
Iranian Polymer Journal
19 (6), 2010, 457-468

tissue engineering;
nanofibres;
electrospinning;
scaffold;
osteogenic differentiation.

(*) To whom correspondence to be addressed.
E-mail: haddadi@aut.ac.ir

A B S T R A C T

Key Words:

A Nanofibrous Composite Scaffold of
PCL/Hydroxyapatite-chitosan/PVA

Prepared by Electrospinning

S Shahrooz Zargarian1,2 and Vahid Haddadi-Asl1*

(1) Polymer Engineering Department, Amirkabir University of Technology, 
Tehran, P.O. Box: 15875/4413, Iran

(2) Department of Biomaterials, Stem Cell Technology Co. Ltd., Tehran, 
P.O. Box: 158563/6475, Iran

Received 15 October 2009; accepted 19 April 2010

Tissue engineering scaffolds produced by electrospinning feature a structural 
similarity with the natural extracellular matrices. In this study, for the first time,
poly(ε-caprolactone) (PCL)/hydroxyapatite (HA) and chitosan/poly(vinyl alcohol)

(PVA) were simultaneously electrospun from two different syringes and mixed on a
rotating drum to prepare homogeneous nanofibrous composite scaffold. The 
concentration of the spinning solutions and the ratios of PCL/HA-chitosan/PVA were
varied and adjusted to acquire nanofibres with narrow diameter distribution. It was
found that the PCL/HA spun fibres became thick and non-uniform in diameter by
decreasing the solution concentration and voltage, and yet the effect of flow rate was
negligible. Meanwhile, the diameters of chitosan/PVA fibres decreased and became
more uniform by decreasing the solution concentration and tip-to-target distance.
Furthermore, HA nanocrystals reinforce the scaffold and increase its mechanical
strength, though by changing its mechanical behaviour make it more brittle. SEM 
morphology of the PCL/HA electrospun nanocomposite revealed that HA nanocrystals
were kept suspended in solution during the electrospinning process, and laid inside the
PCL nanofibres. This feature may provide a mechanism for controlled release of HA
nanoparticles in cell culture studies. It was assumed that the nanofibrous composite
scaffold of electrospun PCL/HA-chitosan/PVA can potentially be used for the
osteogenic differentiation of stem cells.

INTRODUCTION

Recently, several studies have
focused on electrospinning, a novel
technique which can produce fibres
with diameters ranging from 5 nm
to 1 µm under a high-voltage electro-
static field operating between a
metallic capillary syringe and an
electrically earthed collector [1-4].
With high surface to volume ratio
and porosity, non-woven mem-
branes of electrospun nanofibres
are thought to mimic natural extra-
cellular matrix (ECM) and thus

promote cell adhesion, migration
and proliferation [5,6]. These
native ECMs act as a scaffolding to
bring cells together into a tissue, to
control the tissue structure and to
regulate the cell phenotype [7,8]. 

Engineered architecture of 
scaffolds can improve the function
of tissues regeneration including
bone, cartilage, cardiovascular 
tissue, and nerve in vitro. Cells can
attach and organize around fibres
whose diameters are sufficiently 
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small. Degradation rate of polymeric fibres, surface
functionality of mat, and scaffold components can
efficiently control the stem cells and progenitor cells
in the differentiation process [9]. 

Chitosan is an interesting biopolymer because of
its natural abundance, excellent biocompatibility,
antibacterial and anticorrosion properties, appropriate
biodegradability, excellent physicochemical proper-
ties, and commercial availability at relatively low
cost. It has been widely used as biomaterials in 
pharmaceutical and medical fields such as tissue-
engineering scaffolding, as well as collagen [7,10].   

Hydroxyapatite (HA) particles are widely utilized
in the fabrication of bone-like hybrid nanocomposites
due to their structural and compositional similarity to
the minerals of natural bones. In particular, nano-HA
particles not only play a primary role in improving the
mechanical properties of nanocomposites, they also
provide a favourable environment for osteoconduc-
tion, protein adhesion and osteoblast proliferation [11]. 

In many recent works, the electrospinning of 
polymer blends has been widely investigated because
the composite structure of the scaffolds strongly helps
to meet the basic requirements of different material
properties.

