLA nanofibers were similar in a melting temperature
with multiple changes in the heat flow curves. The glass transition
temperature of the coaxial composite nanofibers of PLA/PVA and PVA/
PLA observed at 58 and 53 °C, while, the melting point was about
145.6 °C, respictively. Once again, the DSC measurements of the core/
shell structures of PVA and PLA reported in this study support the
successful application of coaxial electrospinning for fabricating such
composite nanofibers. Hence, the composite nanofibers mats combined
from PLA and PVA have lower melting temperature and glass transition
temperature than pristine PLA nanofibers mat. Due to the viscoelastic
or viscoplastic nature of polymers, the mechanical properties of
polymer networks are in relation to the melting temperature and glass
transition temperature (Tg) of the polymers. Hence, it is expected that
such this behaviour may have an effect on the mechanical preoperties
of the prepared materials.

3.3. FTIR spectra of nanofiber mats

FTIR spectra were obtained for pristine PLA, pristine PVA, core/
shell-structured PVA/PLA, and core/shell-structured PLA/PVA nanofi-
bers as shown in Fig. 6. The spectra of the pristine PVA possessed bands
at around 3367 cm−1 (OH stretching), 2935/2905 cm−1 (CH2 asym-
metric/symmetric stretching), 1427 cm−1 (CH2 bending), 1089 cm−1

(CeO stretching), and 833 cm−1 (CH bending) [15,33,34]. Further-
more, the bands of pristine PLA occur at around 2943/2995 cm−1 (CH3

asymmetric/symmetric stretching), 1749 cm−1 (C]O stretching),
1452 cm−1 (δCH3), 1183 and 1080 cm−1 (CeOeC stretching),
1043 cm−1 (CeCH3 stretching), 865 cm−1 (CeCOO stretching), and
755 cm−1 (δC]O in-plane bending) [19,35,36]. However, the spectra
of the PVA/PLA and PLA/PVA core-shell nanofibers showed different
intensities for most of the peaks of both PLA and PVA, indicating the
presence of both materials in the composite nanofibers.

The strong intensity of the hydroxyl group (characteristic for PVA
∼3367 cm−1) band was not clearly seen in the spectra of the core-shell
PVA/PLA composite mat indicating the absence of PVA on the surface
of the fibers. Similarly, the intensity of the carboxyl group (character-
istic for PLA ∼1749 cm−1) band was hardly seen in the core/shell-
structured PLA/PVA. Similar FTIR observations were reported in a
previous study for similar material structures [37]. These results may
give further evidence for the coaxial nature of the fabricated composite
nanofiber mats.

3.4. Contact angle measurement

Poly Lactic Acid (PLA) is biodegradable polymer but its practical
applications in artificial tissues and organs are limited due to its hy-
drophobicity that results in poor cell attachment. The surface wetting
properties of nanofiber mats, usually evaluated by contact angle
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measurement, have a major impact on their biocompatibility, protein
absorption and cell attachment [8–10]. To evaluate the hydrophilicity
of the PLA/PVA-based polymer nanocomposites produced in this study,
we measure the water contact angle of pristine PLA, PVA and core/shell
structures of PVA/PLA and PLA/PVA nanofibers. Fig. 7 reveals the re-
sults of these measurements. The pristine PVA polymer is shown to be
very hydrophilic with a contact angle of 5° ± 1.5° as shown in
Fig. 7(b). In contrast, the inset of Fig. 7(a) shows that the pristine PLA
nanofiber mat is hydrophobic with a contact angle of 110° ± 2.5°.
Similar results for PLA were reported in other studies [3,15]. The low
hydrophilicity of PLA is related to its methyl group [13]. The core/
shell-structured of both PLA/PVA and PVA/PLA nanofiber mats were
found to have significant improvement in the hydrophilic properties

