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In this study, nano-hydroxyapatite scaffolds with high mechanical strength and an interconnected porous
structure were prepared using NTSS for the first time. The first step was performed using a laser
characterized by the rapid heating to skip the surface diffusion and to obtain the driving force for grain
boundary diffusion. Additionally, the interconnected porous structure was achieved by SLS. The second step
consisted of isothermal heating in a furnace at a lower temperature (T2) than that of the laser beam to further
increase the density and to suppress grain growth by exploiting the difference in kinetics between
grain-boundary diffusion and grain-boundary migration. The results indicated that the mechanical
properties first increased and then decreased as T2 was increased from 1050 to 12506C. The optimal fracture
toughness, compressive strength and stiffness were 1.69 MPam1/2, 18.68 MPa and 245.79 MPa, respectively.
At the optimal point, the T2 was 11006C, the grain size was 60 nm and the relative density was 97.6%. The
decrease in mechanical properties was due to the growth of grains and the decomposition of HAP. The
cytocompatibility test results indicated that cells adhered and spread well on the scaffolds. A bone-like
apatite layer formed, indicating good bioactivity.

B
one tissue engineering offers an alternative approach for repairing bone defects caused by trauma, malig-
nancies and congenital diseases1. Scaffolds, which are one of the key factors for tissue engineering, should
possess sufficient mechanical strength to provide structural support and a porous structure to guide new

bone tissue in-growth2,3. Moreover, the scaffolds should also possess good biocompatibility and osteoconductiv-
ity4,5. Hydroxyapatite (HAP) is widely used as a scaffold material because of its excellent osteoconductive
properties and the bonding ability6–8. However, the inherent brittleness and low fracture toughness of the
ceramics restrict their use in load-bearing applications9.

It is well known that the combination of an ultrafine grain size (such as nanoscale grain size) and a high density
enable to improve the mechanical properties of ceramics to be improved10. However, preparing dense nano-grain
ceramics using the conventional sintering method is difficult. The reason for this difficulty is that densification
and grain growth are both driven by diffusive mechanisms, which results in the simultaneous activation of
densification and grain growth11,12. Two-step sintering (TSS) is a promising approach for simultaneously obtain-
ing high density and nano-grains13. Lukić et al.14 applied TSS to sinter HAP powder, which was conducted in a
tube furnace. The relative density and average grain size reached 99.2% and 75 nm, respectively. Li et al.15 used
TSS, which consisted of spark plasma sintering (SPS) as the first step and furnace sintering as the second step, to
sinter TiO2 powder. The relative density and average grain size were 97.7% and 40 nm, respectively. However,
these methods require sophisticated and expensive equipment, and importantly, they lack the ability to precisely
control the pore size, geometry, connectedness and spatial distribution16–18.

Selective laser sintering (SLS), as one type of the rapid prototyping (RP) technology, can obtain nano-size
grains through the rapid heating provided by a high-energy laser beam19,20. This technology can also fabricate
customized shapes and controlled internal architectures21,22. However, it is difficult to obtain the high densities
due to the short action time (0.2–200 ms) between the laser beam and materials during the sintering process. In
this study, we employ SLS as the first step for fabricating the interconnected porous structure in HAP scaffolds.
Then, we use isothermal sintering at a lower temperature as the second step to keep the grain size at the nanoscale
and to simultaneously improve the density through using grain-boundary diffusion. To be exact, this method first
uses the high-energy laser beam to rapidly skip the surface diffusion and to achieve a sufficient driving force for

OPEN

SUBJECT AREAS:
IMPLANTS

TISSUE ENGINEERING

NANOFABRICATION AND
NANOPATTERNING

Received
22 April 2014

Accepted
19 June 2014

Published
7 July 2014

Correspondence and
requests for materials

should be addressed to
C.S. (shuai@csu.edu.

cn)

* These authors
contributed equally to

this work.

SCIENTIFIC REPORTS | 4 : 5599 | DOI: 10.1038/srep05599 1



grain-boundary diffusion, which is followed by isothermal sintering
at a lower temperature to suppress grain-boundary migration and to
keep the grain-boundary diffusion active.

This study was focused on preparing nano-HAP scaffolds with
good mechanical properties and an interconnected porous structure
via a novel two-step sintering (NTSS) process. The effects of T2 on
the phase composition, relative density, grain size and mechanical
properties were studied. The bioactivity was investigated by soaking
the scaffolds in simulated body fluid (SBF). Moreover, human osteo-
blast-like MG-63 cells were cultured on the scaffolds, and their adhe-
sion and proliferation were examined.

Results
The nano-HAP powder possessed a needle-like shape and a uniform
morphology (Figure 1a). A scaffold fabricated using NTSS is shown
in Figures 1 (b–e). The scaffold was approximately 27 mm 3 12 mm
3 5 mm in size, with struts of approximately 1.6 mm in width, a
pore size of approximately 800 mm and a wall thickness of approxi-
mately 800 mm.