To our knowledge, there has been no report yet on
the electrospinning of PCL/HA-chitosan/PVA blends.
Although electrospinning of PVA, chitosan/PVA and
PCL solution has been widely investigated, the results
show wide divergence from each other and some with
clear contrasts. Moreover, the effects of processing
parameters and solvent concentration on fibre 
deposition and constitutive factors have not been well
understood. Particularly, the presence of chitosan in
hydroxyapatite nanoparticles and PCL system has not
been reported where the latter being used as a good
support for the matrix [12-14]. 

In some works, mechanical properties have been
undermined to achieve adequate morphology while in
others the results fail to describe the perspicuous use
of scaffolds in tissue engineering; rendering their
multipurpose use with no great advantage. Ignatova
et al. investigated the effect of quaternized chitosan
on fibre diameter in QCh/PVA mat and its bacterici-
dal activity [15]. Mincheva et al. carried out the same
method, except using N-carboxyethylchitosan [16].
Electrospinning of chitosan/PVA blends with PCL

and their plausible application in tissue engineering
has recently been studied by Sajeev et al. [17]. Pillai et
al. have focused intensely on chemistry, solubility and
fibre formation of chitin and chitosan polymers [18].

In our current study, PCL/HA-chitosan/PVA
blends were simultaneously electrospun through 
different syringes and mixed on a rotating drum to
form PCL/HA-chitosan/PVA composite nanofibrous
scaffolds after each component undergoing 
electrospinning optimization process. In this study
the electrospun mats were characterized for their
morphological features such as, conductivity, 
viscosity and tensile properties. Our ongoing studies
focus on the application of PCL/hydroxyapatite-
chitosan/PVA scaffold in bone tissue engineering.
PCL is expected to provide structural framework and
chitosan and hydroxyapatite are useful for their
bioactivities and osteogenesity. 

EXPERIMENTAL

Materials
Chitosan (low molecular weight; diacetylation 80%),
poly(vinyl alcohol) (Mw = 98,000 g/mol; hydrolysis
98%), poly(ε-caprolactone) (Mw = 80,000 g/mol),
and hydroxyapatite nanocrystals with average 
diameter 50 nm (MW = 502.31 g/mol) were 
purchased from Sigma Aldrich (Milwaukee, USA).
Chloroform, N,N-dimethylformamide, and acetic
acid were purchased from Sigma (St. Louis, MO,
USA). All the materials were used as received 
without any further purification and/or reprocessing. 

Electrospinning Process
Chitosan was dissolved in 3% aqueous acetic acid
and added to the PVA solution, which was previously
dissolved in the same solvent at 95°C and under 
magnetic stirring for 3 h. The concentration of PVA
and chitosan were 7 % and 3%, respectively before
mixing process. The chitosan solution was mixed
with the PVA solution at room temperature to obtain
different mass ratios of 90/10 and 80/20 of chitosan
/PVA solutions. Semi-viscous chitosan solution at 3%
concentration is highly viscous and thus hardly mixes
with other solutions of the same solvent. Hence, for
facilitating the mixing process, chitosan/PVA
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mixtures were mixed at elevated temperature to
obtain homogeneous solutions. It should be noted that
all concentrations were expressed as in weight 
percentage. PCL was dissolved at various concentra-
tions of 10, 11, and 12 w/v% in a mixture of organic
solvents composed of chloroform/N,N-dimethyl-
formamide (9/1 v/v%, respectively). 

Hydroxyapatite was suspended in the above 
solvent system and exposed to ultrasound for 30 min
to break any existing stacks. Then, hydroxyapatite
nanocrystals with average size diameter of 50 nm
were obtained. Finally, the PCL solution and HA
suspension were mixed and exposed to ultrasound
again for another 30 min. The concentration of HA in
the mixture was 2 w/v% of total solvent system. DMF
was added just before the electrospinning process. 