compared to PLA alone. The result showed that when PLA was taken as
the core, the outer hydrophilic PVA shell absorbed the water droplet
and the angle steeply dragged down to 27° ± 1.5°. For the other core/
shell-structured PVA/PLA nanofiber, the porous PLA shell provided
channels for the water droplet to pass through and get absorbed by the
hydrophilic PVA core fibers resulting in a contact angle of 19° ± 1.5°.
The porosity of PLA was observed using the microscopic scanning
technique as presented earlier in Fig. 3. It should be noted that the
current result of the low contact angle reading for the core/shell-
structured PVA/PLA nanofiber mat is not expected if PLA was not
porous. For example, the contact angle results of coaxially electrospun
polymer nanofibers with hydrophilic gelatin in the core and hydro-
phobic poly(ε-caprolactone) (PCL) in the shell was comparable to pure

Fig. 1. SEM results of (A) pristine PLA, (B) pristine
PVA, (C) core/shell-structured PLA/PVA, and (D) core/
shell-structured PVA/PLA.

Fig. 2. TEM analysis showing the core-shell structures
of the coaxial PVA/PLA nanofibers.
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PCL nanofibrous membrane [38]. The remarkable enhancement in
hydrophilicity of the PLA-PVA nanocomposite nanofibers fabricated via
coaxial electrospinning technology are highly attractive for tissue re-
generation technologies.

3.5. Mechanical properties

The mechanical response of the different fabricated electrospun
nanofiber mats (pristine PVA, pristine PLA, core/shell-structured PLA/
PVA, and core/shell-structured PVA/PLA) were determined by testing
the materials in tension until failure. For each group, four repeated tests
were performed. Fig. 8 shows the typical stress-strain curves for the
single and coaxial electrospun nanofiber sheets made from PVA and
PLA polymers. The values of the measured ultimate tensile strength and
strain at failure were evaluated form the curves and listed in Table 1.
The results clearly reflect the expected weak mechanical properties of

Fig. 3. SEM analysis showing the porous structure of
pristine PLA (A) and core/shell-structured PVA/PLA
(C). The pristine PVA (B) and core/shell-structured
PLA/PVA (D) do not reveal any porosity.

Fig. 4. (A) Thermogravimetric (TGA) and (B) differential thermogravimetric (DTG)
curves of pristine (PVA and PLA) and core/shell-structured (PLA/PVA and PVA/PLA)
nanofiber sheets.

Fig. 5. DSC curves of pristine (PVA and PLA) and core/shell-structured (PLA/PVA and
PVA/PLA) nanofiber sheets.
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the electrospun pristine PLA nanofiber mat compared with PVA. The
PLA nanofiber tested in tension has a low ultimate strength of about
4.1 ± 0.15MPa and poor ductility with a strain at failure of about
40%. On the contrary, the PVA nanofiber has a relative good tensile
strength of about 10.1 ± 1.35MPa and fail at a moderate strain of
about 78%. Similar mechanical properties for PVA and PLA were re-
ported in other studies [39–41].

The overall mechanical properties of the core/shell-structured na-
nofiber mats are expected to depend on the contribution of both the
core and shell nanofibers. In this study, it was found that the me-
chanical response of the composite nanofibers is strongly affected by
the type of material in the core and shell. In general, the coaxial elec-
trospun core/shell composite nanofiber sheets produced in this study
have attractive mechanical response compared to pristine PVA and
PLA. For example, the core/shell-structured PVA/PLA nanofiber mat

has a good ultimate strength of about 8.0 ± 1.65MPa, a value in be-
tween those of pristine PLA (4.1MPa) and pristine PVA (10.1MPa).
However, there was no observed improvement in its ductility compared
to pure electrospun PLA. The elongation at failure for this coaxial PVA/
PLA core-shell composite nanofiber was about 42%, which is very close
to the value of pristine PLA (40%). However, the core/shell-structured
PLA/PVA nanofiber mat has superior strength and ductility compared
to pristine PLA and PVA. This composite nanofiber mat exhibits a high
tensile strength of about 14.5 ± 1.95MPa and a good ductility with a
strain at failure of about 110%. Compared to pristine PLA and PVA
nanofiber sheets, it thus displayed, respectively, nearly 254% and 44%
increase in tensile strength (14.5 MPa vs. 4.1MPa and 10.1MPa), and
175% and 41% increase in strain at failure (110% vs. 40% and 78%). It
should be noted that the increase in elongation at break is usually ac-
companied by a decrease in strength. However, the coaxial electrospun

Fig. 6. FTIR spectra of pristine PVA, pristine PLA,
core/shell-structured PLA/PVA, and core/shell-struc-
tured PVA/PLA.

