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Abstract Bone tissue engineering literature conveys
investigations regarding biodegradable polymers where
bioactive inorganic materials are added either before or
after electrospinning process. The goal is to mimic the
composition of bone and enhance the biocompatibility of
the materials. Yet, most polymeric materials are hydro-
phobic in nature; therefore, their surfaces are not favorable
for human cellular adhesion. In this sense, modifications of
the hydrophobic surface of electrospun polymer fibers with
hydrophilic and bioactive nanoparticles are beneficial. In
this work, dispersion of hydroxyapatite (HAp), which is
similar to the mineral component of natural bone, within
biodegradable and biocompatible polymer poly(3-hydro-
xybutyrate-co-3-hydroxyvalerate) (PHBV) with the aid of a
surfactant has been investigated. Non-ionic TWEEN20 and
12-hydroxysteric acid (HSA), cationic dodecyl trimethyl
ammonium bromide (DTAB) and anionic sodium deoxy-
cholate and sodium dodecyl sulfate (SDS) surfactants were
used for comparison in order to prepare stable and
homogenous nanocomposite suspensions of HAp/PHBV
for the electrospinning process. Continuous and uniform
composite nanofibers were generated successfully within a
diameter range of 400-1,000 nm by the mediation of all
surfactant types. Results showed that incorporation of HAp
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and any of the surfactant types strongly activates the pre-
cipitation rate of the apatite-like particles and decreases
percent crystallinity of the HAp/PHBV mats. Mineraliza-
tion was greatly enhanced on the fibers produced by using
DTAB, HSA, and especially SDS on where also osteo-
blastic metabolic activity was similarly increased. The
produced HAp/PHBV nanofibrous composite scaffolds
would be a promising candidate as an osteoconductive
bioceramic/polymer composite material for tissue engi-
neering applications.

1 Introduction

Bone tissue engineering has gained significant interest over
the last decade since it offers a new and promising
approach for bone repair and regeneration. A range of new
materials and a variety of processing techniques have been
developed to mimic bone extracellular matrix (ECM) for
potential applications as tissue engineering scaffolds [1].
Therefore, it is important to design materials with structure,
composition and properties similar to bone ECM [1, 2]. An
ideal scaffold should support cell attachment, proliferation
and differentiation while providing a porous network for
cell nutrients and cellular waste products transport and
tissue in growth [3, 4]. Its degradation rate should match
the rate of new tissue formation and both the degradation
products and the scaffold itself must be biocompatible.
Also, the scaffold should have sufficient mechanical
properties so as to provide structural support for the new
tissue formation [5, 6]. The bone ECM is a type of organic—
inorganic nanocomposite composed mainly of organic
collagenous fibers within which inorganic HAp nanocrys-
tals are embedded. Hence the approach of using inorganic
materials with the aim of achieving both bone-specific
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biofunctionality and mechanical properties with biode-
gradable organic polymers has attracted much attention in
developing synthetic ECM matrices [1, 3, 7-9]. Three
different methods have been used in the production of
nanofibrous scaffolds for tissue engineering; electrospin-
ning, self-assembly and phase separation [10-15]. Among
these, electrospinning is considered as the simplest and
cheapest way of generating nanofibrous scaffolds. Above
all, electrospinning has received significant attention
because of the structural similarity of the nanofibrous
matrices fabricated to collagenous ECM [5, 16, 17].
However, it should be remarked that electrospinning of
organic—inorganic compounds requires special attention in
terms of solution preparation since incorporating inorganic
particles in a polymer matrix brings about processing and
dispersion problems [1, 18, 19]. In order to overcome these
difficulties, some alternative methods have been developed
by various researchers to produce organic—inorganic com-
posite nanofibers via electrospinning.