In electrospinning process of PCL/HA-chitosan
/PVA composite fibres, PCL/HA and chitosan/PVA
solutions were separately placed into two syringes
with the aid of metal capillaries, and were fed by two
syringe pumps (JMS, SP-500, Singapore) at a feeding
rates of 1 mL/h for PCL/HA system and 0.9 mL/h for
chitosan/PVA system. For these two separate systems,
optimized conditions of electrospinning were
obtained before the main process (Table 1).
Electrospinning lasted for 5 h to produce the desired
scaffold with 1 cm thickness and 0.97 g weight. An
electrically earthed rotating drum was located at a 
distance of 13 cm from the capillary tips of chitosan
/PVA and PCL/HA syringes. Both the capillaries were
connected to a high voltage power supply (Nano
Spinner™, Iran) and a high voltage of 17 kV was
applied. The collection of fibres for all electrospun
nanofibrous mats, fabricated at optimization process,
lasted for 1 min. 

Characterization of Electrospun Mats
Morphology 
Electrospun nanofibrous mats were sputtered with
gold and platinum, and their morphologies were
observed under scanning electron microscopy (SEM,
Cam Scan MV2300, England) at an accelerating 
voltage of 10 or 27.8 kV. The average diameter of the
electrospun fibres was measured by Image Program
from the SEM micrographs. During the measuring
process, 50 to 300 fibres had been selected and
assayed in every SEM micrograph. The data were 

Table 1. Composition and Condition of the final scaffold.

(*) Tip-to-collector distance

gathered and utilized for plotting the average 
diameter distribution histograms.

Viscosity and Conductivity Tests 
All determinations were performed at room 
temperature with Bruckfield DV III viscometer (DV-III
Ultra, USA) which calculated the viscosity from the
torque exerted on to the viscometer motor by 
cylindrical spindle in different swirling speeds. The
torque was then converted to shear stress and it was
plotted against shear rate. The equations that relate
these two variables are different. In this study, the vari-
ations of viscosity versus speed are plotted and mean
viscosities are shown for each solution or suspension.
Metrohm conductometer (Switzerland) was used for
solution conductivity assessment. All conductivity
measurements were performed at room temperature.   

Tensile Test
Mechanical properties of electrospun PCL/hydroxy-
apatite-chitosan/PVA and PCL-chitosan/PVA scaf-
folds were determined with a universal testing
machine (UTM AG-5000G, Shimadzu, Japan) at a
crosshead speed of 10 mm/min at room temperature.
All samples were prepared in the form of standard
dumbbell-shaped by die-cutting from electrospun
PCL non-woven mats according to ASTM D 638.

RESULTS AND DISCUSSION

Viscosity and Electrical Conductivity of Solutions
and Suspensions
Table 2 shows the viscosity and electrical conduc-
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Condition PCL/HA
Chloroform/DMF

PVA/Chitosan
Water/AA

Voltage (kV)
TCD* (cm)
Flow rate (mL/h)
Solvent composition (v/v%)
Concentration (wt%)

17
13
1

94/6
12/1

17
13
0.9

98/2
9/1



tivity data of different solutions and suspensions used
in this study. Solvent composition plays a critical role
in solution conductivity determination, especially for
PCL solutions. DMF incorporation in solvent system
greatly increases the conductivity and enhances the
electrospinning process [19]. Increasing the concen-
tration of the solution results in higher viscosity,
although the concentrations are very close to polymer
chain entanglement region and thus no viscosity
upturn takes place.

Optimization
Electrospinning of PVA Solution
In this section, the electrospun fibres of PVA solution
with 7 wt% in 98/2 v/v% DD-water/acetic acid 
solvent system was obtained. To optimize the process,
voltage, TCD, and the concentration of the solution
were altered and the best condition was acquired.

Figure 1 shows the morphology and fibre 
diameter distribution at different voltages. The
changes in the voltage have two main effects on fibre
morphology. By increasing the voltage, polymeric jet
splays more and the tension on fibres increases.
However, the time period, during which solvent can
escape from the surface of the jet, is decreased 
[1,13]. Thus, wet fibres reach the collector and 
diffuse into each other again. A film-like region is
formed and the mechanical properties of electrospun

mat dramatically fall. Moreover, fibres mean 
diameter increases. 