Fig. 7. Contact angle measurements of pristine (PVA
and PLA) and core/shell-structured (PVA/PLA and
PLA/PVA) nanofiber mats.
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core-shell nanofiber mats with PLA in the core and PVA in the shell
exhibited significant improvements in both tensile strength and ducti-
lity compared to the electrospun PLA or PVA alone.

The mechanical properties of composite core/shell nanofiber sheets
are strongly affected by different factors including the type of polymers
in the core and shell, chemical and/or physical interactions between the
two layers, nanofibers diameter, length, distribution, entanglement,
and defects. The experimental quantification of these features in a
statistical representative framework and linking them to the mechanical
response are challenging. It is thus noted that many of the coaxial
composite polymers reported in previous studies exhibit large varia-
bility in their mechanical response. For example, Sun et al. [41] has
investigated the mechanical properties of core/shell structure of poly
(vinyl pyrrolidone) (PVP) and PLA ultrafine fibers produced by coaxial
electrospinning and found that the tensile modulus and tensile strength
of the core/shell-structured PVP/PLA membrane were lower than those
of the electrospun pure PLA membrane. The drop in these properties
was attributed to the weak physical interactions among the chains of
mixed polymers and the morphology of imperfection. However, Merkle
et al. [33,39] has reported an increase in the values of young’s modulus
and ultimate strength in the core/shell structure of PVA/gelatin com-
posite scaffolds produced by coaxial electrospinning when compared
with the PVA or gelatin scaffolds. Such improvements were related to
the possible enhancement of the molecular alignment of core PVA by
the gelatin shell. In our study, there should be some interactions be-
tween the PVA and PLA layers that contribute to the resulting me-
chanical properties. One possible reason for the improved ductility of
the coaxial core-shell composite mats can be related to their lower glass
transition temperature compared to both pristine PLA and PVA as
shown in Fig. 4. It is known that when decreasing the polymer thermal
stability, the polymer becomes soft and ductile. Furthermore, since the
mechanical property of the nanofibrous mats can also depend on how
they were prepared (e.g. densely packed mat is expected to be
stronger), the weight of all electrospun nanofibrous mats with the same
dimensions (∼10mm×10mm×0.2mm) were measured. The weight
of the pristine PLA and PVA mats were found to be close to each other

(∼3.4mg) while the weight of the coaxial core-shell PLA/PVA and
PVA/PLA mats were higher by about 16% and 8%, respectively. This
may contribute to the increase in the values of the ultimate tensile
strength for the core/shell mat structures of PLA/PVA and PVA/PLA.
However, we should mention that the exact underlying mechanisms
responsible for the significant improvement in the mechanical proper-
ties of the coaxial core/shell-structured PLA/PVA nanofiber mat com-
pared to pure PLA and PVA nanofibers cannot be deduced from the
current experimental work.

