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Chitosan  (Ch),  and  poly(�-caprolactone)  (PCL),  widely  used  as biomaterials  with  desirable  properties
for  tissue  engineering  applications,  were  both  blended  with  zinc-doped  hydroxyapatite  nanoparti-
cles(nZnHA)  and  electrospun  into  nanofibrous  scaffolds  using  formic  acid/acetic  acid.  The  rationale
behind  this  study  was  to demonstrate  that  presence  of  small  quantities  of  Zn2+ ions  doped  in  HA
nanoparticles  can  improve  biocompatibility  of  PCL/Ch  blends.  SEM  observation  revealed  that  average
fiber  diameter  was increased  from  about  136 nm  for  a PCL/Ch  blend,  to  around  210  nm  for  PCL/Ch/nZnHA
nanocomposite.  PCL/Ch/nZnHA  scaffolds  offered  higher  elastic  modulus  (about  3-fold)  and  tensile
strength  (nearly  1.5-fold)  than  the  corresponding  PCL/Ch  scaffolds.
hitosan
n-doped nanohydroxyapatite
issue engineering
lectrospun scaffold

In-vitro biocompatibility  studies  using  human  adipose  derived  stem  cells  (hAD-MSCs),  demonstrated
that  the  presence  of  only  5 wt%  nZnHA  in  PCL/Ch/nZnHA  nanocomposites  enhanced  hAD-MSCs’  attach-
ment  compared  to PCL/Ch  and  PCL/Ch/nHA.  Finally,  hAD-MSCs  proliferation  occurred  at  significantly
higher  rates  of  1.5,  1.3  and  1.2  times  on  PCL/Ch/nZnHA  scaffold  compared  to  PCL, PCL/Ch  and  PCL/Ch/nHA,
respectively.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Tissue engineering, as evolved decades ago, combines princi-
les of engineering and life sciences to improve tissue function.
his approach allows organs to be grown based on implanta-
ion and particularly when autologous undifferentiated cell source
s used it eliminates the risk of immunological rejection (Mano

 Reis, 2007). One of the important practices in tissue engi-
eering is making a three-dimensional scaffold with appropriate
egradation profile. The interconnected pore network of scaffolds
rovides a suitable micro-environment for cells attachment, pro-

iferation, migration and differentiation (Langer & Vacanti, 1993).

ver the last two decades, many methods have been developed

or scaffold fabrication including particulate leaching, gas foam-
ng, freeze-drying, solvent casting, phase separation, self-assembly,

∗ Corresponding author. Tel.: +98 21 48662513; fax: +98 21 44580023.
E-mail addresses: fereshte.may05@gmail.com (F.M. Ghorbani), kaffashi@ut.ac.ir
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eyedjafari@ut.ac.ir (E. Seyedjafari), r.ardeshiry.62@gmail.com (A. Ardeshirylajimi).
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144-8617/© 2014 Elsevier Ltd. All rights reserved.
and electrospinning, with electrospinning showing the greatest
promise. Electrospinning has been extensively used, because the
nano-sized polymer fibers have advantages, such as very large
surface area to volume ratio, flexibility at surface and superior
mechanical performance compared to micro-scale fibers (Teo &
Ramakrishna, 2006).

Over the last decade, considerable attention has been directed
toward the use of hydroxyapatite (HA) in biocomposites. HA, a
major inorganic component of natural bone, extensively used as
biomedical implant and in bone regeneration due to its bioactivity,
and osteoconductivity (Shokrollahi et al., 2014). It displays signifi-
cant compatibility effect with a large group of synthetic and natural
polymers such as polyesters and polysaccharides (Liu et al., 2014;
Mekhail, Jahan, & Tabrizian, 2014; Pighinelli & Kucharska, 2013).

On the other hand, the biological HA crystals in vivo, carry many
contaminants, e.g., K+, Mg2+, Na+, CO3

2− and F− as partial substitut-
ions which usually reflect dietary history, but can also indicate

exposure to environmental hazards, e.g. Pb2+ (Narasaraju & Phebe,
1996). These ionic substitutions can alter the properties and in par-
ticular osteoconductivity of HA. Webster et al. (2004) have reported
a significant increase in osteoblasts adhesion to Zn2+ doped HA
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n comparison with undoped HA. Furthermore, Ito, Ojima, Naito,
chinose, and Tateishi (2000), reported that proliferation of mouse
steoblast-like cells in tricalcium phosphate/HA composite ceramic
as enhanced upon Zn2+ doped HA. However, HA has not been

xtensively utilized in tissue engineering applications, because of
eak impact properties and inherent brittleness (Kim, Knowles, &
im, 2004).