By decreasing the voltage, the effective distance
of electrical field and jet whipping declines which
results in morphological defects. Although these two
main effects of voltage value work in parallel, the
aqueous nature of the solution leads to greater poly-
mer-solvent attraction. This means that the second
effect of voltage value is less dominant in aqueous
solutions. By keeping this assumption in mind, no
morphological imperfection can be seen at 13 kV, and
moreover, the film-like region was formed at 20 kV
voltage and fibre deposition on collector surface was
decreased. 

The effects of electrospinning distance (tip-to-
collector distance: TCD) on electrospinning of PVA
at constant voltage and flow rate were also inves-
tigated (Figure 2). TCD decreasing resulted in 
formation of beaded fibres. Beads regularly form
when whipping time decreases or the concentration
of the solution increases. This phenomenon can be
improved by raising the distance in which jet moves
towards the target [20,21]. Jet splaying and whipping
can be greatly enhanced by TCD increasing.
However, fibre deposition was reduced when TCD
increased beyond the specified critical range. This
critical range shows the effectiveness of electrical
field and marks the processability of the solution.

Iranian Polymer Journal / Volume 19 Number 6 (2010)460

A Nanofibrous Composite Scaffold of PCL/Hydroxyapatite ... Zargarian SS et al.

Polymer Electrical conductivity
(mS/cm)

Viscosity
(cp)

PVA (7 wt%)
PVA/Chitosan (90/10)
PVA/Chitosan (80/20)
Chitosan (3 wt%)
PCL (10 wt%)
(Chloroform/DMF: 100/0)
PCL (12 wt%)
(Chloroform/DMF: 100/0)
PCL (12 wt%)
(Chloroform/DMF: 94/6)
PCL/HA (12/1 wt%)
(Chloroform/DMF: 94/6)

1.967
2.291
2.658
4.371

-

0.010

0.120

0.130

155
580

1180
6340
3427

4530

4720

5357

Table 2. Viscosity and electrical conductivity of solutions and suspensions.
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(a) (b) (c)

Figure 1. Effects of voltage on PVA electrospinning at constant TCD (12 cm) and flow rate (0.2 mL/h): (a) 13,
(b) 15, and (c) 17 kV (at concentration of 7 wt%).

 

(a) (b) (c)

Figure 2. Effects of TCD on PVA electrospinning at constant voltage (15 kV) and flow rate (0.2 mL/h): (a) 9,
(b) 12, and (c) 15 cm (at concentration of 7 wt%).



Figure 3. Overall trend of processing parameter effects on
water-solvent solution electrospinning.

In this study, we introduce two kinds of critical
range. Low critical range (LCR) marks the beginning
of the electrospinning process by which the solution
can be electrospun although many morphological
defects develop. High critical range (HCR) marks the
high level of corona discharge at which the jet forms
partially and the process stops periodically. Inordinate
accumulation of electrical charges on droplets causes
the corona discharge and usually happens in very
close tip-to-collector distances or high voltages. 

The overall trend of processing parameters which
affects the electrospinning of aqueous solutions
including the number of collected fibres, number of
beads on each fibre and mean diameter of fibres are
shown in Figure 3. Among these results, the PVA
solution with a concentration of 7 wt% and the 

processing parameters of 15 kV (voltage), 12 cm
(TCD), and 0.2 mL/h (flow rate) were selected. 

Electrospinning of Chitosan/PVA Solution
After optimization of PVA electrospinning, nearly the
same conditions were applied to the electrospinning
of chitosan/PVA solutions. Three different weight
ratios of PVA to chitosan were prepared and
processed. Chitosan is a strong polyelectrolyte which
prevents the accumulation of electrical charge on
droplets' surfaces. In common solvents, charged
droplets of the chitosan solution are atomized before
reaching to LCR voltage [7,14]. Because of that, 
chitosan is usually incorporated in PVA to make the
solution processable. By increasing the chitosan 
content in the solution, solvent evaporation from 
the polymeric jet decreased and wet fibres were
deposited on collector surface. Thus, the effects of
processing parameters were only investigated on
90/10 weight ratio of chitosan/PVA solution.  

