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Tissue engineering fibrous scaffolds serve as three-dimensional (3D) environmental framework by mimicking the extracellular
matrix (ECM) for cells to grow. Biodegradable polycaprolactone (PCL) microfibers were fabricated to mimic the ECM as a scaffold
with 7.5% (w/v) and 12.5% (w/v) concentrations. Lower PCL concentration of 7.5% (w/v) resulted in microfibers with bead defects.
The average diameter of fibers increased at higher voltage and the distance oftip to collector. Further investigation was performed
by the incorporation of nanosized hydroxyapatite (nHA) into microfibers. The incorporation of 10% (w/w) nHA with 7.5% (w/v)
PCL solution produced submicron sized beadless fibers. The microfibrous scaffolds were evaluated using various techniques.
Biodegradable PCL and nHA/PCL could be promising for tissue engineering scaffold application.

1. Introduction

The recent advanced approach for replacing lost tissue,
damaged organ, and organ failure is known as tissue engi-
neering (TE). Scaffold or matrix is one of the elements
of tissue engineering. It serves as framework for cells by
providing appropriate environment to live and grow, pro-
moting the development of an extracellular matrix and other
biological molecules and by facilitating the formation of
tissue and organ function. Various techniques have been
investigated to produce TE scaffolds, such as freeze-drying,
phase-separation, solvent casting or particulate leaching, gas
foaming, electrospinning, and rapid prototyping [1- 6].

In the recent years, electrospinning has gained wide
interest among the researchers for producing fibers with
controlled diameter, high surface area, and porous structure.
It has been utilized for producing polymeric nanofibers. The
technique is able to produce continuous nano- or microfibers
by applying an electrostatic field to a polymer solution driven

by high voltage supply between a needle tip and the collector.
The advantages of electrospinning are the production of
uniform and broad range of diameter of nanofibers with long
and continuous characteristic compared to other techniques
[5]

Biodegradable and biocompatible synthetic polymer
polycaprolactone (PCL) has slower degradation rate and is a
suitable candidate for fabricating fibrous scaffolds. It has been
approved by Food and Drug Administration (FDA) for vari-
ous medical applications. PCL can be dissolved in many sol-
vents such as chloroform, dimethylformamide (DMF), hex-
afluoroisopropanol (HFIP), dichloromethane (DCM), and
tetrafluoroethylene (TFE) [6- 11]. However, PCL is hydropho-
bic. On the other hand, bioceramics such as hydroxyapatite
(HA) and calcium phosphate can be incorporated with PCL
to produce composite fibers through electrospinning. HA is
osteoconductive and hydrophilic compared to PCL polymers.
Incorporation of nHA into PCL fibers could have better
properties than PCL fibers alone.
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The objectives of presentworkwere to use the electrospin-
ning technique to produce beadless or defect free PCL and
nHA/PCL composite fibers. The effects of polymer solution
concentration and other parameters of electrospinning tech-
nigue on the morphology of PCL microfibers and nHA/PCL
composite microfibers were also investigated.

2. Materials and Methods

2.1. Materials. Polycaprolactone (Mw: 70,000-90,000) was
purchased from Sigma-Aldrich. 99.8% acetone was pur-
chased from Sigma. Hydroxyapatite nanoparticle was pro-
duced in-house from mixing acetone solution of
Ca(N03)2-4H20 with an aqueous solution of (NH4)2HPO4
and NH4HCO3 by nanoemulsion technique reported in the
previous study [12, 13].

2.2. Methods

2.2.1. Preparation of PCL and nHA/PCL Solutions. The PCL
pellets were weighted and dissolved in acetone under mag-
netic stirrer at 40°C. nHA/PCL solution was prepared by
adding 10% (w/w) of nHA into 7.5% (w/v) PCL solution. The
solution was then homogenized using a homogenizer IKA
T25 (IKA Works) in order to disperse HA nanoparticles in
the PCL polymer solution.