To combine the osteoconductivity of HA and good processabil-
ty of polyesters by blending of synthetic polymers with natural
nd/or synthetic bioceramics has been considered in bone tissue
ngineering application. Polycaprolactone (PCL), a semi crystalline
olyester, is one of the most commonly applied synthetic poly-
ers in medical applications, particularly, because of its hard and

oft tissue compatibility, as well as its approved biodegradabil-
ty (Woodruff & Hutmacher, 2010). Nevertheless, properties such
s weak hydrophilicity, acidic nature of the degradation products,
elatively slow degradation profile and neutral charge distribution
ave restricted its usage (Zhu, Gao, Liu, & Shen, 2002). Recently, chi-
osan, the product of N-deacetylation of chitin, has received much
ttention for tissue engineering applications, because of its bio-
ompatibility, biodegradability, hydrophilicity and anti-microbial
ctivity (Tsai et al., 2012). Also, a core shell structured PLLA/chitosan
anomat was co-axially electrospun and successfully examined as
rug carrier in tissue engineering (Ji & Yang, 2013). However, chi-
osan suffers from weak mechanical properties in wet state. So,
lending of chitosan with PCL, as electrospun nanomats (Schueren
t al., 2012, 2013) or electrospun multilayer mats (Lou et al., 2014),
as been considered as a strategy to develop new biomaterials that
xhibit hybrid properties, which are not obtained by either of these
ndividual polymers.

Despite the publication of numerous reports on PCL/HA and
h/HA nanocomposite designs and their preparation destined for
iomedical applications, there are very few reports on electro-
pinning of a tri-component PCL/Ch/HA nanocomposite system in
iomedical applications in the literature. There are still less publica-
ions reported in literature on enhanced bone tissue compatibility
sing polymer composites containing HA nanoparticles doped with
etals such as Mg,  Sr, or Zn, with their well known potential in

nhancement of osteoconductivity (Fujii et al., 2006; Webster et al.,
004).

In the present study, we have used electrospinning to produce
CL/chitosan/nHA nano composite scaffolds. Composites were pre-
ared using a solution blending technique as was  suggested by
chueren et al. (2012), but with different compositions. Also aim-
ng to improve biocompatibility/osteoconductivity, nano HA was
artially doped with Zn2+ ions.

. Materials and methods

.1. Materials

Medium molecular weight chitosan with degree of deacety-
ation 80–85%, PCL (Mn 70,000–90,000 g mol−1), and zinc nitrate

ere supplied by Sigma-Aldrich. Formic acid and acetic acid
ere obtained from Merck Chemicals. All chemicals were used as

eceived unless recommended otherwise.

.2. Preparation of polymer blends

A solution strategy was adopted in polymer blending. Chitosan

as dissolved in a formic acid (70%)/acetic acid (70%), mixed sol-

ent system (volume ratio = 70/30), to yield 3 w/v% solution. PCL
as dissolved in formic acid (glacial)/acetic acid (glacial), mixed

olvent system (volume ratio = 70/30), to prepare a solution of 3
olymers 118 (2015) 133–142

w/v% concentration. These solutions were then mixed together at
appropriate ratios to afford desired blend compositions.

A series of PCL/chitosan blends was  prepared while the
PCL:chitosan weight ratio was  adjusted at 90/10, 80/20, and 50/50,
which are referred to as PCL/Ch(10), PCL/Ch(20) and PCL/Ch(50),
respectively, hereafter.

2.3. Synthesis of Zn doped HA nanoparticles

HA and Zn-doped HA nanoparticles(nZnHA), were produced
according to literature (Webster et al., 2004). Briefly, for HA
preparation, to a solution of Ca(NO3)2·4H2O (1 M),  in double
distilled water (DD water), was added diammonium hydrogen
phosphate(0.6 M),  at room temperature while the pH was  care-
fully adjusted at 11–12 over the addition process. The solution
was stirred for 24 h, while nHA precipitated out. The nanoparticles
were washed with DD water and centrifuged in triplicate, rinsed
and dried for 24 h at 70 ◦C. The previous recipe was repeated for
nZnHA synthesis, except to a Zn2+ containing (5 wt%), solution of
Ca(NO3)2·4H2O (1 M),  in DD water, was added diammonium hydro-
gen phosphate (0.6 M),  at room temperature while the pH was
carefully adjusted at 11–12 over the addition process. Finally, a
work up procedure similar to what mentioned for nHA recovery
was followed to obtain nZnHA.

2.4. Composite preparation

nHA (especially synthesized and used for comparative bio-
compatibility assays) and Zn-doped hydroxyapatite nanoparticles
(nZnHA) containing scaffolds were generated by admixing HA
nanoparticles (a dispersion of 5 w/v% in formic acid (70%)/acetic
acid (70%), solvents volume ratio = 70/30), to the polymer blend
solutions. The precisely controlled volumes of the nHA or the
nZnHA suspensions were added to PCL/chitosan blend solutions in
order to yield final composites with 5 wt% bioceramic content rel-
ative to the total polymer mass in all compositions reported here.
For example, PCL/Ch(10)/nZnHA nanocomposite indicates that it
may have been prepared by addition of appropriate volumes of the
above nZnHA suspension to a solution of PCL/chitosan (90/10), to
afford a mixture in which the net share of nZnHA in dry state would
be 5 wt%.