Song et al. [8] produced a composite mat composed of
collagen and hydroxyapatite (HAp) with a finely tuned
experimental procedure using electrospinning method. HAp—
collagen nanocomposite solution for the electrospinning was
prepared first by mineralizing HAp nanocrystals within col-
lagen matrix then freeze drying the co-precipitated product
and finally dissolving it in an organic solvent. The electro-
spun mat showed a well developed fibrous morphology with
a HAp content of up to 20 wt% and favored MC3T3-El
osteoblastic cells’ adhesion and growth. The same group also
produced HAp precipitate/gelatin matrix nanocomposites
potentially applicable in the field of guided tissue regenera-
tion by using the same procedure [20]. Besides natural
polymers, synthetic degradable polymers such as PLA, PCL,
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
have also been used in the electrospinning of composite
fibers [21]. However, inorganic nanoparticles tend to
agglomerate and cannot be homogenized well in the syn-
thetic polymer solutions due to hydrophobic nature of syn-
thetic degradable polymers compared to hydrophilic natural
polymers. In an ordinary, HAp and synthetic polymer
blending system, only physical adsorption is achieved
between HAp particles and polymer matrix resulting in low
mechanical properties [1]. Therefore, interface adhesion of
HAp particles and polymer matrix plays a major role in the
properties of the organic—inorganic composites. In order to
increase the interfacial strength between HAp and synthetic
degradable polymer, a variety of methods have been pro-
posed. Hong et al. [22] developed the method of grafting
PLLA onto the hydroxyl group of the surface of n-HAp
particles through a chemical linkage by ring-opening poly-
merization of L-lactide in the presence of stannous octanoate
[Sn(Oct),] as catalyst. The PLLA-g-HAp particles dispersed
more uniformly into chloroform than the non-grafted one
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resulting in PLLA-g-HAp/PLLA composites that have better
mechanical properties than simple n-HAp/PLLA blends. Xu
et al. [23] also produced composite fibers consisting of
poly(L-lactide)-grafted HAp (PLA-g-HAp) nanoparticles and
polylactide by electrospinning and determined that at 4 wt%
of PLA-g-HAp, the nanoparticles dispersed uniformly in the
fibers but when the amount of PLA-g-HAp increased, the
nanoparticles began to aggregate, which caused the deterio-
ration of the mechanical properties of the composite fiber
mats. It was also shown that increasing PLA-g-HAp content
increased the degradation rate of the composite mats due to
the enhanced wettability of the composite fibers and the ease
of escape of the nanoparticles from the nanofiber surfaces
during incubation. Another possible way of incorporating
bioactive inorganic nanoparticles evenly within the poly-
meric matrix is through the introduction of ultrafine particles.
For example, Fujihara et al. [24] fabricated guided bone
regeneration membranes from PCL-CaCO; composite
nanofibers with two different calcium carbonate (CaCOs)
ratios (25 and 75 wt%) by using electrospinning method.
Composite fibers containing ultrafine CaCOj particles with a
size of ~40 nm showed good mechanical properties as well
as osteoblastic adhesion and growth. Ramakrishna et al. [25]
developed PCL/nHAp (~51 nm)/collagen biocomposite
fibrous scaffold, which can provide mechanical support and
growth of human fetal osteoblasts for tissue engineering of
bone. Kim et al. [26] prevented agglomeration of nanopar-
ticles and bead formation during electrospinning by using
ultrafine HAp nanocrystals (~35 nm in size) obtained by a
sol-gel process and introducing a surfactant, 12-hydroxys-
teric acid (HSA). The surfactant acted as a mediator between
the hydrophilic HAp powder and the hydrophobic PLA
dissolved in chloroform and caused HAp to remain stable in
suspension. Continuous and uniform composite fibers
obtained with diameters of ~1-2 um were shown to pro-
mote the osteoblastic cell attachment and proliferation. Ito
et al. [27] also proposed an alternative way of producing a
composite of HAp with PHBV. First, PHBV nanofibrous film
was fabricated by electrospinning and then composited with
HAp by soaking in simulated body fluid (SBF). It was
observed that HAp mineralization enhanced the hydrophi-
licity and thus the biodegradation rate of the nanofibrous film
whereas no positive effect was observed in terms of COS-7
cell adhesion.

In this study, we present a facile way of preparing stable
HAp-PHBV composite suspensions including both an
organic salt and a surfactant for electrospinning. PHBYV,
which is the main matrix, was chosen due to its biode-
gradability and biocompatibility as well as it has longer
degradation time than PLA and PLGA polymers [28]. Also,
the ultimate degradation product of PHBV is hydroxybu-
tyric acid which is the normal constituent of human blood
[29-31]. Organosoluble salt benzyl triethylammonium
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chloride (BTEAC) was used to maintain continuous spin-
ning and uniform composite fibers were produced
throughout spinning. However, order and amount of
organic salt addition at the suspension preparation stage
was highly important, otherwise stability of the composite
suspension could be ruined easily. Also, different types of
surfactants [neutral surfactants: HSA, TWEEN20; anionic
surfactants: sodium dodecyl sulfate (SDS), sodium
deoxycholate (DOC); cationic surfactant: dodecyl tri-
methyl ammonium bromide (DTAB)] were chosen so as to
disperse HAp within the PHBV matrix in a homogenous
manner as well as to investigate the effects of surfactant
types on the surface morphology and crystallinity of the
electrospun fibers and on the biomineralization rate of
apatite like minerals. Finally, the proliferation and viability
of osteoblastic cells on electrospun fibers with the selected
surfactants are discussed.

2 Materials and methods
2.1 Materials

PHBV (PHV content 5 wt%), HAp nanopowder (particle
size <200 nm), BTEAC and chloroform (CHCl;) were
purchased from Sigma-Aldrich. HSA, SDS, TWEEN20,
DOC and DTAB were obtained from Alfa Aesar. SaOS-2
human osteoblast cell line was purchased from ATCC,
Manassas, VA. USA. Fetal bovine serum (FBS) was
obtained from BIOCHROM AG, Germany. L-Glutamine
and antibiotic and antimycotic formulation were supplied
from Invitrogen Corp., USA. All the chemicals were used
as received without further purification. Except specified,
all other biomineralization and cell culture media and
reagents were purchased from Sigma-Aldrich.