2.2.2. Electrospinning. The experiment of electrospinning
was carried out by using an electrospinning unit (NaBond,
China). The PCL and nHA/PCL solutions were transferred
into a 5mL syringe with a blunt-end needle of 18 G and 22 G
in size. The feeding rate of the injection syringe was fixed
at 1mL/h, 1.5mL/h, 2mL/h, and 3mL/h using an infusion
pump (Veryark TCV-1V), while the distance between the
collector plate and the tip of blunt-end needle was set to
10 cm and 15cm. The tip of blunt needle was connected to the
positive electrode of high-voltage power supply and negative
electrode was connected to a metallic rack as the grounded
target collector. The metallic rack was wrapped with an
aluminium foil (10 x 10cm2) as a collector for collecting
electrospun fibers. Electrospun fibers were ejected from the
syringe onto the collector by varying high voltage DC power
supply in the range of 0-30 kV. The collected electrospun
membrane was then stored in a desiccator prior to analysis.

In the beginning of the experiment of the electrospinning
process, the tip of the blunt-needle was observed to check
any droplet of the solution. When the droplet of the solution
became alarge glob shape, the droplet at the tip of the needle
was quickly wiped off using tissue and cotton bud to prevent
clogging from the needle tip. The voltage was slowly increased
and stopped until a stable Taylor cone was achieved. As the
potential increased, the droplet emerged and moved towards
the direction of the collector caused by electrostatic force
between the needle tip and the collector.

2.2.3. Characterization. The electrospun fibers were exam-
ined under a scanning electron microscopy (SEM; Hitachi
TM-3000, Japan) and a field emission scanning electron
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microscopy (FESEM). The fibers were cut into a square
section, mounted on aluminium stub, and observed at an
accelerating voltage of 15kV. The diameters of resulting fibers
were measured at random location on each fiber. At least
50 measurements from the images were recorded using
image analysis software (Image J, NIH, USA). The samples
were sputter coated with gold before analysis under FESEM.
Energy dispersive X-ray (EDX) attached with the SEM was
used to confirm the presence of HA in the PCL polymer
solution.

2.2.4. Cell Viability. Accordingto ISO 10993-5:2009, a mouse
fibroblast cell line (L929, ATCC, USA) was used to evalu-
ate the cytotoxicity of PCL and HA/PCI microfibers. L929
cells were cultured in Eagles minimum essential medium
(EMEM, ATCC 30-2003, USA) containing 10% (v/v) horse
serum and incubated at 37°C in an atmosphere of 5% CO?2
and 95% humidity. When the cells were grown to 70-80%
confluence, they were detached by 0.25% (w/v) trypsin-
ethylenediaminetetraacetic acid (trypsin-EDTA) (Invitrogen
Co., USA) and counted by an automated cell counter (Luna,
Logos Biosystems, USA) [14]. L929 cells were cultured at the
concentration of 1 x 105 cells/well onto PCL and 10% HA
incorporated HA/PCL composite fibers, and then the 24-well
cell culture plate containing samples was incubated at 37°C in
an atmosphere 0of 5% CO2.

To ascertain the viable and nonviable L929 cells adhering
to the PCL and HA/PCL microfibers at 7 days of culture,
live/dead cell staining (live/dead viability/cytotoxicity Kkit,
Invitrogen Co., USA) was performed. Briefly, living cells
were stained in green through the enzymatic conversion
of the virtually nonfluorescent cell-permeant calcein-AM
to the intensely fluorescent calcein (excitation/emission,
~495 nm/~515 nm). EthD-1 entered cells with damaged mem-
branes and, after binding to nucleic acids, produced a
bright red fluorescence in dead cells (excitation/emission,
~495 nm/~635 nm). After 7 days of culture, L929 cells stained
in green and red were observed using a fluorescence micro-
scope (Olympus BX61, Olympus Optical Co., Japan). Cell
viability was calculated by counting the number oflive cells as
well as dead cells and then dividing the number of live cells
by the number of total cells. At least 7 areas were randomly
chosen for the cell viability assessment [14].

