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ABSTRACT

ARTICLE HISTORY

Design of a scaﬀold with convenient mechanical properties to emulate bone structure is a major
challenge for bone tissue engineers. In this study, porous ceramic scaﬀolds containing various
weight fractions of nano β-tricalcium phosphate (nβ-TCP) (with a particle size of about 50-70 nm)
were prepared by the replication method. Synthesised scaﬀolds were then coated with poly(3hydroxybutyrate) (PHB) for 30 and 60 sec. According to the morphological and mechanical tests,
it was determined that synthesised scaﬀold containing 50 wt.% of nβ-TCP with a coating time of
30 sec showed desirable properties in bone tissue engineering. The bioactivity of this scaﬀold
indicated that the bone-like apatite layers were well formed on the nanocomposite scaﬀold. Cell
culture study showed a signiﬁcant increase in cell proliferation between the coated, uncoated
and control sample after 5 days of cell culturing. The results conﬁrm that this nanocomposite
scaﬀold has good potential for bone tissue engineering applications.
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Introduction
Bone grafts and bone ﬁlling substitutes are needed for
repairing bone defects caused by congenital malformation, osteoporosis, diminished skeletal integrity,
cancer, tumour cavities, maxilla-facial, orthopaedic
and periodontal surgery, pseudarthrosis, tibia osteotomy, vertebral arthrodesis, sinus lift and common
fractures resulting from traumatic events [1–3].
Current strategies for repairing bone defects are
including autograft and allograft, but each one has
some drawbacks [4,5]. Autograft has signiﬁcant drawbacks such as donor site morbidity, inadequate availability, structural diﬀerences, infection, bleeding,
haematoma, increased operation time and extra cost
[6,7]. Allografts also pose several problems, such as
high failure rates in immunological response, disease
transmission and quality inconsistency [8]. Bone tissue engineering has been developed as one of the most
promising alternative approaches that may help in
solving the problems listed above.
Tissue engineering is a relatively recent interdisciplinary ﬁeld that involves the expansion of cells from
a small biopsy taken from patients, followed by culturing of the cells in temporary three-dimensional
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scaﬀolds to regenerate damaged tissues or organs to
its primary natural state [9,10]. The scaﬀolds made of
engineered
biodegradable
materials
provide
a temporary three-dimensional matrix for cell attachment, proliferation, migration, diﬀerentiation, extracellular template deposition and ultimately guide new
tissue formation and regeneration [9,11–13]. An ideal
scaﬀold for bone tissue engineering should meet several criteria. The criteria include open porosity, compressive strength and feasibility for cell migration [13].
The foam replication method enables the scaﬀolds’
formation with uniform and adjustable porosity for
these criteria [14]. In this method, polymeric sponges
like polyurethane sponge are used as templates to
fabricate ceramic cellular structures of diﬀerent pore
sizes, porosities and chemical compositions. Since
bone tissue is a natural composite material consisting
of an organic polymer phase (mainly collagen I) and
a mineral ceramic phase (mainly biological apatite),
the combination of ceramics with polymers for the
synthesis of hybrid scaﬀolds has been utilised [15–18].
Calcium phosphate bioceramics are the chosen
materials for bone tissue engineering scaﬀolds owing
to their similarity of composition with bone tissue
mineral phase [19]. Among these bioceramics, β-
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Tricalcium
phosphate
(β-TCP)
(β-Ca3
(Po4)2) is extensively used for hard tissue regeneration
due to its superior biodegradation and resorption
compared to other bioceramics [20]. In other words,
β-TCP has been proven to be resorbed and replaced by
new-formed bone tissue [21,22]. However, β-TCP is
diﬃcult to sinter, shows poor mechanical strength and
low resistance to crack growth propagation, and consequently has very poor mechanical properties to be
used in load-bearing biomedical ﬁelds [23]. For many
years, a number of investigations have been focused
on the improvement of mechanical strength of β-TCP
substitutes in bone tissue engineering scaﬀolds
[21,23]. Recently, the concept of nanotechnology has
been applied to produce macroporous bioceramic
scaﬀolds with remarkable improvements in the
mechanical properties [24,25]. Coating a ductile polymer on a porous CaP scaﬀold is an easy alternative
method to fabricate scaﬀolds with good mechanical
strength while maintaining acceptable porosity and
appropriate pore size with interconnected structures [26].
Poly-3-hydroxybutyrate (PHB) is a synthetic polymer with a high melting temperature and a high degree
of crystallinity, which can be applied as a coating on
ceramic scaﬀolds [6,27]. PHB as a member of the polyhydroxylalkanoate family has attracted much attention
for application in medical devices and tissue engineering, because it exhibits a much longer degradation time
compared to other polymers of the poly α-hydroxy acid
group (e.g. PLA and PLGA) and can be produced by
diﬀerent organisms [27]. Miao et al. [28] produced the
HA/TCP scaﬀolds modiﬁed by the PLGA coating with
good compressive strength (0.66 MPa) and compressive
modulus (16.85 MPa) which were remarkably higher
than those of the bare HA/TCP scaﬀolds (0.06 and 2.58
MPa, respectively). Foroughi et al. [29] showed that the
HA/PHB scaﬀold with 90% porosity and average diameter of 100–400 µm, had a compressive strength and
modulus of 1.46 and 21.27 MPa, respectively. Bang et al.
[30] showed that the compressive strength of α-TCP
scaﬀold (30 ± 10 kPa) increased to 750 ± 20 kPa when
coated with 15 wt.% of PCL solution.
According to the results of other studies, it is clear
that the coating of ceramic scaﬀolds with a thin layer
of polymer is a consequent strategy for fabrication of
bone tissue engineering composite scaﬀolds. To the
best of our knowledge, this is the ﬁrst report on the
fabrication of scaﬀolds from nano β-TCP (nβ-TCP)
coated with PHB. In this research, nano β-TCP powder was prepared using a sol-gel method, and porous
scaﬀolds were produced using a polymer replication
method. In order to improve mechanical properties,
scaﬀolds were dip-coated with PHB. Furthermore, the
physical, mechanical, and biological properties of nβTCP/PHB composite scaﬀolds were evaluated.