The XRD patterns of the nano-HAP powder and scaffolds pre-
pared using SLS and NTSS are shown in Figure 2. All of the peaks
matched with the JCPDS pattern 09-0432 for HAP, which suggested
that no other phases were present, as shown in Figure 2 (a). The XRD
pattern of the scaffolds prepared using SLS without the second sin-
tering step is shown in Figure 2 (b). All of the peaks were attributed to
the HAP phase, and no additional peaks were observed. The results
indicated that the HAP did not decompose after laser sintering. The
XRD patterns of the scaffolds prepared via the NTSS at T2 of 1050,
1100, 1150, 1200 and 1250uC are shown in Figures 2 (c), (d), (e), (f)
and (g), respectively. The peaks became narrower and sharper as the
sintering temperature increased. A peak shift could be observed
when comparing the pattern with that of the initial nano-HAP pow-
der, which indicated that the HAP lattice had contracted due to the
dehydroxylation of HAP23. There were no phase transitions in the
scaffolds sintered at temperatures of 1050uC and 1100uC. However, a

small amount of HAP was decomposed into b-TCP and TTCP when
the temperatures were 1150uC and 1200uC, moreover, small
amounts of a-TCP occurred at the temperature of 1250uC.

The FTIR spectra of the nano-HAP powder, of the scaffolds pre-
pared using SLS without the second sintering step and of scaffolds
prepared using NTSS at different T2 are shown in Figure 3. In the
FTIR spectra, the bands at 3570 and 630 cm21 were attributed to the
hydroxyl stretching bands and bending bands of HAP, respectively24.
The broad absorption band from 3600 to 3300 cm21 indicated the
existence of the bending mode of absorbed water25. The bands at
1093 and 1041 cm21 were assigned to the components of the triply
degenerate n3 antisymmetric P-O stretching mode, and the n1 P-O
symmetric stretching mode was detected at 962 cm21 26,27. The bands
at 603 and 569 cm21 were attributed to components of the triply
degenerate n4 O-P-O bending mode and the doubly degenerate n2

O-P-O bending mode was evident at 470 cm21 28,29. The relative
intensities of the OH2 vibration bands decreased as the sintering
temperature increased, indicating the occurrence and development
of dehydroxylation. Bands corresponding to OH groups and to
PO432 were still present when the sintering temperature reached to
1250uC, which indicated that the HAP experienced very limited
phase decomposition during the NTSS process.

To obtain ultrafine grains and high densities, the scaffolds were
fabricated using NTSS. The first step was conducted using SLS under
the preset parameters. For this step, the temperature of the laser
beam was greater than 1250uC30 and the relative density was
82.6%. Subsequently, the relative densities increased during the sec-
ond step (Figure 4). The relative density rapidly increased from
91.2% at 1050uC to 97.6% at 1100uC, and then it slowly increased
to 97.9% at 1150uC. However, the relative density slightly decreased
when T2 was 1200uC or greater, which results from the decomposi-
tion of HAP to TCP. As is well known, b-TCP and a-TCP have
densities of 3.07 and 2.86 g/cm3, respectively, which are lower than
that of HAP (the theoretical density of HAP is 3.16 g/cm3)31,32,
respectively.

Figure 1 | SEM images and optical photographs. (a) SEM image of the nano-HAP powder. Optical photographs (b) and SEM images (c–e) of the

scaffold.
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The microstructures of the scaffolds without and with the second
sintering step are shown in Figures 5 (a–e). It could be observed that
the scaffold had an incompact structure and that some pores were
unevenly distributed (Figure 5a). Slow grain growth occurred when
the scaffold was sintered at 1100uC (Figure 5b). The grain growth was
evident when the temperature was 1150uC or greater (Figures 5c–e).
The average grain sizes of the scaffolds prepared using SLS without
the second sintering step and of those prepared using NTSS at dif-
ferent T2 are shown in Figure 5 (f). The average grain size was
approximately 50 nm when the scaffolds prepared using SLS without
the second sintering step. The average grain size increased from
56 nm to 160 nm when T2 was increased from 1050uC to 1250uC
for the scaffolds prepared using NTSS.

The mechanical properties of the scaffolds without the second
sintering step and of those sintered at different T2 are shown in
Figure 6. The Vickers hardness, fracture toughness, compressive
strength and stiffness of the scaffold without the second sintering
step were 3.45 GPa, 1.11 MPam1/2, 6.45 MPa and 168.24 MPa,
respectively. The mechanical properties of the scaffolds prepared
using NTSS increased as the temperature was increased to 1100uC
and subsequently decreased as the temperature was increased from
1150 to 1250uC. The optimal Vickers hardness, fracture toughness,
compressive strength and stiffness were 4.63 GPa, 1.69 MPam1/2,
18.68 MPa and 245.79 MPa, respectively. The mechanical properties
at 1100uC were markedly higher than those without the second sin-
tering step (P , 0.001).