2.2 Production of HAp/PHBV nanofibers

HAp nanopowder and PHBV were used in order to produce
bioceramic—biopolymer composite nanofibers. First, one of
the surfactants HSA, TWEEN20, DOC, DTAB, or SDS
was dissolved in chloroform at 0.2 % w/v, with respect to
chloroform concentration. Then, HAp nanopowder (5 %
w/v) was added to that solution. Milky dispersion of HAp
nanopowder was obtained in chloroform with the aid of the
surfactant by using an ultrasonic mixer. Meanwhile, 0.9 g
of PHBV including an organosoluble salt BTEAC (2 wt%)
was dissolved in 5 mL of chloroform at 50 °C. Finally,
dispersed HAp nanopowders were mixed with the PHBV
solution at an equal volume. Stirring that continued 2 h at
50 °C was followed by stirring at room temperature until a
single-phase suspension was obtained.

For the production of composite nanofibers by elec-
trospinning process, HAp/PHBV suspensions were loaded
into a plastic syringe equipped with a 22-gauge stainless
steel needle, which was connected to a high positive
voltage supply (Gamma High Voltage ES30). Electros-
pinning parameters used were optimized with respect to
our preliminary studies. An aluminum foil collector was
placed at a distance of 15 cm below the tip of the needle
and the solution was fed at 1.0 mL/h rate using a syringe
pump (Top Syringe Pump Top-5300). Nanocomposite
fibers were collected by applying a high voltage of 20 kV.

2.3 Biomineralization

The electrospun scaffolds were placed in falcon conical
tubes containing 10 mL SBF (pH 7.4) which was prepared
according to Kokubo and Takadama [32] and were incu-
bated in a water bath at 37 °C for 5 weeks. SBF solutions
were changed every 48 h. After biomineralization, the
nanocomposite fibers were washed three times with
deionized water to remove residual salts and dried at room
temperature before further analysis.

2.4 Cell culture

Sa0S-2 cells from a human osteosarcoma cell line with
osteoblast-like properties were cultured in McCoy’s medium
5A expansion media, supplemented with 15 % FBS, 1 %
L-glutamine and 0.1 % penicillin/streptomycin (10,000 units/
mL penicillin-10,000 pg/mL streptomycin) at 37 °C in a
5 % CO, humidified environment. This cell line has been
reported to show characteristics of osteoblastic phenotype
and mineralization under these conditions, and has been used
as a model osteoblastic cell line for various biomaterials
studies [33-35]. After a subconfluent monolayer was
achieved, cells were harvested by gentle digestion with
0.05 % trypsin/EDTA, counted with a hemocytometer, and
suspended in fresh media before seeding onto scaffolds.
All scaffolds were sterilized both by irradiation ultra-
violet (UV) light for 1 h for each surface and by immersion
in 70 % ethanol for overnight. After the incubation with
ethanol, scaffolds were centrifuged with fresh 70 % etha-
nol for three times (100 g for 10 min). After hydration
through an ethanol series (70-10 %), they were washed
with phosphate buffered saline (PBS) three times and
conditioned with complete culture medium for 2 h. Scaf-
folds were drained on sterile gauze to remove excess media
and then placed in 96-well culture plates coated with
agarose to avoid cell migration onto the plate surface.
25 uL of cell suspension at a density of 1.0 x 10* cells/
well was applied dropwise to the top surface of the scaffold
which fully absorbed the media, allowing the cells to dif-
fuse throughout the scaffold. After 60 min, 175 pL of
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complete culture media were added onto the culture plates.
Cells on scaffolds were cultured for up to 14 days in 5 %
CO,, humidified atmosphere at 37 °C and the media were
changed every other day. All experiments were repeated
two times and performed in triplicate (n = 3).

2.5 MTT assay

Sa0S-2 cell proliferation and viability on the scaffolds
were quantitatively evaluated via MTT assay [36]. The
assay is dependent on the cellular reduction of MTT
[3-(4,5-dimethylthialzol-2-yl)-2,5-diphenyltetrazolium bro-
mide], by the mitochondrial dehydrogenase enzymes of
viable cells, to a blue formazan product which can be
measured by a spectrophotometer. The amount of purple
formazan crystals formed is proportional to the number of
viable cells. 3, 7, 10, and 14 days after cell seeding, culture
medium from each well was aspirated and replaced with
10 pL per well of MTT solution (5 mg/mL in McCoy’s
medium 5A without serum) for each scaffold in 96-well
culture plates. The plate was incubated for 4 h at 37 °C.
The media were aspirated and the cells were then lysed
using 100 pL. per well of dimethylsulfoxide (DMSO) to
release and solubilize formazan crystals. After 10 min of
rotary agitation, the absorbance of the DMSO solution at
570 nm (690 nm ref.) was measured using a UV/Visible
spectrophotometer (Molecular Devices-Versa Max).

