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ABSTRACT: In order to develop biomaterials for hard bone repair, biomimetic scaffolds were prepared from a mixture
of hydroxyapatite (HA), β-tricalcium phosphate (TCP), and calcium silicate (CS) at optimal weight ratios via the sintering
technique. Composites obtained had homogeneous pore distribution and open pore morphology. Depending on the amount
of CS added and the sintered temperature, the porosity obtained varied in a range of 47–64%. The scaffolds flexural strength
and modulus of the scaffolds were comparable to that of cancellous bone. Improved mechanical properties were achieved
by introducing CS at elevated sintering temperature. Fine particles of CS are more resistant to heat than those of HA or TCP,
which are larger in diameter. Integration of CS grains with the HA/TCP composite does not occur by sintering at 1250 °C.
CS particles were mainly distributed at the composite grain boundaries, and played a role in cracking resistance. To test
bioactivity in vitro, the scaffolds were immersed in phosphate buffered saline for 3 weeks, and then assessed for apatite
forming ability. Apatite did not form on the scaffolds sintered at 1050 and 1150 °C, but it did in those sintered at 1250 °C.
The new biomaterials produced are suitable to prepare scaffolds, which may be used for long bone tissue engineering.
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INTRODUCTION
Tissue engineering aims to develop biological substitutes by incorporating cells and/or growth factors into
a three-dimensional scaffold to mimic native tissue
architecture and function 1 . A common approach is
to isolate specific cells through a small biopsy from a
patient and then let them grow on a scaffold under controlled conditions. Bone defects or voids, as induced
by traumatic injury, orthopedic surgery, and tumour
resection, require bone replacement. Autologous bone
grafting is the gold standard in reconstructive surgery
owing to its high immunocompatibility. However,
the technique is bound by several constraints relating
to the requirement of a secondary surgery, limited
amount of tissue to be harvested, and increased risk of
infection or recurrent pain 2 . Bone tissue engineering
is thus emerging to overcome these problems.
The challenge faced by the field of tissue engineering is that the physico-chemical nature of the
material surface and the biological behaviour of the
cells should match in a sequestered pattern to form
www.scienceasia.org

a functional tissue. Therefore, in selecting the correct biomaterials properties such as surface topography, chemical composition, hydrophilicity, surface
energy and charge, and degradation should be carefully considered. A range of bioactive ceramics such
as hydroxyapatite (HA), tricalcium phosphate (TCP),
bioglass, and glass ceramics have been employed
because of their similarities in composition to the
mineral phase of natural bone and their excellent
bone bonding ability 3 . So far, the applications as
long bone substitute and load-bearing scaffolds are
hindered by the low intrinsic strength exhibited by
HA. Dense HA displays fracture toughness slightly
below the lower limit of cortical bone 4 . Conversely,
Young’s modulus is typically higher 5 and the flexural
strength is limited to ∼80 MPa 6 . To improve the
mechanical features of load-bearing scaffolds, HAbased composite materials have been developed. It
is important to reach an equilibrated biomechanical
load distribution at the bone/scaffold interface, and
to reduce strength mismatch favourable for osseous
tissue integration. For example, a low melting point
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bioceramic, TCP, has been used to supplement HA,
resulting in increased flexural strength and degradability of the composite scaffolds 7 . A series of different
compositions have been investigated, e.g., HA plus
ZrO2 8 , HA plus Al2 O3 , and other mixtures with high
thermal resistance 9 . However, a problem of phase
decomposition has arisen, mainly caused by chemical
interactions between HA and the reinforcing phases
at high temperatures. Although high thermal stability
of the reinforcing phases enhances the mechanical
resistance of the composite, forming of secondary
phases results in volume modification, which in turn
induces micro-cracks in the final product 10 .
Success in orthopedic applications is also
limited by poor resorption of HA.
In contrast to the perfectly stoichiometric compound HA
[Ca10 (PO4 )6 (OH)2 ], bone mineral has a defective
structure, being doped with mono- or divalent cations
[BM, Ca10-x (HPO4 ) x (PO4 ) 6-x (OH)2-x ]. As a result,
their reabsorption is enhanced 11 . TCP and silicatebased bioceramics are better biodegradable materials than HA. Regarding bone regeneration capacity, the efficacy of scaffold products containing
parts of these materials has been improved consequently 7, 12, 13 . For an HA/TCP hybrid surface, the
ionic micro-environment established by partial dissolution of calcium phosphate from TCP crystals has
been found optimal for apatite layer formation, which
is appropriate for cell attachment, migration, and
growth 7 . Silicate-based bioceramic products exhibit
a surface chemistry amenable to extracellular matrix
proteins. Silica, which acts as a nucleating apatite,
in conjunction with strong protein films on the material that facilitated cell adhesion and other cellular
activities promotes bone bonding in vivo 13 . Usually,
they are selected as the reinforcing phases because of
exhibiting higher flexural strength and reduced elastic
modulus compared to HA 14 .
The most important stage of bone tissue engineering is the design and processing of porous, biodegradable 3D scaffolds. The scaffolds should provide
structural support for cells and newly formed tissues
by acting as a temporary extracellular matrix for natural processes of tissue regeneration and development,
while degrade at a rate comparable with new tissue
growth 15 . Scaffold porosity needs to be determined
to ensure adequate space for cell migration and expansion, and suitable transport of nutrients and waste
products 16, 17 . To improve the criteria required for
successful bone grafting, the logical approach is to use
the properties of more than one material to combine
the strength of the parent phases and simultaneously
minimize any undesirable characteristics.