3.6. Cell growth and viability in the presence of nanofibers

We firstly investigated the effect of the different sheets materials on
the viability of the HEK cells. A given number of cells (5× 104mL−1)
were cultivated in 24-well plates in the absence (control), and in the
presence of different sheet discs (5 mm in diameter), for 4 days. The
metabolic activities of the cells were then measured using MTT-assay,
as described in the method section. In general, PLA sheets were floating
on the surface of cultivation media during the first 24 h of cultivation
then they went to the bottom of the cultivation wells. It could be be-
cause of the known hydrophobic nature of this polymer. In comparison,
PVA sheets, as well as, sheets that have PVA as a peripheral shell, were
unstable in the cultivation media, they started to shrink during the first
24 h of cultivation. Regarding the metabolic activities of the cells in the
presence of different sheets material, as shown in Fig. 9, PVA sheets
exhibited the most unsuitable sheets HEK cells proliferation; the me-
tabolic activity of the cells did not exceed 20% in comparison to the
control cells. The reason could be the apparent instability of PVA in
aqueous solution. In contrast, the metabolic activity of HEK cells in the
presence of PLA nanofiber sheets was only affected by 25%, (Fig. 9).
However, cells growing in the presence of a mixture that contains PVA
as core and PLA as a shell or vice versa showed considerable better
material for cell growth behavior than PVA alone. The metabolic ac-
tivities of HEK cells were about 40%.

We further investigated the attachment of HEK cells to the different
nanofiber materials using SEM technique. HEK cells were allowed to
grow on the nanofiber surfaces for 4 days, after that the nanofibers
samples were prepared for SEM investigation as described in the
method section. In general, we could observe relatively good attach-
ment of the cells on pure PLA nanofiber (Fig. 10C1–C3), as well as, on
the core/shell-structured nanofibers of PLA/PVA (Fig. 10A1–A3), and
PVA/PLA (Fig. 10B1–B3). In contrast, the attachment of cells to the
PVA nanofibers mat was the worst between the groups (Fig. 10D1–D3).
The reason for bad attachment could be attributed to the poor stability
of PVA polymer in aqueous environment as mentioned above. In con-
clusion, using a mixture of PLA and PVA seems to increase the ability of
PVA for cell attachment, and consequentially, increases its chance for
biomedical applications.

Fig. 8. Typical tensile stress-strain curves of pristine (PVA and PLA) and core/shell-
structured (PVA/PLA and PLA/PVA) nanofiber sheets.

Table 1
Values of the measured tensile strength and strain at failure for pristine (PVA and PLA)
and core/shell-structured (PVA/PLA and PLA/PVA) nanofiber sheets.

Materials Tensile strength [MPa] Strain at failure

Pristine PLA 4.1 0.4
Pristine PVA 10.1 0.78

Core/Shell-PLA/PVA 14.5 1.1
Core/Shell-PVA/PLA 8.0 0.42

Ctrl. PVA PLA PVA core PLA core
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Fig. 9. The cell viability in the presence of different nanofiber mat materials.
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4. Conclusions

In this study, we successfully fabricated core-shell composite na-
nofibers composed of PLA and PVA by coaxial electrospinning tech-
nique. The significant improvements in the surface wetting and me-
chanical properties were achieved for the composite structure when
using PLA in the core and PVA in the shell. The core/shell nature of the
synthetic nanofiber sheets were confirmed by SEM and TEM techniques
with average diameters of about 35 ± 5 nm and 165 ± 10 nm for the
core and shell, respectively. Further, the DSC, TGA, and FTIR analyses
of the composite nanofibers shows characteristics of both PLA and PVA,
which provide further evidence for the successful fabrication of core/
shell composite nanofibers via coaxial electrospinning. The core/shell-
structured PLA/PVA nanofiber mats displayed enhanced hydrophilicity
with a water contact angle of 27 ± 1.5° compared to 110° ± 2.5° for
pristine PLA. The composite nanofibers possess a tensile strength of
14.5 MPa and a strain at failure of about 110%, which represent nearly
254% and 175% increase compared to those of pristine PLA. Moreover,
the metabolic activities of human embryonic kidney cells (HEK-293)
and the attachment of the cells to the different nanofiber materials
produced in this study were investigated. It is found that the core-shell
PLA/PVA composite nanofiber scaffolds exhibited good cell growth
behavior and increased ability for cell attachment. Therefore, the new
coaxial PLA/PVA composite scaffold has the potential to be a candidate
material in biomedical applications owing to its excellent mechanical,
surface wetting, and cytocompatibility properties.
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