Materials and methods
Preparation of nβ-TCP scaﬀolds
β-TCP nanoparticles were fabricated by the sol-gel
method according to our previous work [14]. Then, nβTCP scaﬀolds were fabricated according to Figure 1. In
brief, nβ-TCP scaﬀolds with interconnected pores were
produced by the replication method. The method
includes the preparation of ceramic slurry by nβ-TCP
powder (40, 50 and 60 wt.%), immersing the slurry into
a polyurethane sponge as template, drying and sintering. To enhance the mechanical properties of the scaffolds, they were immersed in the PHB polymer solution
(6 wt.%) for 30 and 60 sec. Then, the scaﬀolds were
centrifuged and dried according to our previous
work [14].
Characterisations
Physical evaluation
TEM, SEM, XRD and FTIR tests were utilised to
elucidate the morphology, grain size, pore interconnectivity, phase changes and functional groups of the
prepared powder, PHB powder and nβ-TCP scaﬀolds
with and without PHB coating [14].
Mechanical analysis
Compressive strength and compressive modulus tests
for nβ-TCP scaﬀolds with and without PHB were measured using a compression impact tester (SANTAMEng. Design Co. LTD.) with a 10-kN load cell based
upon guidelines set in ASTM-D5024-95a. The dimensions of each sample were 20 × 10 × 10 mm3 for the
compression test. As ceramic scaﬀolds are fragile, the
crosshead speed was set to 0.5 mm/min to avoid
damage to the ceramic structure. The elastic modulus
was calculated as the slope of the primary linear portion
of the stress–strain curve. The yield strength was calculated from the intersection of the two tangents on the
curve around the yield point.
Bioactivity evaluation in simulated body ﬂuid (SBF)
To study the apatite-like formation on the surface of
scaﬀolds upon immersion in SBF, an x-ray spectrometer with a thin layer (XRD, PHILIPS PW 1390) was
used with a growth rate of 1°/min, a voltage of 15 kV
and a current of 30 mA. Furthermore, an analysis of
radiation of CuKa and scattering angle 2θ of 30–40°
owing to the higher density of hydroxyapatite peaks in
this region was applied [29]. The formation of
a surface calcium phosphate (Ca–P) layer on the nβTCP scaﬀolds with and without PHB was revealed in
SBF with solution ion concentrations similar to those
of human blood plasma based on the composition and
procedure described by Kokubo et al. [31]. The SBF
solution was prepared by dissolving reagent-grade
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Figure 1. Schematic of (a) the fabrication process of nβ-TCP scaﬀolds and (b) coating the scaﬀolds with PHB polymer.

chemicals of NaCl, NaHCO3, KCl, K2HPO4.3H2O,
MgCl2.6H2O, CaCl2.2H2O, Na2SO4 and (CH2OH)
3CNH2 in distilled water and buﬀered with 1-M HCl
to a pH of 7.4 with the temperature kept at 37°C [31].
Disks measuring 10 mm in diameter were cut from the
scaﬀolds. They were all exposed to the polystyrene
bottles containing SBF at 37°C without vibration disturbance. The ratio between the sample and solution
volume was controlled to be 0.1. The bottles were then
removed after 7, 14, 21 and 28 days from the incubator. The immersed disks were taken out from the SBF,
rinsed with deionised water and dried in a vacuum
drying oven. SEM (Philips XL30, The Netherlands)
was used to display the surface morphology and
microstructure. Energy dispersive x-ray analyser
(EDXA) directly connected to SEM was applied to
investigate, semi-quantitatively, the chemical composition of the mineral surface layer. For the SEM test,
the surface of each sample was coated with gold in
advance, while for the EDXA analysis, in order to
eliminate the eﬀect of the gold element, the goldcoating technique was not applied. Chemical analysis
of the solution was performed to reveal changes of Ca
ions as a function of the submersion time using
a ﬂame atomic absorption spectrophotometer. In this
study, to investigate the amount of absorption of calcium atoms and their absorption percentage by scaffolding in SBF solution, an atomic absorption
spectroscopy (AAS) was used for nβ-TCP scaﬀold
with and without PHB coating in the SBF solution.

Biodegradation evaluation in phosphate-buﬀered
saline (PBS)
The degradation of fabricated nβ-TCP bioceramic
scaﬀolds with and without PHB coating was determined by their weight change percentage in phosphate-buﬀered saline solution (PBS; Sigma-Aldrich,
UK) medium at 37 °C for periods of up to 8 weeks.
Disks measuring 10 mm in diameter were cut from
the scaﬀolds. They were all exposed to the polystyrene bottles containing PBS at 37°C without
vibration disturbance. The ratio between the sample and solution volume was controlled to be 0.1.
The samples were soaked in polystyrene bottle containing the PBS solution. The bottles were maintained in the incubator at 37°C, for 3, 7, 14, 21, 27,
35, 42, 49 and 56 days, respectively. After diﬀerent
immersion periods, the samples were taken out and
washed with deionised water followed by drying in
vacuum at 150 °C before further characterisation.
In this research, three specimens from each group
were examined to get an average degradation at
each testing time. Then, the weight changes of
samples and the pH values of the solution as
a function of the submersion time were measured.
Cell Attachment and cell viability
MTT analysis was applied for the evaluation of cell
viability of scaﬀolds. This analysis was determined by
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. In summary, the ﬁbroblast cells
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were seeded at a density of 10 × 103 cells per 500 µL
Dulbecco’s Modiﬁed Eagle’s medium (DMEM) F12
containing 10% fetal bovine serum (FBS) (V/V) in 48well ﬂat-bottom microplates (Co-Star, USA) and cultured over-night (all materials except the ones mentioned above were purchased from Sigma and Merck
companies). After the treatment, a 100 µL MTT solution with a concentration of 0.5 mg mL−1 (stock solution; 5 mg mL−1 in phosphate-buﬀered saline (PBS)
(Sigma-Aldrich)) was added to each well, and the cells
were incubated for an additional 3 h at 37°C. Lastly,
the medium was removed and 100 µL dimethyl sulphoxide (Sigma-Aldrich) was added for 10 min. The
absorbance of each sample was characterised using
a microplate reader at a wavelength of 570 nm. All
collected values were the means of triplicate samples.
Morphology and arrangement of ﬁbroblast cells on
the surface of synthesised scaﬀolds were investigated
by SEM analysis. For this purpose, at ﬁrst, the cell
culture medium was removed and scaﬀolds containing
cells were washed by the PBS solution for 5 min and
then cells were ﬁxed on the surface of scaﬀolds with
paraformaldehyde (4%) for 1 h.
Statistical analysis
All experiments were conducted at least three times.
The data are expressed as the mean ± SD (standard
deviation) of three independent experiments. The statistical analysis was carried out using SPSS software
and statistical diﬀerences were determined with oneway ANOVA and the diﬀerences are considered statistically signiﬁcant at p ≤ 0.05.