All solutions were then sonicated for 20 min at room temper-
ature and further homogenized using a homogenizer probe at
7500 rpm for 10 min  and stirred at room temperature to achieve
homogeneous solutions.

2.5. Composite Characterization

2.5.1. Electrospinning of PCL/chitosan/nHA, and
PCL/chitosan/nZnHA nanofibers

The stock solutions were fed into a 10 ml  syringe equipped with
a needle of 0.7 mm inner diameter. Electrospinning was carried
out at room temperature. A flat aluminum plate was  kept at pre-
determined distance (Table 1), from the syringe needle tip for fiber
collection. Windows of a stable electrospinning condition for poly-
mer  blends and polymer nanocomposites are given in Table 1.

2.5.2. Scanning electron microscopy (SEM)/field emission SEM
(FESEM)

To evaluate morphologies of the electrospun nanofibrous scaf-
folds, SEM (VEGA, TESCAN, Czech Republic) was  used. SEM images
were acquired at 20 kV after sputtering of a thin gold film on the

samples. The nanocomposite scaffolds were also observed using
a TESCAN field emission scanning electron microscope (FESEM),
equipped with an energy dispersive spectrometer (Oxford), at
12 kV.



F.M. Ghorbani et al. / Carbohydrate P

Table  1
Optimized electrospinning conditions for PCL/chitosan and PCL/chitosan/nZnHA
(5  wt%  against total polymer mass) of different compositions.

PCL/Ch blends
PCL/Ch ratio 90/10 80/20 50/50
Flow rate (ml/h) 0.5 0.5 0.7
Voltage (kV) 15 15 25
Working distance (cm) 12.5 12.5 12.5
Needle diameter (mm)  0.7 0.7 0.7

PCL/Ch/nHA nanocomposites (5 wt% nZnHA)
PCL/Ch ratio 90/10 80/20 50/50
Flow rate (ml/h) 0.7 0.7 1
Voltage (kV) 20 20 30
Working distance (cm) 12.5 12.5 12.5
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2.7. Statistical analysis
Needle diameter (mm)  0.7 0.7 0.7

.5.3. Energy dispersive X-ray analysis (EDXA)
A FESEM equipped with an EDXA detector was  used to

etermine calcium, phosphorus and zinc contents of the syn-
hesized Zn-doped nanohydroxyapatite particles. EDXA was
erformed at an acceleration voltage of 20 kV and magnification
f 280×.

.5.4. Atomic force microscopy
AFM was performed in tapping mode on thin films of samples

t RT (Dual Scope-DME), using silicon cantilever tips.

.5.5. XRD analysis
Wide angel X-ray scattering, WAXs, data were obtained using

 Siemens D5000 instrument, which was a theta/2theta diffraction
nstrument operating in reflection geometry using FeK� radiation,

 = 1.93604 angstroms, focussed by a Ge crystal primary monochro-
ator.

.5.6. Attenuated total reflectance Fourier transform infrared
ATR FTIR) spectroscopy

ATR FTIR spectra were collected using a Bruker, Equinox55 spec-
rometer equipped with Specac Silver Gate single reflection ATR
ccessory (ZnSe crystal).

.5.7. Mechanical properties
Tensile tests were carried out on a STM 20 (Santam, Iran) uni-

ersal testing machine at room temperature. A 200 N load-cell was
sed for the test at a crosshead speed of 1 mm min−1. Bar shaped
ensile specimens (30 × 5 × 1 mm3) were cut from the scaffolds
heets. The grip to grip distance was 20 mm,  and at least four mea-
urements were conducted for each sample.

.5.8. Degree of hydration
Samples of PCL, PCL/Ch (10), PCL/Ch (10)/nHA, and

CL/Ch (10)/nZnHA, as bars (10–20 mg), were incubated in
BS(2 ml  sample−1) for 48 h at 37 ◦C while shaken at 60 rpm. 3
amples of each composition were used to measure the degree of
ydration after that; the samples were wiped and weighed with
n accuracy of ±0.1 mg.  Degree of hydration (WU%) was calculated
sing the following equation:

U =
(

(Wa − W0)
W0

)
100%

here Wa and Wd indicating the wet and the dry weights of sam-
les, respectively.
.5.9. Protein adsorption
The scaffold adsorption of model proteins were evaluated

ccording to a protocol reported with Laschke et al. (2010). In brief,
fter sterilization, the scaffolds (n = 9; size 3 × 3 × 1 mm3) were
olymers 118 (2015) 133–142 135

incubated in phosphate-buffered saline (PBS; 10 mM,  pH 7.4) con-
taining fetal bovine serum (FBS, for which bovine serum albumin
(BSA, holding an isoelectric pH of 4.7 at 25 ◦C), was the major com-
ponent, 1 vol%) at 37 ◦C for 60 min. The initial concentrations of the
protein solutions were measured by a BioTek microplate reader
(USA) at 530 nm.  The nanofibrous scaffolds were washed twice with
10 mM PBS (at the end of the FBS incubation period), and incu-
bated in 500 �l of PBS containing 2.0 wt%  sodium dodecylsulfate
(SDS) for 20 h to detach the adsorbed proteins on the surfaces of
the nanofibrous scaffolds. The total protein concentration values
in the PBS solution containing 2.0 wt% SDS were quantified with a
BioTek microplate reader (USA) at 530 nm of absorbance by means
of a commercial protein assay kit (BCA; Pierce, Rockford, IL, USA)
following the manufacturing instructions. The average measure-
ments of adsorbed proteins are reported in �g of proteins per mm3

of scaffold measured from a BSA calibration in 2.0 wt% SDS in 10 mM
PBS.

2.6. Cell culture

2.6.1. Cell seeding
Prior to cell seeding, circular scaffolds were immersed in

the following solutions: (1) 70% ethanol (1 h) for sterilization
(Cooper, Bhattarai, & Zhang, 2011), (2) penicillin, streptomycin, and
amphotericin B to prevent bacterial infection and yeast growth
(Shearer & Ellis, 2006), and (3) culture medium to enhance cell
attachment after seeding. Human adipose tissue derived stem
cells (hAD-MSCs) were used for cell seeding. They were isolated
from human adipose tissue, cultured and maintained in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum and a 1% antibiotic (10,000 U penicillin). hAD-MSCs
were trypsinized and seeded on to the circular scaffolds with
an initial cell density of 104 cm−1 and incubated in the culture
medium.

2.6.2. Cell morphology
Cell morphology on the scaffolds was evaluated by scanning

electron microscopy. The cell-loaded scaffolds were rinsed with
PBS after 3 days of cell seeding and fixed in glutaraldehyde (2.5%)
for 1 h. For dehydration, the scaffolds were placed in a series of
gradient alcohol concentration and then dried.

2.6.3. MTT assay
The proliferation rates of hAD-MSCs on scaffolds were evaluated

via MTT  assay. Sterilized nanofibrous membranes were placed in a
24-well culture plate, seeded with a cell density of 4 × 103 cells
per cm2, and incubated at 37 ◦C and 5% CO2. After 24, 48 and 72 h,
4 and 5 days of cell seeding, 50 �l of MTT  solution (5 mg  ml−1 in
DMEM)  was added to each well (n = 4). For conversion of MTT to
formazan crystals by mitochondrial dehydrogenases of living cells,
the plate was incubated at 37 ◦C for 4 h. For dissolution of the dark-
blue intracellular formazan, the supernatant was removed and a
definite amount of dimethyl sulfoxide (DMSO), as solvent, was
added. The optical density was read at a wavelength of 570 nm in
a BioTek micro-plate reader (USA). The same procedure was per-
formed for cells cultured on tissue culture polystyrene (TCPS) as
control.
Statistical analysis was performed using one-way ANOVA. All
results are reported as the mean value 6 of standard deviation.
Differences were considered statistically significant at p < 0.05.
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. Results

.1. Characterization of Zn-doped hydroxyapatite nanoparticles

The synthesized bioceramic nanoparticles (namely nZnHA),
ere characterized by SEM, X-ray diffraction and energy disperse
-ray analysis(EDXA). Fig. 1A shows the SEM image of nZnHA syn-

hesized in this study and Fig. 1B shows X-ray diffraction pattern
f the Zn-doped HA particles. The existence of 2� peaks at 23.5 ◦,
6 ◦ and 32.5 ◦ corresponding to the diffraction planes (2 1 1), (0 0 2)
nd (3 0 0) of the HA crystallites, respectively, confirms formation
f HA (Nikpour, Rabiee, & Jahanshahi, 2012). A slight difference is
bserved between the XRD patterns of HA and nZnHA, which is
n perfect agreement with those previously reported by Fujii et al.
2006), for similar studies. EDXA pattern of the Zn-doped HA is
iven in Fig. 1C and the presence of Zinc in the HA structure is evi-
ent in the EDXA spectrum (Fig. 1C, about 5 wt% by EDXA analysis).