The results show that voltage plays an important
role in determining fibre diameter distribution and
final mat morphology (Figure 4). Increase in voltage
resulted in broader fibre diameter distribution and
made film-like region to appear. These regions, on the
basis of EDAX elemental spectrum results, are chi-
tosan rich fractions of mat. Figure 4c shows that chi-
tosan is not incorporated into fully developed fibres.
It seems that at higher voltages, the chitosan solution
phase separates from the main jets and then it heads
towards the collector without participating in the
whipping and splaying process and off the main jets in
the form of large beads. 

In Figure 4a, a bimodal fibre diameter distribution
is depicted. Two main reasons are responsible for the
development of bimodal fibre diameter distribution:
(a) fibre jets emerging from smaller satellite drops,
and (b) repeated splaying of the fibre jets [22,23]. Hsu
et al. suggested that in highly viscoelastic solutions
the latter has considerable effect on the fibre 
distribution [19]. If the first reason is the contributing 
factor, a trace of fine fibres emerging from the 
small droplets should appear; but, the emerging 
morphology would be bead free (Figure 4a). Since the
chitosan/PVA solution is not highly viscoelastic, it
seems that none of the two main reasons had a role in
the formation of bimodal distribution. At low voltage,
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the amount of jet splaying drops significantly. This
time, the PVA rich phase is separated from the jet and
it is deposited on the collector. The chitosan/PVA
phase attracts more electrical charges, while it 
undergoes whipping and splaying, which lead to 
formation of fibres with smaller diameters.  

In Figure 4b, it can be seen that the phase 
separation is stopped and nearly wet fibres reaches
the collector and forms ribbon-like morphology. 

The result shows that the effects of TCD on fibre
morphology for the chitosan/PVA and PVA solutions
are not much different and nearly the same trend is
observed. Longer TCDs allow the polymeric jet to
lose its solvent content and the splaying process
reduces the fibres' diameter.  

Electrospinning of PCL Solution
Before optimization of the processing parameters, a
suitable solvent composition and polymer concen-

tration were selected. DMF was gradually added to
the 10 wt% PCL solution which was viscous enough
to enable the electrospinning process. The effects of
solvent electrical conductivity on electrospinning
process and mat morphology were also investigated
(Figure 5). DMF greatly enhanced jet splaying and
nanofibres could be achieved through the DMF 
addition. The bimodal fibre distribution was formed
at very low DMF content. This could be the result of
DMF/polymer phase separation from the main jet.
Unlike chitosan/solvent phase separation, the newly
separated DMF/polymer fine jet could splay many
times due to high electrical conductivity of the carri-
er solvent. DMF-free main jet loses its solvent con-
tent much slower, but it hardly elongates and finally
forms macrofibre deposition. DMF is highly viscous
and the amount of nanofibres resulted from the
DMF/polymer jet is decreased as the DMF content is
increased (Figures 5e and 5f). In accordance with the
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(a) (b) (c)

Figure 4. Effects of voltage on 90/10 weight ratio of chitosan/PVA solution electrospinning at constant TCD (10 cm)
and  flow rate (0.9 mL/h): (a) 14, (b) 17, and (c) 20 kV.



results, chloroform/DMF ratio of 94/6 was selected
(Figure 5d). Appropriate processing parameters could
be then selected to optimize the morphology defects
and fibre diameter. Increasing the polymer content up
to 12 wt% resulted in formation of fully developed
cylindrical fibre.

The effect of voltage on the electrospinning of the
PCL solution was investigated. At 14 kV, slightly
above the LCR of voltage, the amount of collected
fibres was low because of the viscoelastic nature of

the PCL solution which prevented jet formation.
Higher voltages improved the fibre deposition but
dramatically increased the fibre diameter, while jet
splays rapidly at high voltages. However, elongation
process has a very short time to be fully applied on
fine jets. Unlike the electrospinning of the PVA
solution, this limit cannot be overwhelmed through
TCD selection (Figure 6). 

At short tip-to-collector distances, effectiveness of
electrical field results in multimodal fibre diameter
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Figure 5. Effects of solvent composition (chloroform/DMF) on PCL electrospinning process and resulted
morphology at constant TCD (13 cm), voltage (17 kV) and flow rate (1 mL/h). Chloroform/DMF ratios: 
(a) 100/0, (b) 98/2, (c) 96/4, (d) 94/6, (e) 92/8, and (f) 90/10.
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Figure 6. Effects of TCD on 12 wt% PCL solution electrospinning at constant voltage (17 kV) and
flow rate (1 mL/h): (a) 7, (b) 10, (c) 13, and (d) 16 cm (at chloroform/DMF ratio: 94/6).