Results and discussion
Physical evaluation
Figure 2(a) shows TEM micrographs of nβ-TCP particles.
The morphological shape and size of the β-TCP powders
obtained are shown in the image. The result conﬁrmed
that the powder synthesised by the sol-gel method was βTCP nanopowder with an average particle size of less
than 100 nm and irregular shapes. The crystallite size of
nβ-TCP powder was calculated to be about 38.50 nm by
a modiﬁed Scherrer equation [32].
In order to study the morphology, size and interconnectivity of pores, scanning electron microscopy
was applied. Figure 2(b) shows the nβ-TCP porous
scaﬀold with pore diameters distributed between 300
and 500 µm similar to that of spongy bone [33]. Figure
2(c) shows the nβ-TCP porous scaﬀold immersed in
the polymer for 30 sec. By comparing Figure 2(b,c), it
is clear that the nβ-TCP porous scaﬀold appeared with
a rough surface compared to the coated nβ-TCP scaffold, which exhibited a smooth surface morphology.
This can be attributed to the fact that the PHB was well
embedded on the surface struts [26]. However, partial

penetration of PHB was represented on the surface of
the strut: the micropores of scaﬀold remained open,
even after PHB coating [26]. As can be seen in Figure 2
(c), SEM observation showed uniform porosity in sizes
ranging from 300 to 500 µm, which were convenient
for osteoinduction, osteoblast cells adhesion and
degradation of implanted scaﬀold [31,34]. Based on
previous investigations, an ideal synthetic scaﬀold has
an optimal architectural structure from morphology,
interconnectivity, size, porosity and permeability
(~80%) points of view to enhance the cell and protein
adhesion, proliferation and vascularisation [33]. Based
on ﬁgure 2(a, b, c), it can be concluded that adding
PHB coating on nβ-TCP ceramic scaﬀold along with
an increase in the immersion time of scaﬀolds reduced
the pore size of scaﬀolds, despite retaining a fully
interconnected porous structure, which is beneﬁcial
for cell growth [14].
Figure 2(d) shows XRD patterns of nβ-TCP scaffold, PHB polymer and nβ-TCP/PHB scaﬀold. Only
the characteristic peaks of β-TCP (card no. 09–169)
and α-TCP (card no. 09–348), as well as the main
peaks of 13.86, 17.30 and 21.88 angles belonging to
PHB polymer, were observed in the XRD patterns.
Comparing the XRD patterns in Figure 2(d), it can
be conﬁrmed that the composite structure was
a hybrid scaﬀold of nβ-TCP/PHB [14]. The FT-IR
spectra of nβ-TCP scaﬀold, PHB pure polymer and
nβ-TCP/PHB scaﬀold are shown in Figure 2(e). In the
nβ-TCP/PHB scaﬀold spectrum, all the strong and
main peaks originating from PHB polymer and nβTCP scaﬀold appear. As a result, the connection
between the scaﬀold ceramic background and polymer
molecules was veriﬁed by the evidence [14]. By comparing the FTIR patterns shown in Figure 2(e), it can
be proven that the produced scaﬀold is a composite
scaﬀold of nβ-TCP/PHB scaﬀold [14].
Mechanical analysis
Figure 3(a) shows that the compressive strength of nβTCP scaﬀolds signiﬁcantly increased after coating with
PHB (P < 0.05). In addition, the compressive strength
of nβ-TCP scaﬀolds signiﬁcantly increased by increasing the weight percentage of nβ-TCP (P < 0.05),
despite the fact that the porosity percentage decreased
according to results presented in Table 1. As a general
trend, the compressive strength of a scaﬀold depends
on its macro-porosity, macro-pore size, macro-pore
geometry and strength of the struts [28]. It should be
noted that compressive modulus of scaﬀolds is
achieved by estimating the slope of the strain–stress
curve in the linear regions. Figure 3(b) indicates that
the compressive modulus of nβ-TCP scaﬀolds signiﬁcantly increased when they were immersed in PHB
(P < 0.05). Furthermore, the compressive modulus of
nβ-TCP scaﬀolds signiﬁcantly increased by increasing
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Figure 2. (a) TEM of nano-β-TCP powder, (b) SEM image of nβ-TCP scaﬀolds without polymer coating, (c) SEM image of nβ-TCP/PHB
scaﬀolds for dipped in PHB for 30 s, (d) XRD patterns of nβ-TCP scaﬀolds, PHB and nβ-TCP/PHB scaﬀolds and (e) FT-IR pattern of nβ-TCP
scaﬀolds, PHB and nβ-TCP/PHB scaﬀolds.

the weight percentage of nβ-TCP (P < 0.05), despite
decreasing the porosity percentage, according to the
results shown in Table 1. The strength of nβ-TCP
scaﬀolds coated with PHB was comparable to that of

cancellous bone [35]. In fact, the open micropores and
crack-like defects in the scaﬀold struts were ﬁlled with
the PHB phase, which turns the original weak and
brittle ceramic struts into a tougher and stronger
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Figure 3. The compressive strength of the nβ-TCP and PHB-coated nβ-TCP scaﬀolds (a) and compressive modulus of the nβ-TCP
and PHB-coated nβ-TCP scaﬀolds (b).
Table 1. Porosity, compressive strength and modulus of the
ceramic scaﬀold for 40, 50 and 60 wt.% of nβ-TCP with and
without PHB coating.
Type of scaﬀold
β-TCP
With 30 sec
coating
With 60 sec
coating

nβ-TCP
%
Porosity
40
83.90
50
80.49
60
74.56
40
76.84
50
75.31
60
71.80
40
74
50
73.24
60
70

Compressive
strength
(MPa)
0.1727
0.5657
1.0593
0.6335
1.090191
1.4276
0.9872
1.1419
1.59