The statistical analysis was performed using one-way
analysis of variance (ANOVA) method. Post-hoc multiple
comparisons of the mean of independent groups were made
using Tukey test at statistically significant value, P < 0.05.

2.6 Alkaline phosphatase (ALP) activity

ALP activity of the samples after 14 days was measured
using a colorimetric ALP Assay Kit (Abcam 83369). ALP
catalyzes the hydrolysis of phosphate esters in alkaline
buffer and produces an organic radical and inorganic
phosphate. The kit is based on this reaction that uses
p-nitrophenyl phosphate (pNPP) as a phosphatase substrate
which turns yellow (A.x = 405 nm) when dephosphoryl-
ated by ALP. The cells on the scaffolds were washed with
PBS and homogenized in the assay buffer. Homogenates
were centrifuged at 13,000xg for 3 min to remove insol-
uble material. 80 pL supernatant was transferred to 96-well
plates and 20 pL stop solution was added on each well
20 pL to terminate ALP activity in the sample. 50 pL of
the 5 mM pNPP solution was added to each well con-
taining the test samples and background controls, and
incubate the reaction for 60 min at 25 °C in the dark. The
standard curve was prepared by 0, 4, 8, 12, 16, 20 nmol/
well pNPP standard provided by the manufacturer using the
same procedure. OD was measured at 405 nm using a
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UV/visible spectrophotometer (Molecular Devices-Versa
Max), and the ALP activity was calculated by the formula:

ALP activity (U/mL)=A/V /T (1)

where A is amount of pNPP generated by samples (in
pmol), V is the volume of sample added in the assay well
(in mL), and T is reaction time (in min). The Unit (U) used
in this protocol is Glycine Unit that translates to the amount
of enzyme causing the hydrolysis of one micromole of
pNPP per minute at pH 9.6 and 25 °C (glycine buffer). In
order to normalize the results with the cell numbers, the
resulting ALP activity was divided by the viable cell
absorbance obtained from MTT tests, and ALP activity was
graphed as ALP activity per viable cell absorbance.

2.7 Cell morphology

The cell morphology of the SaOS-2 osteoblast-like cells on
scaffold surfaces after cell culture for 7 and 14 days was
observed using scanning electron microscopy (SEM, JSM-
6060 JEOL). The media were aspirated from culture wells, the
scaffolds were washed with 0.1 M sodium cacodylate buffer
and fixedin2.5 % glutaraldehyde in 0.1 M sodium cacodylate
at 4 °C for 2 h, and post fixed in 1 % osmium tetroxide in
0.1 M cacodylate for 90 min in the dark. Following a buffer
rinse, the samples underwent gradual dehydration in an etha-
nol series. Finally, samples were placed in HMDS for 45 min,
allowed to dry overnight, and stored in a desiccator. Samples
were sputter-coated with gold—palladium prior to imaging.

2.8 Characterization

Solution conductivity was measured with a conductivity
meter (WTW Cond 3110SET1). The effects of different
types of surfactants on the surface morphology of the
nanocomposite fibers, apatite like mineral formation while
incubating in SBF and osteoblastic cellular responses were
investigated by SEM. The average diameter of electrospun
fibers was estimated from the SEM micrographs via Image
J program. For each sample, the fiber diameter was mea-
sured at 100 different points. Dispersion and presence of
HAp on the fiber surface before mineralization and
chemical composition of the minerals formed during bio-
mineralization were investigated by EDS and EDS/Map-
ping analyses. Fourier transform infrared spectroscopy
(FTIR) (Perkin Elmer Spectrum BX) was also used to
determine the chemical composition of the nanofibers and
apatite like crystals in the wave number range of
500-4,400 cm™' with a resolution of 4 and 25 scans per
sample. Determination of the crystal structure of apatite
like particles was performed on a Rigaku D/Max. 2200/RC
Model X-ray diffractometer (XRD) with Cu—Ka radiation
(1.5406 A) using a 0.05° step size and a 2 s dwell time.
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Table 1 Solution conductivities and average diameters of the samples
Sample Sample code Solution conductivity Average
(puS/cm) diameter (nm)
%9 PHBV/%2 BTEAC PHBV 1.7 571 £ 160
%9 PHBV/Nano HAp/%2 BTEAC/%0.2 HSA PHBV-HSA 1.8 622 + 129
%9 PHBV/Nano HAp/%2 BTEAC/%0.2 TWEEN20 PHBV-TWEEN20 1.8 822 + 186
%9 PHBV/Nano HAp/%2 BTEAC/%0.2 SDS PHBV-SDS 1.5 815 £ 171
%9 PHBV/Nano HAp/%2 BTEAC/%0.2 DOC PHBV-DOC 1.3 574 + 138
%9 PHBV/Nano HAp/%2 BTEAC/%0.2 DTAB PHBV-DTAB 29 714 £ 150