3. Results and Discussions

3.1. Electrospinning of PCL Solution. Using PCL solution in
acetone, PCL fibers were obtained by electrospinning tech-
nique. Figure 1 shows the SEM micrographs of electrospun
PCL microfibers at different PCL concentrations. Microfibers
with 7.5% (w/v) concentration contained beads in the fibers
while the microfibers with 12.5% (w/v) concentration had
homogeneous and continuous and beadless fibers. The mor-
phology of the fiber produced was adversely affected by the
lower concentration of the PCL. Low polymer concentration
affects viscosity and surface tension [15]. If the viscosity of the
polymer is too low, entanglements between polymer chains
become unable to provide a stable jet. Due to the surface
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Figure 1 SEM micrographs of PCL fibers with 7.5% (w/v) at (a) 10cm and (b) 15cm tip-collector distance while 12.5% w/v at (¢) 15kV, 3mL/h
and (d) 22 kV, 1.5mL/h; (e) FESEM micrograph of bead defect at 7.5% w/v PCL.

Table 1 Electrospinning parameters for PCL fiber.

Concentration (%w/v) Diameter (cm) Voltage (kV)

75 10 15
75 15 15
125 10 15
125 10 22

tension effect, droplets can be formed before polymer fibers
deposited to the grounded collector. On the other hand, fibers
cannot be formed in too concentrated polymer solution. The
solution will block the needle outlet. With higher solution
viscosity, larger fiber diameter is formed [15].

Although the PCL fibers of 12.5% (w/v) concentration
had smooth and continuous microstructure, the diameter of
the fiber was wider than that of the microfibers produced
from 7.5% (w/v) polymer concentration. The diameter of
microfibers produced from 12.5% (w/v) was in the range of
one to ten micrometers. On the other hand, fibers produced
from 7.5% (w/v) PCL concentration had the average fiber
diameter of several hundred nanometers. This was in agree-
ment with another study where it was described that lower
concentration (5 and 7.5% (w/v)) produced nanosize fibers
with beading and higher concentration (10% (w/v)) produced
micrometer-size fiber without beads [16]. The problem with
lower concentration was that the resulting nanofibers had
spindle-like bead characteristic. The concentration gives
some trade-offbetween the fiber size and existence ofbeading
along with the fibers. The beading defect as in Figures 1(a),

Flow rate (mL/h) Average diameter Characteristic

3 287.27nm Beaded
3 302.91 nm Beaded
3 133pm Smooth
15 2.03pm Smooth

1(b), and 1(c) is the common problem which needs to be
overcome for producing fibers by electrospinning. Particu-
larly large beads with most of the spindle-like structures were
obtained with an average size of 3.85 pm and 3.60 pm with
voltage of 15kV and 22 kV. The sizes of the beads were in
range of micrometer scale with porous surfaces. When the
distance between the grounded collector and the needle tip
was increased, the average fiber diameter also increased. On
the other hand, the average fiber diameter increased with the
decreased flow rate for 12.5% (w/v) concentration.

Table 1shows the influence of different polymer concen-
trations on fiber diameters. The flow rate and the distance
were also crucial in determining the size of fiber diameter. At
lower flow rate, the applied voltage was increased to achieve
stable Taylor cone. Thus the larger size of fiber diameter
resulted. After increasing the distance between the needle
tip and the collector by 5cm at low concentration, the fiber
diameter was slightly increased.

The results based on the parameters given in Table 1, it
was observed that there are many parameters that needed to
be adjusted to obtain nanofibers. Chloroform is commonly
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Table 2: Electrospinning parameters for PCL/HA fiber.

Concentration (w/v%)  Diameter (cm) Voltage (kV) FE;VK /rs)te Gauge size (G) Averagzircrj]i)ameter Characteris
75 10 22 3 18 1.25 Smooth
75 10 22 3 22 11 Smooth
75 10 22 2 18 118 Smooth
75 10 22 2 22 1.23 Smooth
75 10 22 1 18 144 Smooth
75 10 22 1 22 116 Smooth
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Figure 2: SEM micrograph of 10% HA in 7.5% (w/v) of nHA/ PCL fibers at (a) 1mL/h and 22 kV; FESEM micrographs at 22 kV and flow rates

of (b) 3mL/h, (c) 2mL/h, and (d) 1mL/h, respectively.

used solvent for electrospinning of PCL but the diame-
ter of fiber produced was in micrometer. However, other
researchers successfully obtained fibers in nanometer scale
by combining chloroform with other solvents such as chloro-
form/dimethylformamide, chloroform/methanol, and chlo-
roform/acetone [17, 18]. Acetone is less harmful compared
to other solvents and thus was explored in this study.
However, in this study beadless or defect free fibers resulted
in microscale sizes.