 

 

 

 

 

 

(a) (c)

(b) (d)



distribution and shortens the travelling time of
splayed jets, which in turn results in increasing fibres' 
diameters (Figures 6a and 6b). For long TCD, fibre
diameter is increased again due to low level of 
elongation resulting from weaker electrical field
(Figure 6d). Because of proper fibre diameter and
defect-free morphology, the applied condition in
Figure 6c was chosen for the next runs.

Electrospinning of PCL/Hydroxyapatite Solution
Nanocrystals of hydroxyapatite (HA) is a form of 
calcium phosphate and constitute the main component
of bone inorganic phase. Plate-like nanocrystals are
20-80 nm long and 2-5 nm thick. The calcium to 
phosphate (Ca/P) ratio in biomedical grades of HA is
1.67 [24,25].

Nanocrystals of HA were suspended in 
chloroform/DMF of 94/6 ratio solvent system by
using ultrasonication process. The suspension was 
initially subjected to ultrasound for 30 min, and added
to the PCL solution, and then went under ultrasound
for another 30 min to form a PCL/HA:12/1 wt% 
suspension. The resulting suspension is directly used
for electrospinning process. The same optimized 
conditions and processing parameters of the PCL
solution were applied for PCL/HA suspension.
Hydroxyapatite nanocrystals centered in the middle of
the jet and stacked again along the fibres in short
intervals. Hydroxyapatite did not affect the electrical
conductivity of the suspension, therefore the obtained
morphology is the same as that of PCL however, fibre
diameter increased dramatically (Figure 7).  
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Figure 7. Electrospinning of PCL/hydroxyapatite suspension: (a) fibre diameter distribution,
and SEM micrographs at (b) magnification ×5000 and (c) magnification ×30,000.

(a)

(b) (c)



Figure 8. Morphology of final scaffold.

Electrospinning of PCL/Hydroxyapatite-chitosan
/PVA
As it is evident in Figure 8, in the final scaffold 
the amounts of chitosan and hydroxyapatite are 
3.18 wt% and 5.15 wt%, respectively. 

Mechanical Properties
To investigate the mechanical properties of the final
scaffold, a dumbbell-shaped sample was die-cut from
the scaffold according to ASTM D 638 and was
drawn at a constant rate. Stress-strain curves of the
final scaffold and the HA-free scaffold are shown in
Figure 9. Hydroxyapatite nanocrystals reinforce the
scaffold and increase its mechanical strength; 
however, they change the mechanical behaviour of 

Figure 9. Mechanical properties of the final and HA-free 
scaffolds.

the scaffold and make it brittle. This can be due to the
incomplete dispersion of HA plates along the fibres,
which may negatively affect the tension distribution
in scaffold. Conversely, during the in vitro 
assessments, cells must approach the HA sources of
the scaffold in a specified time duration which 
is equal to polymer degradation period. With 
consideration of long term PCL degradation, stacks
of HA nanoparticles along the fibres can be regard as
achivable and appropriate sources for cells.

CONCLUSION 

In this study, a PCL/hydroxyapatite-chitosan/PVA
nanofibrous scaffold was fabricated using the 
optimized processing parameters. The influence of
various parameters, which affect the process and 
morphology, namely concentration, solvent com-
position, voltage, and TCD were investigated.
Surface morphology of nanofibrous mat was studied
using the SEM micrographs. Fibre diameter 
frequency distribution was plotted to facilitate the
optimization process. Voltage played an important
role in controlling the number of beads, while TCD
was greatly responsible for the determination of the
mean diameter of fibres. Both processing parameters
adjust the fibres' accumulation on collector. Tensile
property of the final scaffold was also evaluated.
Hydroxyapatite nanocrystals' incorporation in 
suspension electrospinning reinforces the scaffold
but changes its mechanical behaviour, too. 
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