All diameters were presented as mean =+ standard deviation (SD)

Thermal analyses of the mats before and after biomin-
eralization were performed using a thermogravimetric
differential thermal analysis (DTA/TGA) (Shimadzu DTG-
60H). Samples were scanned from 25 to 700 °C under a
nitrogen atmosphere with a heating rate of 10 °C/min.
From the DTA curves, apparent melting (T,,,) and decom-
position temperatures (Tgecomp.) Were estimated and the
data for enthalpy of fusion (AHy) of each composite mat
was determined from the area under the melting peak.
Relative degree of crystallinity, X., of the mats were then
calculated using the enthalpy of fusion value by the fol-
lowing equation;

XC(%) :AHf/(WPHB\/ X AHref) x 100 (2)

where Wpypy is the weight fraction of PHBV in the sample
and AH, is the enthalpy of fusion of 100 % crystallized
PHBYV which is 146 J/g [37].

3 Results

3.1 Nanocomposite fiber production
and characterization

The composite solution was prepared from PHBV (9 wt%),
HAp (5 wt%), BTEAC (2 wt%) and 0.2 wt% of one of the
selected surfactants according to our preliminary studies
and a stable suspension was maintained for at least 24 h
without any phase separation. Then, the composite sus-
pension was electrospun with the optimized processing
parameters (voltage: 20 kV, flow rate: 1 mL/h, distance:
15 cm). For all the processing parameters, the average
diameters of the fibers were about 400-1,000 nm
(Table 1). Six different types of electrospun fibers obtained
from solutions with conductivities ranging from 1.3 to
2.9 uS/cm were coded as shown in Table 1.

Continuous electrospinning was achieved for all sam-
ples without any bead formation. SEM images of the HAp/
PHBV composite nanofibers containing both one of the
listed surfactants and BTEAC are given in Fig. 1. Bright

spots due to HAp components were clearly visible at a
magnification of 5,000 and Ca/P ratios were found about
1.67 by EDS analysis. Figure 2 shows EDS/Mapping
spectra of the HAp/PHBV composite nanofibers. All
mapping results revealed uniform distribution of Ca on the
PHBYV fibers.

3.2 Biomineralization studies

The bone-bonding or calcification ability was evaluated by
analyzing apatite formation on the surface of the electro-
spun mats in SBF solution containing ion concentrations
nearly equal to human blood plasma. For the first week of
SBF incubation, formation of apatite like minerals was
commenced only in PHBV-SDS mat. After 3 weeks in
SBF plenty of apatite like minerals nucleated on the surface
of PHBV-HSA mat whereas slight amount of mineral
clusters were detected on PHBV-DOC mat. Furthermore,
as shown in Fig. 3, intense formation of apatite like min-
erals was observed throughout the PHBV-SDS mat. Even
though no apatite formation was detected at the third week
of biomineralization on the PHBV-TWEEN20 and PHBV-
DTAB mats, increased amount of apatite like mineral
clusters was observed at the end of fifth week in biomin-
eralization for all samples. Formation of a continuous layer
of apatite like minerals was observed for PHBV-SDS mat
and also fibers of PHBV-HSA and PHBV-DTAB mats
were completely covered (Fig. 4). No apatite-like mineral
formation was observed for PHBV mats as expected indi-
cating that HAp incorporation enhanced the nucleation and
adhesion of apatite-like minerals.

3.3 FTIR analysis

The FTIR spectra of all the mats before and after biominer-
alization showed similar peaks due to PHBV matrix and HAp
composition. As the surfactants’ quantity was low with
respect to polymer concentration, the most intense IR bands
of the surfactants could not be detected. FTIR spectra of
PHBV-DTAB mat before and after mineralization for
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Fig. 2 EDS mapping spectra of HAp/PHBV composite nanofibers where pink spots represent Ca (magnification—5,000x)

5 weeks were given as an example in Fig. 5. C=O0 stretching
vibration of PHBV appeared at 1,726 cm_l, whereas C-O
stretching bands were at 1,278 and 1,054 cm~ . C-H
stretching bands were at around 2,978 and 2,935 cm™!
besides C-H bending vibrations appeared at 1,453 and
1,380 cm™'. New bands of P-O stretching and bending
vibrations appeared at 1,200-900 and 700-500 cm ™" region
respectively due to HAp incorporation into the PHBV
matrix. After biomineralization C=0 and C-O stretching
vibrations of the PHBV matrix showed a sharp decrease in
intensity which is an indication of highly dense deposition of
HAp. Characteristic peaks of apatite POi_ groups showed at
1,016 and 960 cm ™' which were assigned to asymmetric and
symmetric stretching vibrations respectively. Also, 600 and
560 cm ™! bands arose from the P-O bending modes of the
phosphate groups.
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3.4 XRD analysis

XRD diffraction patterns of PHBV-DTAB mats before and
after biomineralization for 5 weeks were given in Fig. 6.
Characteristic peaks of PHBV were at 20 = 13.6°, 17.1°,
25.7° (ref 116) where additional peaks related to HAp
appeared at 20 = 31.7°, 32.1°, 32.9° (JCPDS no: 00-009-
0432) after incubation in SBF.