Compressive
modulus
(MPa)
16.13
17.2334
17.7
20.06
33.11
43.593
27.603
35.2
63.51

ceramic-polymer composite framework [28]. The
strengthening and toughening mechanism in an inﬁltrated framework was studied by Pezzotti et al. [36].
Consequently, it is evident from Table 1 that the
mechanical performance of the scaﬀolds can be
improved by applying a thicker PHB coating, realised
by dipping into polymer solutions and centrifugation.
Furthermore, these results indicated that with increasing immersion time of the polymer, the strength and
modulus increased, while the porosity percentage
decreased. According to Nalla et al. [37], one of the
main toughening mechanisms in the bone was the
crack-binding by the collagen ﬁbrils. The fracture surface illustrates the formation of ﬁbrils that is similar to
that of collagen ﬁbrils in cortical bone at the fracture
surface [37]. These results veriﬁed that PHB polymer
inﬁltration not only improved the mechanical strength
of nβ-TCP scaﬀold but also toughened the ceramic
struts. Miao et al. [28] also showed the increase in
compressive strength of the HA/TCP hybrid scaﬀolds
up to 660 kPa by the PLGA coating. Bang et al. [26]
showed the compressive strength of α-TCP scaﬀold,
increased from 30 ± 10 kPa to 750 ± 20 kPa when it
was immersed in the PCL polymer solution. Based on
the data in Table 1, the most suitable scaﬀold for
biological tests could be selected. It should be noted
that an adequate scaﬀold for application in tissue
engineering and studying of bioactivity, biodegradability and cell viability should have a porosity

percentage in the range of 75–80% as well as acceptable compressive strength and modulus [38]. As shown
in Table 1, on the one hand, nβ-TCP 40 wt.% scaﬀolds
have a suitable porosity percentage; on the other hand,
they have low compressive strength and modulus. nβTCP 60 wt.% scaﬀold has low porosity percentage,
contrary to its high compressive strength and modulus. Considering the results of porosity percentage,
compressive strength and modulus seen in this table,
the most appropriate specimen for biological tests is
nβ-TCP 50 wt.% scaﬀolds without and with PHB coating for 30 s.
The study of bioactivity behaviour of nβ-TCP
scaﬀolds with and without PHB
Thin-ﬁlm XRD test
The thin-ﬁlm XRD test was conducted on the nβ-TCP
scaﬀolds with and without PHB. Figure 4(A)(a), (A)(b)
and (A)(c) are related to natural hydroxyapatite, nβ-TCP
and nβ-TCP/PHB scaﬀolds before immersion in SBF,
and 4(A)(d), 4(A)(e) are related to nβ-TCP and nβTCP/PHB scaﬀolds after immersion in SBF, respectively.
Regarding Figure 4(A)(b) and (A)(c), it has been identiﬁed that only existing peaks in the XRD pattern of both
uncoated scaﬀolds and coated scaﬀolds on the scaﬀolds
before immersion in SBF were assigned to β and α-TCP
ceramic phases. However, the peaks of hydroxyapatite
appeared after soaking the samples in SBF for 4 weeks. In
addition, in Figure 4(A)(e) an increase in the intensity of
the peaks of hydroxyapatite was revealed on the surface
of the nβ-TCP/PHB scaﬀold when compared with the
nβ-TCP composite scaﬀold in Figure 4(A)(e). This issue
has been indicated accurately by the peaks at angles of
32.28 , 34.60 , 46.1 , 53.08 and 61 . Since the only
existing phase at these angles in the comparison of
Figure 4(A)(e) and (A)(d) is related to the phase of
hydroxyapatite, it can be concluded that the peaks in nβTCP/PHB scaﬀolds are sharper due to the increased
value of the HA phase. This means that nβ-TCP/PHB
scaﬀolds are more bioactive compared to nβ-TCP scaffolds. Therefore, it can be concluded that the presence of
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Figure 4. The thin ﬁlm XRD of (A) (a) Natural hydroxyapatite, (b) nβ-TCP and (c) nβ-TCP/PHB scaﬀolds before immersion in SBF and
(d) nβ-TCP and (e) nβ-TCP/PHB scaﬀolds after immersion in SBF and (B) (a) nβ-TCP/PHB scaﬀolds after a week of immersion in SBF
and (b) nβ-TCP/PHB scaﬀolds after 4 weeks of immersion in SBF.

PHB polymer coating helped apatite-like formation on
the surface of nβ-TCP/PHB hybrid scaﬀolds. To show
a more accurate study of the apatite-like formation on
the surface of scaﬀolds during immersion in SBF for
28 days, the XRD spectra of both coated scaﬀolds after
7 days of soaking in SBF and coated scaﬀolds after
28 days of soaking in SBF are shown in Figure 4(B)
within the angle 2θ range of 30  40 due to the higher
density of hydroxyapatite peaks in this range. According
to the comparison between Figure 4(B)(a), (B)(b) the
peak of 31.71 that appeared in both samples is related
to the single phase of hydroxyapatite. The peak is sharper
in Figure 4(B)(b) compared to Figure 4(B)(a) due to an
increase in the intensity of the peak of hydroxyapatite
after 28 days of soaking in SBF. On the other hand, the
accurate value of any phase depends on the area under
the peaks [39]. This means that the amount of any phase
is attributed to both the width and height of the peak.
Since at the deﬁned angle of 31.71 , the single phase of
hydroxyapatite has appeared without overlapping with
any other phases, the accurate value of the phase after 1
week and 4 weeks of immersion in SBF can be calculated
by using Equations 1 and 2. Where β is the peak width of
the diﬀraction peak proﬁle at half maximum height and
H is the peak height. Based on the results of these
equations, it can be shown that after 28 days of scaﬀold
soaking in SBF, the amount of HA phase increased,
indicating an improvement in the bioactivity of the scaffolds during the incubation period.
X1 ¼ β  H ! X1 ¼ 0:2362  20:27 ! X1
¼ 4:78 Count:degree