According to our previous study, improved osteoconductivity in vivo has been apparent for composite
scaffolds consisting of HA and TCP at 2:1 mass
ratio in comparison with TCP implants 7 . In this
work, variable amounts of calcium silicate (CS) were
supplemented into the prescribed composite materials
to investigate the role of the reinforcing phase on
determining the mechanical properties and bioactivity
of the finished scaffold products in vitro. To date,
there has been no report publishing the development
of HA/TCP/CS composites for load-bearing applications.
EXPERIMENTAL METHODS
Scaffold preparation
The powders of HA (Fluka), TCP (Fluka), and CS
(Riedel-de Haën) were approximately of 7.9, 4.7,
and 0.8 µm in diameter, respectively. The mixed
powder of HA and TCP at a mass ratio of 2:1 was
prepared, and then blended with CS at a concentration
range of 10–30% w/w. The sieved sucrose particles
(400–600 µm in diameter) were added by keeping its
content constant at 16.7% w/w, so that the scaffold
porosity will match that of the long and/or loadbearing bones 18 . Polyvinyl alcohol solution (15%
w/v) was used as a wetting agent for granule preparation. The dried granules were poured into a mould and
pressed with a constant load of hydraulic press. The
prepared samples were sintered at 1050 °C, 1150 °C,
or 1250 °C for 2 h.
Physical characterization of scaffolds
Scanning electron microscope (SEM) (Quanta 400,
FEI, Czech Republic) was used to characterize surface
morphology, pore shape and size, and pore distribution of scaffolds after gold coating.
The initial modulus and flexural strength were
evaluated via three-point bending tests on a universal
testing machine (LLOYD, West Sussex, UK). These
studies were conducted on a scaffold of dimensions
25 mm × 60 mm × 9 mm according to BSEN ISO
14125:1998. A cross-head speed of 1 mm/min was
used with a 1 kN load cell. The strength and modulus
were calculated from the maximum load recorded.
Three samples were examined for each condition.
Porosity of scaffolds
The Archimedes method was used to measure the
porosity of porous ceramic scaffolds in water. The
dry weight of each scaffold was recorded as m1 .
Then, the scaffold was immersed in water until no
bubbles emerge. The sample was reweighed in water
www.scienceasia.org
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to measure m3 . After that, the scaffold was carefully
taken out the beaker, and the surface water droplets
were dabbed off. The sample was quickly reweighed
in air to measure m2 . Three samples were tested
to calculate the average porosity. The porosity of
the open pores within the scaffold was calculated as
(m2 − m1 )/(m2 − m3 ).
Soaking in PBS
The phosphate buffered saline (PBS) solution was
prepared by dissolving 80 g NaCl, 2 g KCl, 14.4 g
Na2 HPO4 , and 2.4 g KH2 PO4 in a litre of water, and
the pH adjusted to 7.4 19 . Triplicate samples from each
group of scaffolds were immersed in 20 ml PBS for
3 weeks at 37 °C without stirring. After removal, the
sample was gently washed with deionized water, and
dried at room temperature. The corresponding nonimmersed scaffold served as the control. SEM was
performed to examine surface characteristics of the
scaffolds after soaking.
Statistical analysis
All data are expressed as mean ± standard deviations
of experiments carried out in triplicate. Statistical
analyses were performed with S IGMA P LOT software.
Student’s t-test was used to determine the significant
differences among the groups, and p-values less than
0.05 were considered significant.
RESULTS
Morphology and microstructure of scaffolds
Fig. 1 shows the interior morphology and microstructure of porous scaffolds fabricated under different conditions. The scaffolds contain CS in concentrations
of 10% (a and d), 20% (b and e), and 30% (c and
f). Scaffolds were sintered at 1050 °C (Fig. 1a–c)
or 1250 °C (Fig. 1d–f) for 2 h. All of the scaffolds
produced exhibited opened, interconnected, and homogeneous pore structures with irregular pores of
5–20 µm diameter. The pore interconnectivity was
estimated to arise from the contact points between
adjacent crystals of HA and/or TCP, which were larger
in particle size than those in CS, and resulted from the
burning out of sucrose and PVA solution (Fig. 1d–f).
The ceramic grains were not molten at the lower sintered temperature of 1050 °C (Fig. 1a–c), and distinct
particle morphologies were clearly observed. The
grains, in particular of HA and TCP, became molten at
the higher sintered temperature of 1250 °C (Fig. 1d–f).
In addition, by increasing CS contents, the uniform
distribution of CS was still noticed. Alteration of the
pore structure was not detected by the addition of CS
into the HA/TCP mixture (Fig. 1d–f).
www.scienceasia.org