3.2. Electrospinning of nHA/PCL. Hydroxyapatite nanopar-
ticles (nHA) were incorporated into PCL solution of 7.5%
(w/v) concentration. At constant diameter and voltage, six
different solutions were electrospun at 1, 2, and 3 flow rates

(mL/h) using 18G and 22 G blunt needle (Table 2). We
observed that nHA was successfully incorporated along the
fiber as shown in Figure 2. SEM micrographs confirmed
that nHA was well mixed with PCL polymer solution and
nHA was embedded well into PCL fibers. The nHA were
homogenously distributed within the fibers possibly due to
the low concentration of nHA. If lower concentration of
nHA is used, it is possible to overcome the agglomeration
of nanoparticles. A homogenizer was used to disperse the
nHA particles throughout the fibers. The average diameter
of fibers was not affected by the different parameters of
flow rate and gauge size. The average diameter of fibers
was in one micrometer size. Interestingly, the incorporation
of nHA made the nHA/PCL fibers smoother with almost
unnoticeable bead defects compared to the electrospun PCL
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Figure 3: Elemental mapping of (a) calcium and (b) phosphorus and (c) EDX spectrum of 10% HA in 7.5 w/v% HA/PCL composite fibers at
1mL/h, 22 kV.
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Figure 4: After 7 days of culture with L929 cells seeded on (a-b) PCL and (c-d) HA/PCL microfibers.



fibers at the same concentration. However, an increase in
fiber diameter was observed (from nanometer to submicron
size). The result was in contrast with another study where
the fiber diameter was observed to be decreased after adding
nHA into PCL [19,20]. However, they used another solvent to
produce electrospun HA/PCL nanofibers and it is well known
in literature that the solvent plays an important role in fiber
diameter sizes.

The elemental mapping further confirmed the distribu-
tion of nHA in PCL nanofiber matrices (Figure 3). EDX
analyses at different locations of composite electrospun fibers
also validated the presence of nHA particles that were well
mixed with polymer fiber surfaces (Figure 3).The success
of electrospinning of polymeric fibrous scaffolds lies in the
process of preparing the suitable solution concentration and
the process of electrospinning itself. The applied voltage,
flow rate, and distance between the tip and the collector do
effect the distribution of diameter of obtained fiber. However,
producing fibers without bead defects is also needed.

In order to assess any problems associated with fabrica-
tion technique and with the materials, the in vitro cell culture
was performed. It was observed that the cell viability was
greater than 95% for both PCL and HA/PCL fibers. After 7
days of culture, morphology of L929 cells adhering to PCL
and HA/PCL electrospun fibers was shown in Figure 4 Atday
7, L929 cells had grown into a confluent state and formed a
monolayer. L929 cells mainly exhibited a round morphology
on the surface of PCL fibers. On the cell surface, many
nodules were also observed. The live/dead assay exhibited
that more than 95% cells adhering to both PCL and HA/PCL
fibers were viable and metabolically active (Figure 4). This
indicates the cytocompatibility of the PCL and HA/PCL
microfibers.

4. Conclusions

PCL nanofibers were obtained at lower concentration of 7.5%
(w/v) PCL polymer concentration with beads. At higher
concentration of 12.5% (w/v), beadless fibers with submicron
size were produced. Incorporation of nHA produced beadless
fibers without agglomeration. However, the incorporation of
nHA made the fibers thicker than those of PCL nanofibers.
Result of cell viability showed PCL and HA/PCL electrospun
fibers were nontoxic and safe for the practical application.
The electrospun nHA/PCL is expected to be conducive for
cell growth as it contains osteoconductive nHA that has the
bone bonding ability to be used as tissue engineering fibrous
scaffolds.
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