SEM and EDXA test
Figure 5(a,c) shows apatite-like formation on nβ-TCP
/PHB scaﬀolds after 7 and 28 days. After 28 days of
incubation, cauliﬂower-like high calcium apatite (HCA)
crystals with a wider and thicker precipitated layer as
compared to 7 days of soaking were detected on the
surfaces of composite scaﬀolds. Figure 5(b,d) demonstrates the results of EDXA of apatite formed on the
surface of nβ-TCP/PHB scaﬀolds during the ﬁrst and
fourth week. The EDS spectra also conﬁrmed the appearance of Ca, P, O and C elements on the surface of the
immersed scaﬀolds in both Figure 5(b,d). The presence of
carbon in these samples could be due to the utilisation
carbon adhesive tape to mount the scaﬀolds, or the presence of C in the polymer coating. In addition, calcium
phosphates are diﬀerentiated based on their Ca/P ratio
[40]. Therefore, the comparison between the EDXA of
the ﬁrst week and fourth week revealed that the Ca/P
ratio decreased from 1.94 in the ﬁrst week to 1.42 in the
fourth week. In fact, the Ca/P ratio approaches the value
typical of non-stoichiometric biological apatite (Ca/P
ratio equal to 1.5) and calcium-deﬁcient apatite with an
increased immersion time of scaﬀolds in SBF. As previously investigated [41], the major mineral phase of
bone tissue consists of the calcium-deﬁcient apatite without a constant composition. The results gained in the
SEM and EDXA techniques show that the apatite-like
layer grew slowly during the immersion of scaﬀolds in the
SBF solution, in accordance with the XRD results of the
samples.

(1)

X1 ¼ β X1 ¼ β  H ! X1 ¼ 0:2362  20:27
! X1 ¼ 5:47 Count:degree
(2)

Atomic absorption spectroscopy (AAS) analysis
In order to study the amount of absorption of calcium
atoms and their absorption percentage by scaﬀolding,
atomic absorption spectroscopy was utilised for
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Figure 5. (a) SEM of formation of HA on an nβ-TCP/PHB scaﬀold after the 7th day and (b) EDXA of Ca/P on the surface of the nβTCP/PHB scaﬀold during the ﬁrst week, (c) SEM of formation of hydroxyapatite on the 28th day and (d) EDXA of Ca/P on the surface
of the nβ-TCP/PHB scaﬀold during the fourth week.

scaﬀolds with and without PHB coating. Figure 6
shows the results of AAS of nβ-TCP scaﬀolds with
and without PHB coating. For evaluation of the atomic
absorption spectroscopy, at ﬁrst, the concentration of
calcium ion existing in the initial SBF Solution was
measured and selected as the control sample. The
concentration of calcium ion in the control sample is
equal to 93 ppm.
According to Kim theory [42], the nβ-TCP scaﬀold
surfaces reveal negative surface charge due to the presence of OH−1 and PO4−3 groups, therefore interacting
with the positive calcium ions in the ﬂuid to form the Carich apatite carbonate phosphate (ACP), which gains
positive surface charge. The Ca-rich ACP on the nβTCP scaﬀold surface then interacts with the negative
phosphate ions in the ﬂuid to form the Ca-poor ACP,
which is stabilised by being crystallised into bonelike
apatite with a low solubility in the SBF. The results
show that in uncoated samples in the second week, the
minimum absorption, and in the fourth week, the maximum absorption is obtained in accordance with Kim
theory. On the other hand, the simultaneous processes of
dissolution and deposition reached equilibrium. In other
words, the result of the two processes of dissolution and
deposition is the determining factor in the ﬁnal

concentration of calcium and phosphorous ions. This
means that these two phenomena determine the bioactivity and dissolution properties of calcium phosphates
[43]. Therefore, it can be concluded that from the ﬁrst
week until the second week, the dominant phenomenon
related to calcium ions is dissolution. In fact, in the
beginning, the dissolution rate of calcium is higher than
its deposition rate. By increasing the immersion time
from the second week until the fourth week, the dominant phenomenon for the calcium ion is deposition. On
the contrary, in Figure 6, the absorption of calcium ions
on the nβ-TCP/PHB scaﬀolds is opposite to that of the
nβ-TCP scaﬀolds. The results indicated that in coated
samples in the ﬁrst week, the minimum absorption and
in the fourth week, the maximum absorption is gained.
This results from the fact that during the 4 weeks, the
whole surface of the scaﬀold was covered with spherical
Ca-P particles, causing a decrease in absorption. On the
other hand, as mentioned above, the simultaneous processes of dissolution and deposition reached
a compensated equilibrium. Therefore, the increase in
calcium ions by increasing the immersion time leads to
both high bioactivity and biodissolution of coated scaffolds. Owing to the coated surface of nβ-TCP/PHB scaffolds, apatite formation increases as time passes. As
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Figure 6. Atomic absorption spectroscopy (AAS) of nβ-TCP scaﬀold with and without PHB coating.

a result, the concentrations of Ca2+ and PO43- ions
increased and resulted in the increase of local supersaturation, which is beneﬁcial to nucleation and growth
of the new apatite crystals. In addition, the creation of
nucleation sites will be increased by increasing the dissolution of samples [43]. Thus, according to the results of
XRD, SEM and AAS, it appears that the bioactivity of
coated scaﬀolds is higher than non-coated scaﬀolds. The
results from these studies suggest that the PHB coating in
addition to increasing mechanical properties causes the
increase in bioactivity of scaﬀolds. The increase in bioactivity of scaﬀolds can be related to piezoelectric properties of PHB and its eﬀective role in bone regeneration and
growth induction [44].

The study of biodegradability behaviour of nβ-TCP
scaﬀolds with and without PHB
Degradation is another signiﬁcant demand for thirdgeneration engineered material [45]. In contact with biological ﬂuids, calcium phosphate-based ceramics degrade
via dissolution-reprecipitation mechanisms [46]. Due to
the fact that incorporation of nβ-TCP allows composites
to be tailored to have convenient degradation and absorption kinetics and serve to buﬀer the acidic absorption byproducts of polymer degradation and could hence
decrease the deleterious cell response, the nβ-TCP was
used as a bioceramic in this research. For this purpose, the
biodegradation behaviour of the uncoated scaﬀolds and
coated scaﬀolds was investigated by immersion of these
scaﬀolds in PBS solution at 37°C for 4 weeks as shown in
tables 2 and 3. Table 2 presents the weight change percentages of scaﬀolds with and without coating in PBS
over time. Moreover, this increased in vitro mineralisation corresponds well to the higher degree of surface

presentation of HA observed for TCP/PHB scaﬀolds
[47]. Such a correlation is consistent with the idea that
the mineralisation is initiated at nucleation sites on the
surface of the material, i.e. the calcium phosphate aggregates at the scaﬀold surface are formed by nucleation and
their consequent growth. Based on previous studies by
Table 2. Mean of the weight gain percentage of nβ-TCP
scaﬀolds with and without PHB (P < 0.05, n = 3).
Sample
S1
S2
S3
S4
S5
S6
S7

Without coat (%)
3.91
3.98
5.41
5.71
5.75
5.86
9.00

Coated PHB in 30 sec (%)
1.56
2.51
3.26
3.80
3.86
3.92
4

S1 nβ-TCP scaﬀold after 1 day.
S2 nβ-TCP scaﬀold after 3 days.
S3 nβ-TCP scaﬀold after 1 week.
S4 nβ-TCP scaﬀold after 2 weeks.
S5 nβ-TCP scaﬀold after 4 weeks.
S6 nβ-TCP scaﬀold after 6 weeks.
S7 nβ-TCP scaﬀold after 8 weeks.