.2. Morphology of PCL/Ch and PCL/Ch/nZnHA nanofibers

Optimization of the electrospinning parameters for fabrication
f PCL/Ch and PCL/Ch/nZnHA fibers was required because most cur-
ent processes use fiber-forming additives such as poly(ethylene
xide)(PEO) or poly(vinyl alchohol)(PVA) to improve the spinnabil-
ty of natural polymers (Klossner et al., 2008). However, in the
urrent study, to avoid any traces of unwanted components in the
nal product, we tried to obtain fibers without using additives.

nitial optimization included systematically adjusting the solution
oncentration, flow rate, working distance and voltage of the elec-
rospinning condition to yield bead-free electrospun nanofibers
hat to become continuous and uniform in shape. Based on previous
tudies, an optimal total mass concentration of 3 w/v% was selected
or the chitosan and the polycaprolactone solutions (Gholipour,
ahrami, & Nouri, 2009). To determine the electrospinning region
f PCL/Ch and PCL/Ch/nZnHA nanofibers, solutions containing dif-
erent polymer ratios (10/90–20/80–50/50) were attempted to
lectrospin, for which the stable electrospinning conditions are
eflected in Table 1.

Electrospinning of the pure chitosan solution resulted in for-
ation of polymer droplets on the collector without any sign of

anofiber formation. A possible explanation for this observation
ould be due to the inability of jet formation during electrospinning
f a high bulk viscosity and pseudoplastic structure of the chitosan
olution. Addition of chitosan to PCL solutions led to a signifi-
ant increase in the solution viscosity. In addition to the viscosity,
hitosan is a polyelectrolyte that exists in charged form in solu-
ion. Strong repulsive forces between ionogenic groups within
he polyelectrolyte backbone impede the formation of continu-
us fibers. However, continuous fibers with no beads are achieved
ven at PCL/chitosan blend of 50/50 weight ratio, by aptly chang-
ng the electrospinning parameters (Table 1). Also, addition of HA
anoparticles into the blended polymer solutions led to an increase

n viscosity, and thus the electrospinning parameters needed re-
djustment for each composite sample. As it can be seen in Fig. 2,
he mean diameter of the obtained nanofibers varies in the range
f 138–164 nm for PCL/Ch (10) and 210–90 nm for the PCL/Ch
10)/nZnHA electrospun scaffolds.

Fig. 2A–F show FESEM images of the electrospun PCL/chitosan
anofibers, which reveal the well-oriented and bead-free
anofibers with smooth surfaces and uniform diameters along
heir lengths. The nanofibers grew thicker as the content of

hitosan decreased.

The reason for obtaining a reduced diameter in spite of having
igher solution viscosity in blends of higher chitosan content was
ue to the charge density in the ejected jet, which imposed higher
olymers 118 (2015) 133–142

elongation forces leading to thinner fiber formation, which was in
agreement with previously published data (Klossner et al., 2008).

In contrast to the smooth surfaces of PCL/chitosan nanofibers
(Fig. 2). PCL/chitosan/nZnHA fibers contained nanoparticles dis-
persed on the surface (Fig. 2G–L, circled area), which resulted in
surfaces of higher roughness.

HA did not affect electrical conductivity of the electrospinning
solutions, therefore, the obtained morphology was  the same as that
of PCL/chitosan, however, fiber diameter increased dramatically
(Fig. 2G–L). These behaviors are particularly interesting because the
whole structure mimics the mineral crystals of the natural hard tis-
sue and have been shown to induce a significant increase in specific
protein absorption and cell adhesion, compared to their micro-size
counterparts (Balasundaram, Sato, & Webster, 2006; Kokubo et al.,
2004).

3.3. Characterization of PCL/chitosan/nHA nanofibers

Two independent approaches, energy dispersive Xray analysis
(EDXA) and attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy, were employed to further characterize
the PCL/chitosan/nHA. EDXA was  used to determine the elemental
composition of the individual nanofibers. PCL/chitosan/nHA scaf-
folds showed large peaks for carbon and oxygen and a small peak for
nitrogen, indicating three of the major components of chitosan and
PCL (Fig. 3A). EDXA spectrum of PCL/chitosan/nHA, bearing 5 wt%
HA in the composition, showed small amounts of calcium and phos-
phorus (Fig. 3A). The elemental dispersion maps, acquired by EDXA,
were evidence of a uniform distribution of calcium and phosphorus
(Fig. 3B) on the surface of nanofibers.

Our studies were then extended to morphology of the
PCL/Ch/nZnHA nanocomposites using AFM. AFM observation
(Fig. 3C–E), revealed that nZnHA nanoparticles were mainly present
in PCL phase (continuous phase). Composition-dependent phase
structure of the nanocomposites was  studied in great details and
the results will be reported in a separate article. Fig. 3E depicts that
surface roughness is influenced by presence of nZnHA nanoparti-
cles.