3.5 Thermal analysis of HAp/PHBV nanocomposite
fibers

Thermal properties of the nanocomposite fibers were
investigated using DTA/TGA and their apparent melting
peak temperature, enthalpy of fusion, theoretical and
experimental % crystallinity and polymer decomposition
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Fig. 4 SEM images of the HAp/PHBV composite nanofibers after incubation in SBF at 37 °C for 5 weeks

temperature data were given in Table 2. The weight
fraction of the polymer used to calculate theoretical and
experimental percent crystallinities of the mats were
determined from the quantities of constituents of the
nanocomposite suspension and from the weight loss value
obtained from TGA thermograms due to organic fraction,
respectively (Table 2). Theoretical and experimental
crystallinities of nanocomposite mats exhibited similar
values.

Addition of HAp and neutral surfactants, especially
TWEEN?20, did not significantly influence the crystallinity
of nanocomposite mats with respect to PHBV mat.

However, addition of ionic surfactants decreased the
crystallinity of the mats which might be due to repulsion of
the charges decreasing interaction between the polymer
chains. Theoretical % crystallinity of PHBV mats
decreased from 57.2 to 34.5 after 5 weeks of incubation in
SBF. This decrease may induce the degradation of the
polymer chains as chain scission can occur in the amor-
phous part of the scaffold matrix. The fastest mineralized
PHBV-SDS mats showed slight change in crystallinity
besides slowest mineralized PHBV-DOC and PHBV-
TWEEN20 mats resulted in lowest % crystallinity after
mineralization (Table 2). It can be claimed that early
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Fig. 6 XRD patterns of PHBV-DTAB mat before and after miner-
alization for 5 weeks

deposition of minerals on PHBV-SDS mats shields the
polymer from SBF solution whereas uncoated regions on
the PHBV-DOC and PHBV-TWEEN20 mats surface
maintain the interaction between the polymer and SBF
solution. In addition, even though PHBV-HSA and
PHBV-DTAB mats showed good mineralization in SBF,
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their % crystallinity values decreased more than PBHV-
SDS mat after incubation. These results might be correlated
with the slower mineralization rates of these two mats that
interacted longer with SBF with respect to PHBV-SDS
mat.

Actual weight percentage of HAp in the composite mats
and weight gain after incubation were determined from
thermal gravimetric analyses. Starting from theoretical
19.3 wt% HAp in all the mats before mineralization, HAp
content was increased to 60-70 wt% after 5 weeks of
immersion in SBF with no significant change with respect
to the surfactant type. The actual weight percentages of
HAp were found to be similar to the intended theoretical
compositions meaning that HAp was homogenously dis-
tributed on the composite nanofibers. Figure 7 shows the
TGA thermograms of the PHBV and PHBV-DTAB com-
posite nanofiber mats before and after incubation in SBF
for 5 weeks. PHBV and PHBV-DTAB mats were found to
contain 3.8 and 20.1 wt% inorganics before mineralization
and inorganic contents were 4.4 and 69 wt% after miner-
alization. No distinct inorganic content change was
observed for PHBV mats. These results suggest that
incorporation of HAp clearly enhanced the quantity of the
deposited minerals on the mats surface.

3.6 MTT assay

The MTT results revealed that all scaffolds favored
osteoblastic cell attachment and proliferation (Fig. 8). The
cell proliferation increased about fivefold from 3 to
14 days for all types of scaffolds whereas the cells prolif-
erated gradually on the control group.

3.7 ALP activity of cells

ALP activity expressed by SaOS-2 cells seeded on different
scaffolds was assessed after 14 days of culture period
(Fig. 9). The ALP activity was higher on the PHBV-SDS
scaffold compared to PHBV-HSA and PHBV-DTAB,
which were still higher than on polystyrene tissue culture
plates.