Table 3. Mean of the pH values of nβ-TCP scaﬀolds with and
without PHB (P < 0.05, n = 3).
Sample
S1
S2
S3
S4
S5
S6
S7

Without coat
7.719
7.336
7.191
7.163
7.122
6.977
6.851

S1 nβ-TCP scaﬀold after 1 day.
S2 nβ-TCP scaﬀold after 3 days.
S3 nβ-TCP scaﬀold after 1 week.
S4 nβ-TCP scaﬀold after 2 weeks.
S5 nβ-TCP scaﬀold after 4 weeks.
S6 nβ-TCP scaﬀold after 6 weeks.
S7 nβ-TCP scaﬀold after 8 weeks.

Coated PHB in 30 sec
7.738
7.425
7.355
7.287
7.20
6.778
6.752
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Kevin et al. [48], a correlation was found between the
extent of osteoblast diﬀerentiation and mineralisation
and TCP surface presentation. The more open pore
structure of scaﬀold appears to have less inﬂuence on
the Ca-P deposition than the structure presentation of
TCP, although a larger pore size may be advantageous in
promoting bone healing in vivo. However, an observed
increase in the amount of mineralisation of HA loaded
polymers has previously been observed. For all scaﬀolds,
the weight is steadily increased with incubation time.
However, the TCP-PHB scaﬀolds had higher dissolution
rates than TCP scaﬀolds due to the biodegradable nature
of PHB. This is despite the fact that the nanoparticles of

calcium phosphate nucleation formed on TCP scaﬀolds
caused an increase in their percentage weight increase in
the period of 2 months. In fact, amorphous calcium
phosphate phase formed on the scaﬀolds [49].
According to FTIR results from Kevin et al. [47], the
intensity of hydroxyapatite at 563 cm−1 increased, indicating the distribution of hydroxyapatite ﬁller particles
within the scaﬀolds [47]. The weight of TCP scaﬀolds was
increased by up to 9% and the weight of nβ-TCP/PHB
scaﬀolds was increased by up to 4% in the PBS solution
for 2 months. The composite nβ-TCP/PHB scaﬀolds
showed a signiﬁcant mass gain after 4 weeks in comparison to the pure TCP scaﬀolds. In fact, the lower mass

Figure 7. SEM images of cell attachment on the surface of uncoated and coated scaﬀolds for diﬀerent days (a) uncoated and (b)
coated for 2 days, (c) uncoated and (d) coated for 4 days, (e) uncoated and (f) coated for 6 days.

MATERIALS TECHNOLOGY

gain of nβ-TCP/PHB scaﬀolds showed superior degradation of nβ-TCP/PHB scaﬀolds compared to plain TCP
scaﬀolds. Due to the low regeneration rate of bone tissue
engineering, it is required for a scaﬀold to not be
degraded fast on the ﬁrst weeks and maintain its mechanical properties. Therefore, this kind of degradation is
appropriate. Table 3 shows the changes in pH values of
the PBS solution related to the scaﬀolds with and without
coating after their immersion in PBS for periods of up to
2 months. The pH of the PBS solution for nβ-TCP scaffolds slightly decreases. Such diﬀerences are possibly
correlated to the dissolution of alkaline ions from the nβTCP nanopowder. Since crotonic and 3-hydroxybutyrate
acid are the two hydrolytic products resulting from
hydrolysis of PHB under the experimental condition
[50], the pH of the PBS slightly decreased for the nβTCP/PHB specimens. Such diﬀerences may be correlated
to the dissolution of alkaline ions from the TCP nanopowder that locally compensates for the acidiﬁcation of
the medium owing to acidic products resulting from the
PHB polymer degradation [51].

Cell attachment and cell viability
Morphology and arrangement of cells at diﬀerent
times on the surfaces of uncoated and coated synthesised scaﬀolds are observed in Figure (7). The morphology and cell attachment on the surfaces of
uncoated scaﬀolds in 2, 4 and 6 days of cell seeding
are shown in the Figuress 7(a,c,e). The morphology
and cells attachment on the surfaces of coated scaffolds in 2, 4 and 6 days of cell seeding are shown in
Figures 7(b,d,f). Comparison between these ﬁgures
showed that coated scaﬀolds had less voids and nβTCP nanoparticles are closer together. Cells are conﬂuent on the coated samples.
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The cell viability of uncoated and coated scaﬀolds
was determined using the MTT assay and shown in
Figure (8). According to this ﬁgure, the scaﬀolds did
not show any cytotoxicity when they came into contact with the cells. Comparison of MTT results
between uncoated and coated samples showed that
the coated sample displays improved eﬀects on cell
viability. Especially, there was a signiﬁcant diﬀerence
in cell proliferation between the coated, uncoated and
control sample after 5 days of cell culturing (according
to Figure 8, the statistical analysis carried out by analysis of variance, p < 0.05). The MTT assay results
conﬁrmed cell attachment results.