Fig. 4A presents ATR–FTIR spectra of PCL, chitosan and hydroxy-
apatite. Several characteristic bands located at 2940, 1725 and
1245 cm−1 are assigned to ester groups of PCL (Wu et al., 2008).
Two typical bands at 1598 and 1640 cm−1 for amino group of chi-
tosan are also observed. The characteristic peak of pure nHA at
3500 cm−1 corresponds to OH group and the band at 1110 cm−1

originates from PO4
3− group. The IR spectra of PCL/Ch(10) and

PCL/Ch(10)/nHA are presented in Fig. 4A. From the spectrum of
PCL/Ch(10)/nHA (Fig. 4B and C), one concludes that the charac-
teristic band of amino group in chitosan at 1638 cm−1 and ester
group in PCL at 1238 are disappeared, as an indication of possible
electronic interactions and hydrogen bands formation between the
PO4

3− group of nHA and NH3
+ and carboxyl groups of chitosan and

PCL, respectively (Bhattarai et al., 2004. On the other hand, the char-
acteristic band of nHA became less intense and shifted to smaller
wavenumbers (from 1110 cm−1 to 1091 cm−1) as compared with
that of pure nHA, also implying that there was a possibility of elec-
tronic interaction between the polymers and nHA. Therefore, based
on the data extracted from FT IR spectra, we speculate that there are
possible physical interactions (electronic attractions and hydrogen
bonding) between nHA, on the one hand, and PCL and chitosan, on
the other hand.

3.4. Mechanical properties of PCL/chitosan/nZnHA nanofibers
The effect of nHA and nZnHA on the mechanical properties of
PCL/Ch(10) scaffold was  tested next. Based on the data extracted
from stress–strain curves (Fig. 5) generated for the electrospun
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Fig. 1. (A) X-ray diffraction pattern, (B) SEM image and (C) energy dispersive X-ray analysis of the synthesized Zn-doped hydroxyapatite (C is about 5 wt%, Ca/P:1.7,
C
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brous scaffolds, break stress, elongation-at-break and Young’s
odulus could be calculated. The tensile property of PCL/Ch(10)
as significantly enhanced with addition of HA; the break stress
as increased from 11.5 to 19.5 MPa. At the same time, elongation-

t-break decreased to 195% (from about 300% recorded for the neat
lend) for the PCL/Ch(10)/nHA, However, reportedly, this extent of
longation is enough for bone regeneration (Li, Li, & Jiang, 2012).
urthermore, the Young’s modulus of the scaffold increased from
.5 MPa  for PCL/Ch(10) to 11.2 MPa  for PCL/Ch(10)/nHA, which was
nough to prevent scaffold from deformation. It may  be noted
hat a there was no significant difference observed between the

echanical properties of the composite scaffolds PCL/Ch/nHA and
CL/Ch/nZnHA. These results demonstrate that composite prepara-
ion with HA/ZnHA played a great role to enhance the mechanical
roperties of the fibrous scaffold.

.5. Biocompatibility of the scaffolds

Success of tissue engineering strategy relies on balanced adjust-
ent of the interplay between cells, regulatory signals, and the

iomaterials (scaffolds, hydrogels, etc.), used to deliver this, so
alled, tissue engineering triad. The osteoconductive properties
f calcium phosphates, in general, and hydroxyapatite in par-
icular (as the most commonly used bioceramic), support tissue
ngrowth, osteoprogenitor cell growth, and new bone tissue for-

ation through supporting the attachment, proliferation, and
ifferentiation of bone cells. This ability mainly originates from

he ability to Ca2+ and P ions exchange with extracellular matrix.
ased on recent reports, the structural or chemical composition
f CaP ceramics can be modified. This includes inclusion of metal
ons in the crystal structure of hydroxyapatite (Guarino et al.,
Zn

2014; Murphy, O’Brien, Little, & Schindeler, 2013). Recently, the
effect of Zn2+ as a signaling factor on osteogenesis stimulation/bone
remodeling has been studied in elaboration, using different bio-
ceramics including hydroxyapatite, �-tricalcium phosphate and
bioglass as model compounds (Haimi et al., 2009; Roy, Fielding,
Bandyopadhyay, & Bose, 2013). For example, it has been shown
that a hydroxyapatite/Zn doped TCP bone cement containing about
0.7% zinc caused a significant increase in human osteoblastic cells
proliferation. The same cement with two folds of Zn, on the other
hand, was  found cytotoxic to human osteoblasts (Ishikawa et al.,
2002). Haimi et al. (2009), have reported that the degradation rate
of bioglass was reduced upon doping excess amounts of Zn and
that this had been translated to lower human adipose stem cells
proliferation and osteogenesis (Haimi et al., 2009). On the other
hand, oxidative stress kind of damage of human MG-63 osteoblasts
was reported in presence of bioactive glass, Hench’s 45S5, due
to fast Zn release. An inhibitory effect on osteoclasts formation
has also been reported for Zinc, in vitro (Aina et al., 2007; Ren,
Xin, Ge, & Leng, 2009). All these data highlight the importance
of designing Zn containing bioceramics of balanced Zn concen-
tration to avoid toxic effects. Therefore, Zn-doped HA, having a
Zn concentration of about 5 wt% was synthesized and used in this
study.