Fig. 1 SEM micrographs of scaffolds fabricated under
different conditions. The CS powder with increased concentrations, e.g., 10% (a and d), 20% (b and e), and 30% (c
and f), was blended with the composite powder of HA and
TCP (2:1 mass ratio) to form the scaffolds. Then, they were
sintered at 1050 °C (a, b, and c) or 1250 °C (d, e, and f) for
2 h.

Flexural properties and porosity
For scaffold samples being sintered at similar temperature, the flexural strength and modulus were increased by increasing the CS contents (Table 1). For
the scaffolds containing identical CS concentrations,
increasing the sintered temperature improved the flexural properties (Fig. 2). The porosity was reduced
from 64% to 47% as the results of increased CS
concentrations and sintered temperature. It is worth
noting that strength and modulus of the composites
slightly increased when the percentage of CS, the
sintered temperature, or both were elevated, albeit
decreasing the porosity.
Apatite formation in PBS
Fig. 3 presents the most relevant SEM micrographs
for CS containing scaffolds sintered at 1050 °C (a and
b), 1150 °C (c and d), and 1250 °C (e and f) 3 weeks
after immersion in PBS. Scaffolds comparison before
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Table 1 Composition of the scaffolds as HA+TCP(2:1):CS
(% w/w), sintering temperature T , calculated flexural
strength σ, flexural modulus E, and porosity φ.
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(Fig. 3a, 3c, and 3e) and after (Fig. 3b, 3d, and 3f)
soaking indicates that immersion in PBS resulted in
the formation of rougher surfaces when the scaffolds
were sintered at 1050 and 1150 °C (Fig. 3b and 3d).
Interestingly, spherical granules in densely packed
needle-like crystals appeared for the immersed scaffolds sintered at 1250 °C (Fig. 3f).
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Fig. 2 Stress-strain curves of the scaffolds consisting
of varying CS concentrations sintered at (a) 1050 °C,
(b) 1150 °C, or (c) 1250 °C, and (d) the values of flexural modulus calculated from the curves. Bars represent
mean ± standard deviation. Statistical analysis indicated
that the composite materials prepared by using different
%CS and/or sintered temperature had significant different
physical behaviours.

The substitution of long and load-bearing bone segments is one of the most relevant challenges of orthopaedic surgery with enormous societal and economical impact. The optimal solution to face this
challenge is the development of bioactive porous scaffolds, able to promote the formation of new bone
tissue and to sustain the mechanical load during
bone regeneration processes. In this study, the sintering technique was applied to fabricate scaffolds
for obtaining the consolidation of composite bodies
(HA/TCP) and a reinforcing phase (CS). A median
pore diameter of approximately 15 µm with homogeneous distribution was apparent (Fig. 1). The particle
sizes of sucrose were several times larger than the pore
diameter observed, suggesting that pores coalesce
during sintering. The prepared scaffolds showed wellinterconnected pores with a porosity in the range of
47–64%, depending on the amount of CS added and
the sintered temperature. The porosity diminished
when higher concentrations of CS and high sintered
temperature were used. Consequently, it was optimal
for placing the scaffolds somewhere between cortical
and cancellous bones that create a porous environment
with 3–12% and 50–90% porosity, respectively 20 .
The scaffold attained a minimal flexural strength of
5 MPa, which was comparable to the strength of
cancellous bone (2–10 MPa) 21 . The modulus at
50% porosity (3 GPa) showed a 3-fold increment
www.scienceasia.org
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Table 2 Ion concentrations of human blood plasma, SBF,
and PBS.
Type