Conclusion
In this research, the nβ-TCP/PHB composite scaﬀold
was produced using a polyurethane sponge replication
method and coated with PHB to increase mechanical
properties. The powder produced with a particle size
of up to 50–70 nm using the sol-gel method was
applied to the fabrication scaﬀold. Porosity is
a signiﬁcant factor for designing scaﬀolds and the
porosimetry test results and study of scaﬀold morphology showed that adding PHB to nβ-TCP scaﬀolds
caused a decrease in porosity, despite the fact that the
size, volume and interconnectivity of porosity were
maintained. The results of mechanical tests demonstrated that adding PHB to nβ-TCP scaﬀolds resulted
in an increase in compressive strength and compressive modulus. The results of bioactivity tests showed
that adding PHB to nβ-TCP scaﬀolds had a positive
eﬀect on bioactivity, and the bioactivity of nβ-TCP
/PHB composite scaﬀolds was better than that of the
nβ-TCP scaﬀolds. The results of biodegradability tests
showed the biodegradability of nβ-TCP/PHB

Figure 8. MTT assay of uncoated and coated scaﬀolds and control for 1, 3 and 5 days.
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composite scaﬀolds was superior compared to the nβTCP scaﬀolds. The scaﬀolds did not show any cytotoxicity. There was a signiﬁcant increase in cell proliferation between the coated, uncoated and control
sample after 5 days of cell culturing. It can be concluded that nβ-TCP/PHB composite scaﬀolds have
good potential for use in bone tissue engineering
applications.

Disclosure statement
No potential conﬂict of interest was reported by the authors.

References
[1] Kim SS, Sun Park M, Jeon O, et al. Poly(lactidecoglycolide)/hydroxyapatite composite scaﬀolds for
bone tissue engineering. Biomaterials. 2006;27
(8):1399–1409.
[2] Donati D, Zolezzi C, Tomba P, et al. Bone grafting:
historical and conceptual review, starting with an old
manuscript by Vittorio Putti. Acta Orthop. 2007;78
(1):19–25.
[3] Peroglio M, Gremillard L, Gauthier C, et al.
Mechanical properties and cytocompatibility of poly
(e-caprolactone)-inﬁltrated biphasic calcium phosphate scaﬀolds with bimodal pore distribution. Acta
Biomater. 2010;6:4369–4379.
[4] Mikos AG, Herring SW, Ochareon P, et al. Engineering
complex tissues. Tissue Eng. 2006;12(12):3307–3339.
[5] Mattasi F, Nistri L, Chicon Paez D, et al. New biomaterials for bone regeneration. Clin. Cases Min. Bone
Metab. 2011;8(1):21–24.
[6] Bakhtiyari SSE, Karbasi S, Monshi A. Evaluation of
the eﬀects of nano-TiO2 on physical and mechanical
properties of nano-bioglass 45S5 scaﬀold for bone
tissue engineering. Sci. Iran. F. 2015;22(3):1337–1345.
[7] Cowan CM, Shi -Y-Y, Aalami OO, et al. Adiposederived adult stromal cells heal critical-size mouse
calvarial defects. Nat Biotechnol. 2004;22:560–567.
[8] El-Ghannam AR. Advanced bioceramic composite
for bone tissue engineering: design principles and
structure-bioactivity relationship. J Biomed Mater
Res. 2004;69A:490–501.
[9] Young-Gwang K, Development of polymeric porous
scaﬀold using an ice particulate template for tissue
engineering. Doctoral Program in Materials Science
and Engineering, at the University of Tskuba.
[10] Lia W, Nooeaida P, Roetherb JA, et al. Boccaccinia
Preparation and characterization of vancomycin
releasing PHBV coated45S5 bioglass®-based glass–
ceramic scaﬀolds for bone tissue engineering. J Eur
Ceram Soc. 2013;xxx:xxx–xxx.
[11] Salgado AJ, Coutinho OP, Reis RL. Bone tissue engineering: state of the art and future trends.
J. Macromol. Biosci. 2004;4:743–765.
[12] Kumar A, Nune KC, Misra RDK. Biological functionality of extracellular matrix-ornamented
three-dimensional printed hydroxyapatite scaﬀolds.
J Biomed Mater Res A. 2016;104A:1343–1349.
[13] THEIN-HAN WW, MISRA RDK. Three-dimensional
chitosan-nanohydroxyapatite composite scaﬀolds for
bone tissue engineering: structure and interaction
with pre-osteoblasts. J Mater. 2009;61:41–44.

[14] Shahi S, Karbasi S. Evaluation of physical and
mechanical properties of tri-calcium phosphate/
poly-3-hydroxybutyrate nanocomposite scaﬀold for
bone tissue engineering application. Sci. Iran. F.
2017;24(3):1654–1668.
[15] Rho JY, Kuhn-Spearing L, Zioupos P. Mechanical
properties and the hierarchical structure of bone.
Med Eng Phys. 1998;20(2):92–102.
[16] Yu HS, Jin GZ, Won JE, et al. Macrochanneled bioactive ceramic scaﬀolds in combination with collagen
hydrogel: A new tool for bone tissue engineering.
J Biomed Mater Res A. 2012;100:2431–2440.
[17] Abdal-hay A, Sheikh FA, Lim JK. Air jet spinning of
hydroxyapatite/poly (lactic acid) hybrid nanocomposite membrane mats for bone tissue engineering.
Colloids Surf B Biointerfaces. 2013;102:635–643.
[18] Thein-Han WW, Misra RDK. Biomimetic chitosan–
nanohydroxyapatite composite scaﬀolds for bone tissue engineering. Acta Biomater. 2009;5:1182–1197.
[19] Kalita SJ, Fleming R, Bhatt H, et al. Development of
controlled strength-loss resorbable beta-tricalcium
phosphate bioceramic structures. Mater Sci Eng C.
2008;28:392–398.
[20] Santos CFL, Silva AP, Lopes L, et al. Design and
production of sintered β-tricalcium phosphate 3D
scaﬀolds for bone tissue regeneration. Mater Sci Eng
C. 2012;32:1293–1298.
[21] Lin K, Chen L, Qu H, et al. Improvement of mechanical properties of macroporous b-tricalcium phosphate bioceramic scaﬀolds with uniform and
interconnected pore structures. Ceram Int.
2011;37:2397–2403.
[22] Kim YH, Jyoti MA, Youn MH, et al. In vitro and
in vivo evaluation of a macro porous beta-TCP granule shaped bone substitute fabricated by the ﬁbrous
monolithic process. Biomed Mater. 2010;5:035007.
[23] Zhang Y, Kong D, Feng X. Fabrication and properties of porous b-tricalcium phosphate ceramics prepared using a double slip-casting method using slips
with
diﬀerent
viscosities.
Ceram
Int.
2012;38:2991–2996.
[24] Ramay HRR, Zhang M. Biphasic calcium phosphate
nanocomposite porous scaﬀolds for load-bearing bone
tissue engineering. Biomaterials. 2004;25:5171–5180.
[25] Zhang FM, Chang J, Lin KL, et al. Preparation,
mechanical properties and in vitro degradability of
wollastonite/tricalcium phosphate macroporous scaffolds from nanocomposite powders. J Mater Sci
Mater Med. 2008;19:167–173.
[26] Le. Thi Banga B, Tsurub K, Munarb M, et al.
Mechanical behavior and cell response of PCL coated
α-TCP foam for cancellous-type bone replacement.
Ceram Int. 2013;39:5631–5637.
[27] Bakhtiyari SSE, Karbasi S, Monshi A, et al. Evaluation
of the eﬀects of nano-TiO2 on bioactivity and
mechanical properties of nano bioglass-P3HB composite scaﬀold for bone tissue engineering. J Mater
Sci. 2016;27(2):1–17.
[28] Miao X, Tan DM, Li J, et al. Mechanical and biological properties of hydroxyapatite/tricalcium phosphate
scaﬀolds coated with poly (lactic-co-glycolic acid).
Acta Biomater. 2008;4:638–645.
[29] Foroughi MR, Karbasi S, Ebrahimi-Kahrizsangi R.
Physical
and
mechanical
properties
of
a poly3hydroxybutyrate coated nanocrystalline
hydroxyapatite scaﬀold for bone tissue engineering.
J Porous Mater. 2012;19:667–675.