3.6. Protein adsorption

It is well known that protein adsorption has a determining influ-

ence on the biological properties of calcium phosphate containing
bioceramics. Therefore, protein adsorption on PCL, PCL/Ch(10),
PCL/Ch(10)/nHA and PCL/Ch(10)/nZnHA samples were measured
and compared in this study. From the data given in Fig. 6, it can be
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Fig. 2. (A–F) Representative FESEM images of electrospun blend scaffolds; (A/B) PCL/Ch(10), (C/D) PCL/Ch(20), and (E/F) PCL/Ch(50). (B and D) and (F) give a closer view to
the  structures given in (A, C and E), scale bars: (A and C) and F 5 �m & (B and D) and (F) 1 �m.  (G–L) representative FESEM images of electrospun nanocomposite scaffolds;
( J and 
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(
d

on environmental parameters and charge, structure stability and
unfolding rate of the adsorbed proteins on the protein adsorption
in the present study. Increased hydrophilicity of the blend and
the nanocomposite scaffolds (Table 2), compared to pure PCL is

Table 2
Relative degree of hydration of fibrous scaffolds.

Sample Hydration (%)
G/H)  PCL/Ch(10)/nZnHA, (I/J) CL/Ch(20)/nZnHA, and (K/L) PCL/Ch(50)/nZnHA. (H, 

 �m & (H and J and L) 500 nm.

oncluded that all types of the scaffolds adsorb FBS on their sur-
aces, but the most significantly absorbed protein was observed
n PCL/chitosan/nZnHA and PCL/chitosan/nHA nanofibrous scaf-
olds. However, PCL/chitosan also adsorbed a significantly larger
mount of protein than PCL nanofibers. A relatively large number
f parameters have been considered for their controlling role in
rotein adsorption on bioceramic containing polymer based (nano-

 composites. Among them different material properties(such as
hemical composition and surface properties including topogra-

hy and hydrophilicity), different protein properties (e.g., size,
harge, structure stability and unfolding rate) and environment
such as pH of the protein solution), have been studied in great
etails (Dee, Puleo, & Bizio, 2003). Since FBS contains a number of
L) give a closer view to the structures given in (G, I and K). Scale bars: (G, I and K)

different proteins, it has not been possible to extract information
PCL 20 ± 0.1
PCL/Ch(10) 40 ± 0.1
PCL/Ch(10)/nHA 35 ± 0.4
PCL/Ch(10)/nZnHA 35 ± 0.2
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ig. 3. (A) Energy dispersive Xray analysis of PCL/Ch(10)/nHA biocomposite nanofib
he  elemental distribution mapping of calcium (green dots) and phosphorous (red
urface roughness was  also studied with AFM. (For interpretation of the references

onsidered as the parameter, which may  play a role in enhancement
f the protein adsorption. Besides that, roughness, porosity and
ore size have pronounced effect on protein adsorption capacity of
olymer/bioceramic composite scaffolds. Increase in any of these
eatures may  result in enhanced specific surface area and is trans-
ated into superior protein adsorption. In Fig. 3E (AFM observation),
 surface of higher roughness is expected for the nanocom-
osite electrospun scaffolds, which justifies the higher protein
dsorption. The PCL/Ch(10)/nZnHA composite, showed the high-
st level of protein adsorption among the samples studied. Since
XA spectrum shows peaks of calcium and phosphorous. (B) Dot-analysis represents
 within the nHA-containing nanofibers. (C, D and E) Effect of presence of nHA  on
or in this figure legend, the reader is referred to the web version of this article.)

FBS, as the protein source used, is a rich source of different pro-
teins, cell adhesion and proliferation studies were also carried out
to define whether the protein adsorption could adequately sup-
port cell activities on our PCL/Ch, PCL/Ch/HA and PCL/Ch/nZnHA
nanofibrous scaffolds.
3.7. Cell adhesion and proliferation

Cell response of the nanofibrous scaffolds was investigated via
SEM observation and MTT  assay. Scanning electron micrographs
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Fig. 4. ATR-FTIR spectra of (A) pure PCL, chitosan and hydroxyapatite. (B) PCL/C

f the nanofibrous scaffolds after three days of cell culture is

hown in Fig. 6. Proliferation rates and viability of hAD-MSCs cul-
ured on PCL, PCL/Ch(10), PCL/Ch(10)/nHA and PCL/Ch(10)/nZnHA
anofibrous scaffolds were evaluated by MTT  assay (Fig. 6). The
esults demonstrate that by five days post-seeding the highest

ig. 5. Stress–strain curves of the nanofibrous PCL/chitosan (90/10) scaffold in compariso
anofibrous PCL/Ch(90/10)/nZnHA (5 wt% related to total polymer mass) scaffolds.
, PCL/Ch(10)/nHA and (C) a closer view to the spectra given in (B) (nHA, 5 wt%).

cellularity was achieved in PCL/Ch(10)/nZnHA compared to other

groups.