3.8 Cell morphology

After cell culture for up to 14 days, cells on the nanofibrous
scaffolds were observed to be spreading well. The cell
morphology on the various scaffold surfaces was observed
by SEM. Cell growth was evident and cellular morphology
was similar regardless of the scaffold type. After 14 days
of incubation, the SaOS-2 osteoblast-like cells showed a
randomly oriented, well-spread and flattened morphology
on all composite mesh surfaces as shown in Fig. 10. They
exhibited a polygonal shape with lamellipodia and
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Table 2 Thermal properties Sample T, (°C) AH; X, (%, Before incubation) X (%, After  Taccomp
and apparent crystallinity of (/g incubation)
HAp/PHBV mats Theoretical ~ Experimental
PHBV 171.6 80.4 56.3 57.2 34.5 269.3
) PHBV-HSA 170.6 57.8 514 52.1 36.1 256.3
T apparent melting peak PHBV-TWEEN20 1715 662 589 57.0 28.6 258.6
temperature, AH; apparent
enthalpy of fusion, X, PHBV-SDS 173.4 527 469 472 41.6 236.4-273.3
crystallinity indeX, Tgecomp PHBV-DOC 164.3 56.9 50.6 47.7 31.6 232.1
decomposition temperature of PHBV-DTAB 163.6 505 46.9 472 37.2 262.9
polymer
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Fig. 7 TGA curves of PHBV and PHBV-DTAB mats before and
after mineralization for 5 weeks
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Fig. 8 Cell viability on PHBV-DTAB, PHBV-HSA and PHVB-
SDS scaffolds after 3, 7, 10, and 14 days of culture. The experiment
was repeated two times and in triplicate (n = 3) for each sample.
Data are shown as averages with the error bars indicating standard
deviation, * P < 0.05

Control PHBV-SDS PHBV-HSA PHBV-DTAB

Fig. 9 ALP expression by SaOS-2 cells seeded on different scaffolds
after 14 days of culture period (data are expressed as mean + SD;
n=3,*P<005%P<0.01)

filopodia that reached into the interspaces between the
nanofibers, indicating a good interconnection between the
cells and the nanofibers.

4 Discussion

The development of PHBV nanofibers with HAp via
electrospinning has enhanced the scope of fabricating
scaffolds that mimic the architecture of natural bone tissue.
However, HAp, as a hydrophilic ceramic powder, shows
low affinity to organic solvents which results in ceramic
agglomerates within polymers [26]. Therefore, in order to
obtain continuous and uniform ceramic-filled biocomposite
fibers, surfactants were used as a mediator between the
hydrophilic HAp and hydrophobic PHBV in chloroform.
Also, BTEAC was used as an organosoluble salt to help
improving the electro-spinnability of the composite sus-
pension as well as the morphological uniformity of the
HAp/PHBV composite fibers (Figs. I, 2). One of the
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PHBV-SDS (day 7)

Ve
e

Fig. 10 SEM images of osteoblast cell (SaOS-2) adhesion and spreading on (a) PHBV-HSA, (b) PHBV-SDS, (c¢) PHBV-DTAB mats after 7

and 14 days of culture

disadvantages of using salt is that; salt addition decreases
stability of the suspensions. However, addition of salts
increases the charge density in ejected jets and thus,
stronger elongation forces are imposed to the jets due to
self repulsion of excess charges under the electrical field
resulting in smaller diameter of electrospun fibers [38—40].
Therefore, the amount of salt added was finely tuned and
the order of addition of the constituents was significant so
as to retain the stability of the composite suspension.

Biomineralization on scaffolds in SBF has been regarded
as evidence for the in vitro bioactivity of materials [32]. It has
been shown previously that CaP coating on different metal
implants and polymers increase proliferation rate of osteo-
blastic cells. CaP coatings are applied on orthopaedic implants
particularly to enhance initial fixation and improve osseoin-
tegration [41]. CaP coatings were also shown to enhance
human bone marrow-derived mesenchymal cells’ differenti-
ation to osteogenic lineage (e.g. osteopontin and osteonectin)
and osteoblast synthetic activity (e.g. ALP activity, collagen
typeI) [41]. Similarly, polymer/CaP composite scaffolds have
been shown to increase in vitro bone ECM formation and
mineralization compared to scaffolds without a biomimetic
CaP component [42-44]. Osteoblasts are involved in bone
metabolism and participate in calcium/phosphate homeosta-
sis. Therefore existence of calcium ions in their microenvi-
ronment could enhance osteoblasts’ proliferation and
expression of phenotype [45-47].

Intrinsic osteoconductivity of apatite minerals can also
be attributed to their high protein adsorption capacity,
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particularly adhesion proteins such as fibronectin and vi-
tronectin from the serum. The adsorption of proteins on
biomaterial surfaces is a complex process, and requires that
the proteins to retain their bioactive conformation upon
contact with the surface [48-52]. Initial adhesion of cells is
primarily influenced by the binding of integrins on the cell
surface to these adhesion molecules. Integrin binding
generates intracellular signals that affect cell cytoskeletal
organization and in turn spreading and subsequent cellular
responses [42, 53].