MATERIALS TECHNOLOGY

[30] Bang LT, Tsuru K, Munar M, et al. Mechanical behavior and sell response of PCL coated α-TCP foam for
cancellous-type bone replacement. Ceram Int.
2013;39:5631–5637.
[31] Kokubo T, Takadama H. How useful is SBF in predicting in vivo bone bioactivity? Biomaterials.
2006;27:2907.
[32] monshi A, Foroghi MR, Monshi MR. Modiﬁed scherrer equation to estimate more accurately
nano-crystallite size using XRD. World J Nano Sci
Eng. 2012;2(3):154–160.
[33] Sadeghzade S, Emadi R, Ahmadi T, et al. characterization and strengthening mechanism of modiﬁed
and unmodiﬁed porous diopside/baghdadite
scaﬀolds. Mater Chem Phys. 2019;228:89–97.
[34] Montazeri M, Karbasi S, Foroughi MR, et al.
Evaluation of mechanical property and bioactivity of
nano-bioglass
45S55
scaﬀold
coated
with
Poly-3-hydroxybutyrate. J Mater Sci. 2015;26(62):1–11.
[35] Zhao J, Lu X, Duan K, et al. Improving mechanical
and biological properties of macroporous HA scaffolds through composite coatings. Colloid Surf B.
2009;74:159–166.
[36] Pezzotti G, Asmus SMF. Fracture behavior of hydroxyapatite/polymer interpenetrating network composites prepared by in situ polymerization process.
Mater. Sci. Eng. A. (Struct Mater: Prop, Microstruct
Process). 2001;A316(1–2):231–237.
[37] Nalla RK, St Olken JS, Kinney JH, et al. Fracture in
human cortical bone: local fracture criteria and
toughening
mechanisms.
J
Biomech.
2005;38:1517–1525.
[38] Foroughi MR, Karbasi S, Ebrahimi-Kahrizsangi R.
Mechanical evaluation of nHAp scaﬀold coated with
Poly-3-hydroxybutyrate for bone tissue engineering.
J Nanosci Nanotechnol. 2013;13:1555–1562.
[39] Winefordner JD. Chemical analysis, a series of
monographs on analytical chemistry and its application. New York: John Willey & Sons; 1996. p.
150–165.
[40] Mali SA, Nune KC, Misra RDK. Biomimetic nanostructured hydroxyapatite coatings on metallic implant
materials. Mater Technol Adv Perform Mater.
2016;1–9. DOI:10.1080/10667857.2016.1224609

View publication stats

13

[41] Meneghini C, Dalconi MC, Nuzzo S, et al. Rietveld
Reﬁnement on X-Ray diﬀraction patterns of bioapatite inhuman fetal bones. Biophys J. 2003;8:021–2029.
[42] Kim HM. Process and kinetics of bonelike apatite
formation on sintered hydroxyapatite in a simulated
body ﬂuid. Biomaterials. 2005;26:4366.
[43] Kheradmandfard A,b M, Fathi A,c MH, Ansari A F,
et al. Eﬀect of Mg content on the bioactivity and
biocompatibility of Mg-substituted ﬂuorapatite nanopowders fabricated via mechanical activation. Mater
Sci Eng C. 2016;68:136–142.
[44] Fukada E, Ando Y. Piezoelectric properties of poly
b-hydroxybutyrate
and
copolymers
of
b-hydroxybutyrate and b-hydroxyvalerate. Int J Biol
Macromol. 1986;8:361–366.
[45] Hench LL, Polak JM. Third-generation biomedical
materials. Science. 2002;295:1014–1017.
[46] barrere F, Mahmood TA, de Groot K, et al. Advanced
biomaterials for skeletal tissue regeneration: instructive
and smart functions. Mater Sci Eng R. 2008;50:38–71.
[47] Kevin Jack S, Velayudhan S, Luckman P, et al. The
fabrication and characterization of biodegradable
HA/PHBV
nanoparticle-polymer
composite
scaﬀolds. Acta Biomater. 2009;5:2657–2667.
[48] Cool SM, Kenny B, Wu A, et al. Poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) composite
biomaterials for bone tissue regeneration: in vitro
performance assessed by osteoblast proliferation,
osteoclast adhesion and resorption, and macrophage
proinﬂammatory response. J Biomed Mater Res A.
2007;82A:599–610.
[49] Johari N, Fathi MH, Golozar MA, et al. Poly
(e-caprolactone)/nano ﬂuoridated hydroxyapatite
scaﬀolds for bone tissue engineering: in vitro degradation and biocompatibility study. J. Mater. Sci.
2012;23:763–770.
[50] Yua J, Plackettb D, Chena XL. Kinetics and mechanism
of the monomeric products from abiotic hydrolysis of
poly [(R)-3-hydroxybutyrate] under acidic and alkaline
conditions. Polym Degrad Stab. 2005;89:289–299.
[51] Stamboulis AG, Hench LL, Boccaccini AR.
Mechanical properties of biodegradable polymer
sutures coated with bioactive glass. J. Mat. Sci.
2002;13:843–848.