Cell adhesion rate of scaffolds was evaluated via MTT  assay
5 h after seeding, and the results are summarized in Fig. 6(up);
the most significant number of cells adhered to surface was

n with nanofibrous PCL/Ch(90/10)/nHA (5 wt%  related to total polymer mass) and
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Fig. 6. UP: Results of protein adsorption (5 h post seeding), cell adhesion (MTT assay, 5 h post seeding) and cell proliferation (MTT assay, a final culture period of 5 days),
on  PCL, PCL/Ch(10), PCL/Ch(10)/nHA, and PCL/Ch(10)/nZnHA. * Change is significant p < 0.05, n = 3, relative to PCL/Ch/nHA scaffold. Down: SEM observation of hAD-MSCs
c brous
o

o
P
a

t
H

overage on PCL(A), PCL/Ch(10)(C), PCL/Ch(10)/nHA(E) and PCL/Ch(10)/nZnHA(G), fi
bserved with SEM at the same magnification before cell seeding (B, D, F and H).

bserved for PCL/Ch(10)/nZnHA nanofibrous scaffold. However,
CL/Ch(10)/nHA also contained significantly more cells than PCL

nd PCL/Ch(10) scaffolds.

Mechanism of osteoblast-like cells adhesion onto metal ion con-
aining bioceramics has been recently studied and reported by
oppe, Guldal, and Boccaccini (2011) in great details.
 scaffolds, scale bars represent 2 �m,  for the sake of comparison the scaffolds were

Zn2+ ions are well known for anti-inflammatory/antibacterial
(Kumar et al., 2012) effect accompanied by stimulating bone

formation in vitro, which is initiated by protein synthesis in
osteoblast-like cells. Zn2+ ions also, reportedly increase ATPase
activity and regulate transcription of osteoblastic differenti-
ation genes such as collagen, osteopontin and osteocalcin
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mer  scaffolds with gradient porous microstructures. Materials Letters,  62,
42 F.M. Ghorbani et al. / Carbohyd

Hoppe et al., 2011; Horiuchi et al., 2014). The MTT  assay results
n this study clearly have shown that synergistic effect of blend-
ng with chitosan (as a natural polymer), composite preparation

ith HA and particularly, Zn doping at small quantity of about 5%
n a nanofibrous scaffold morphology could result in remarkable
nhancement of hAD-MSCs proliferation only after 5 days culture.

. Conclusion

A natural biodegradable polysaccharide, chitosan, and a FDA
pproved synthetic biodegradable polymer, poly(�-caprolactone),
ere blended with non-stoichiometric zinc-doped hydroxyapa-

ite nanoparticles(nZnHA) using a mixed formic acid/acetic acid
olvent system to electrospin nanofibrous scaffolds. The average
ber diameter was increased from a minimum of about 136 nm,
easured for PCL/Ch(50), to about 210 nm recorded for the same

lend containing nZnHA (5 wt% of total polymer content). Blend-
ng of PCL with chitosan resulted in better hydrophilicity (a
oubled hydration for PCL/Ch(10), compared to pure PCL), how-
ver, hydration value decreased slightly when nHA (5 wt%) was
dded into the blend. PCL/Ch(10)/nHA, had higher elastic mod-
lus (about 3-fold) and tensile strength (nearly 1.5-fold) than
he corresponding PCL/Ch scaffold. AFM study showed that nHA
omponent led to a higher fiber surface roughness. Also, the
nalysis by SEM and EDX analyses confirmed uniform distribu-
ion of nZnHA in the composite nanofibers. PCL/Ch, PCL/Ch/nHA
nd PCL/Ch/nZnHA scaffolds supported adhesion and prolifera-
ion of adipose derived mesenchymal stem cells (hAD-MSCs).
AD-MSCs proliferated on different scaffolds at a rate order of
L/Ch(10)/nZnHA > PCL/Ch(10)/nHA > PCL/Ch(10) > PCL of five days
ost culture.

The MTT  assay result in this study clearly showed that Zn2+

ons also encouraged hAD-MSCs proliferation. Synergistic effect of
lending with chitosan (as a natural polymer), composite prepa-
ation with HA and Zn doping at small quantity of about 5%,
n a nanofibrous scaffold morphology could result in significant
nhancement of hAD-MSCs proliferation. Since such scaffolds facil-
tated attachment and proliferation of hAD-MS cells, we may
ecommend that they are promising candidates for bone tissue
ngineering. Further studies are ongoing to monitor the effect
f this composite on hAD-MSCs proliferation/differentiation in
itro/in vivo as a function of nHAZn content.
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