Ion concentration (mM)
Na

+

K

+

Blood 142.0 5.0
plasma
SBF
142.0 5.0
PBS
157.0 4.5

Fig. 3 SEM images of CS containing scaffolds before
and after soaking in PBS for 3 weeks. The scaffolds
were sintered at different temperatures: 1050 °C (a and b),
1150 °C (c and d), and 1250 °C (e and f). (a), (c), and (e):
before soaking; and (b), (d), and (f): after immerging.

when changing the sintered temperature from 1050
to 1250 °C (Table 1). Significant improvement in
the mechanical properties was consequently accomplished by introducing CS in the scaffold formulations
and/or elevating the sintered temperature.
The microstructures of the scaffolds seem to be
influenced by heating levels used upon fabrication.
Not all ceramic grains were molten at 1050 °C, as
different particle morphologies were clearly observed
(Fig. 1a–c). Fusion of the grains, especially between
HA and/or TCP, was revealed at 1150 °C (Fig. 3c),
while these materials were completely molten at
1250 °C (Fig. 1d–f). However, integration of the CS
grains with the composite bodies was not accomplished by the last temperature level, suggesting a
high thermal resistance of the reinforcing phase. CS
was thoroughly distributed although its concentration
was increased up to 30% w/w, indicating a well
controlled mixing process. It was recognized that CS
particles were approximately 10 and 5 times smaller
in diameter than HA and TCP, respectively, (Fig. 1),
www.scienceasia.org
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and the distribution of CS was found dominantly at the
composite grain boundaries (Fig. 3e). In agreement
with the improved mechanical properties by the addition of CS, the boundary distribution was expected to
play an important role in microcracking. The results
were consistent with the previous study, suggesting
that smaller grains have stronger cracking resistance,
which in turn affects the strength of the ceramic
composites as a whole 22 .
The simulated body fluid (SBF) method has been
suggested as a useful way for testing bioactivity of
bioceramics in vitro by assessing the potential of
apatite formation 4 . Silicate-based bioceramics, including bioglass 4 , wollastonite (CaSiO3 ) 23 , akermanite (Ca2 MgSi2 O7 ) 24 , and diopside (Ca2 MgSi2 O6 ) 25 ,
have been shown to have excellent apatite forming
abilities in SBF. However, by soaking phosphateand sulphate-based ceramics in SBF, obvious apatite
formation has not been remarkable, although they do
exhibit superior in vivo bone formation abilities 26 .
Therefore, SBF has been suitable for evaluating the
in vitro bioactivity of silicate-based ceramics, but not
for other types of bioceramics. Indeed, the bone bonding ability of biomaterials depends on their chemical
reactivity in body fluid 27 . Phosphate buffered saline
(PBS) is another physiologic solution commonly used
in biochemistry to imitate human extracellular fluid.
In comparison to SBF, ionic species such as Mg2+ ,
Ca2+ , and HCO3– are absent in PBS (Table 2). SBF
ionic strength is similar to that of blood plasma. In
the present study, we used PBS instead of SBF to
ascertain the ability of inducing apatite formation on
the immersed scaffolds. By soaking the scaffolds
previously sintered at 1050 and 1150 °C in PBS for
3 weeks, more bumpy surfaces were apparent on
which the apatite layer was not detected (Fig. 3b and
d). However, the deposition of spherical-like granules of CS 28 and needle-like crystals of HA 29, 30 was
demonstrated on the soaked scaffolds being sintered at
1250 °C (Fig. 3f). The ability of biomaterials to form
apatite in PBS depends on the heating challenge that
fully induces the grain transformation. These results
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contradict those reported previously, indicating that
the formation of bone apatite on fully sintered HA
and TCP ceramics has been hardly detectable 31, 32 .
Indeed, the nature and crystallinity of apatite forming phases depend on various parameters, including
concentrations of phosphate/carbonate sources, ionic
strength and pH of the soaked solution, and the kinetics of the nucleation and growth processes 33 . Because
the porosity of the scaffolds was not compromised by
the formed apatite layers and the initial porous morphology was maintained, the composites produced in
this study are potential candidates to be used as new
biomaterials for hard tissue repair.
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