Material surface physico-chemical properties are the
dominant factors influencing cellular adhesion, spreading
and proliferation on a biomaterial surface [34, 54-56].
Nanofibers provide a high surface area-to-volume ratio that
triggers cell attachment and growth and enhance tissue
regeneration when compared with other types of scaffold
microstructures. Cell attachment is the first phase of cell-
material interactions and influences the growth, morphol-
ogy, proliferation and differentiation of a cell. Highly
porous and interconnected nanofibrous microstructure
provided by electrospinning is rather favorable for tissue
engineering applications, particularly for anchorage
dependent cells such as osteoblasts [1, 3, 43, 57]. Besides
good cell anchorage, this specific microstructure also fur-
nish space for vascular ingrowth to provide optimal nutri-
ent and oxygen transport to the tissue-engineered bone
[58, 59]. Our SEM observations indicate that the osteo-
blasts show a flat form extended in all directions and they
have strong binding and affinity to all nanofibrous surfaces
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(Fig. 10). Polygonal shape is characteristic for osteoblastic
lineage [54, 59]. This shows good biocompatibility and
favorable properties for osteoblastic cell growth.

Polarity and surface energy is another major factor
regulating cell behavior [60, 61]. Surfaces with enhanced
polarity are shown to promote the attachment of chondro-
cytes [62], osteoblasts [63], and fibroblasts [64]. Barber
and coauthors [65] stated that molecular reorientation of
functional groups towards or away from electrospun fiber
surfaces can be controlled using different applied voltage
polarities during electrospinning so that polar groups that
are mobile inside the electrospinning liquid jet will orient
relatively to the applied voltage charge. When the miner-
alization rates of the mats were compared, PHBV-SDS mat
was by far the fastest one, followed by PHBV-HSA and
PHBV-DTAB mats (Fig. 4). We believe that electrospin-
ning with a positive voltage caused orientation of anionic
surfactant SDS carrying HAp towards the nanofiber surface
better than the mat with a neutral or positively charged
surfactant producing denser preferential sites for nucleation
of apatite-like crystals. However, slow nucleation and
growth of crystals on the PHBV-DOC and PHBV-
TWEEN20 mats could be due to rigid steroidal structure of
the negatively charged surfactant DOC and branched
structure of neutral surfactant TWEEN20 containing eth-
ylene oxide side chains, respectively, limiting these sur-
factants’ mobility towards the fiber surface during the
electrospinning process. It is evident from our results that
use of anionic SDS surfactant improved biomineralization
on the fiber surfaces in SBF. This is supported by the
increased osteoblastic metabolic activity determined by
ALP on these surfaces (Figs. 8, 9). The natural life cycle of
an osteoblastic cell includes a proliferation period coupled
with some collagen production while phenotypic protein
expression is not substantial. This is followed by a period
of increased ALP expression, among other proteins,
indicating maturation. In natural bone remodeling, ALP is
involved in preparation of the ECM for deposition of
mineral. Therefore it is commonly used as a marker of
osteoblastic maturation [42, 54, 66, 67]. Higher ALP
activity on PHBV-SDS scaffold is parallel with the higher
biomineralisation rate on this scaffold. It was stated in the
literature that incorporation of HAp in polymer based
scaffolds increases ALP activity which is an early osteo-
genic marker for differentiation and it is important for the
construction of bone matrix [68]. It is also noteworthy from
the results that there is an inverse proportion between the
cell proliferation and ALP activity data. Oven et al. [69]
observed a reciprocal relationship between the decrease in
cell proliferation and the subsequent induction of bone cell
differentiation expressed by increased ALP activity.
Therefore, PHBV-SDS mat with the highest ALP activity
value and lowest cell number seems to be related to earlier

progression of differentiation compared to other mats.
Several rat, mouse, and human osteoblastic cell lines
including SaOS-2 were reported to carry calcium-sensing
receptors (CaR) causing them to respond to extracellular
calcium by proliferating and maturation [70-72]. In human
body, the level of Ca®t beneath a resorbing osteoclast
reaches 40 mM [73]. High levels of extracellular Ca>™ may
also provide osteoblastic cells an indication of ongoing bone
resorption, therefore triggering differentiation to maintain
the balance between bone resorption and formation.

Our experimental results show that osteoblastic adhe-
sion and proliferation, as well as ALP metabolic activity
has been mainly influenced by HAp deposition (biomin-
eralization) rather than scaffold microstructure, because all
the scaffold surfaces had a similar morphological topog-
raphy with non-woven nanofibrous mashes.

5 Conclusion

Continuous and uniform HAp/PHBV composite nanofibers
were successfully generated within a diameter range of
400-1,000 nm by the mediation of all surfactant types. The
experimental results showed that incorporation of HAp
with any of the surfactants activates the precipitation rate
of the apatite-like particles which in turn affects the percent
crystallinity of the composite nanofibers in SBF. However,
mineralization was greatly enhanced on the fibers produced
with the aid of flexible surfactants DTAB, HSA, and
especially SDS that are capable of carrying HAp towards
the nanofiber surface on where also osteoblastic metabolic
activity was similarly increased. The produced HAp/PHBV
nanofibrous composite scaffolds would be a promising
candidate as an osteoconductive bioceramic/polymer
composite material for tissue engineering applications.
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