Figure 2 | XRD patterns. (a) The nano-HAP powder. (b) The SLS scaffold without the second sintering step. (c–g) The scaffolds sintered at different T2.

Figure 3 | FTIR spectra. (a) The nano-HAP powder. (b) The SLS scaffold without the second step sintering. (c–g) The scaffolds sintered at different T2.
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The surface morphologies of the scaffolds after soaking in SBF for
various lengths of time are shown in Figure 7. Numerous tiny
agglomerates, which were attributed to apatite nuclei, could be
observed on the surface after 2 days of soaking (Figures 7a, b). The
quantities and sizes of these precipitates increased as the soaking

time increased to 7 days (Figures 7c, d). The surface was completely
covered by a layer of flake-like precipitates after 14 days of soaking
(Figures 7e, f). The layer became denser and was composed of many
elongated and interlaced, worm-like, superfine crystallites as the
soaking time increased to 21 days (Figures 7g, h).

The SEM-EDS spectra of the scaffolds after soaking in SBF for 0, 2,
7, 14 and 21 days are shown in Figures 8 (a–e). It could be observed
that the precipitates were calcium- and phosphorus-rich phases,
which also contained carbon and oxygen. Small amounts of Na, Cl
and Mg, which were derived from the SBF solution, were detected.
The changing trend in Ca/P ratios is shown in Figure 8 (f). The Ca/P
ratio of the scaffolds before soaking in SBF was 1.67. The Ca/P ratios
slightly increased to 1.79 as the soaking time increased.

The morphologies of MG-63 cells cultured on the scaffolds for
4 hours and for 1, 3 and 5 days are shown in Figure 9. The numbers
of cells attached to the scaffolds increased with the culture time. The
MG-63 cells anchored tightly on the surface of the scaffolds and
exhibited a fusiform-shape after 4 hours of culture. Significant
spreading of viable cells with extended fibers was observed along
the surface of the scaffolds after 1 day. After 3 days, the cells grew
and spread out on the surface, and neighbor cells connected with
each other through cytoplasmic extensions. The cells were attached
across the entire surfaces of the scaffolds, and some of them formed

Figure 4 | Relative densities of the struts sintered using NTSS at different
T2.

Figure 5 | The etched surfaces of the scaffolds without the second sintering step (a); sintered at T2 of 1100 (b) 6C, 11506C (c), 12006C (d), and 12506C
(e); and the average grain sizes of the scaffolds prepared using SLS without the second sintering step and of those using NTSS at different T2 (f).
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bridges and formed a dense cellular construct that was clearly visible
after 5 days.

Discussion
The scaffold possessed a well-ordered three-dimensional (3D) archi-
tecture and interconnected pore channels (Figure 1). The open and
interconnected pore network was a crucial factor for the scaffold to
allow cell growth and the transport of nutrients and metabolic waste.
Gotz et al.33 reported that pore sizes of .300 mm were recommended
for implants due to enhanced new bone and capillary formation.
Hollister et al.34 conducted in vivo studies on HAP scaffolds with
pore diameters ranging between 400 mm and 1,200 mm and observed
that bone growth on scaffolds for all pore sizes, with no significant
difference between pore sizes.

In the present study, the thermal change of pure HAP is reported
to occur in two stages: dehydroxylation and decomposition35,36.

During dehydroxylation, HAP molecules lost OH radicals during
heating at high temperatures and oxyapatite formed according to
the following equation37,38:

2OH?OzH2O:

Ca10(PO4)6(OH)2?Ca10(PO4)6O:XzH2O

where Ca10(PO4)6(OH)2 is HAP, Ca10(PO4)6O is oxyapatite, and
X is a non-charged vacancy; one of the lattice sites that were origin-
ally occupied by two OH groups in a HAP unit cell was now occupied
by an oxygen atom while leaving the other vacant, which generally
caused lattice contraction. HAP could decompose into TCP and
TTCP with increasing sintering temperature through the following
process39,40:

Figure 6 | Vickers hardness and fracture toughness (a) and compressive strength and stiffness (b) of the SLS scaffold without the second sintering step
and of scaffolds sintered at different T2 (1050, 1100, 1150, 1200 and 12506C). Difference (*P , 0.05 and **P , 0.001) between the scaffolds

prepared using NTSS compared to those without the second sintering step.

www.nature.com/scientificreports
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Ca10(PO4)6(OH)2?2Ca3(PO4)2zCa4P2O9zH2O

where Ca3(PO4)2 is TCP and Ca4P2O9 is TTCP. The presence of a-
TCP was due to the transformation of b-TCP to a-TCP.

The crystallite size of the scaffold prepared using NTSS at 1100uC
in the direction perpendicular to a certain crystal face was estimated
using the Scherrer equation41:

D~
0:9l

bCosh

where D is the crystallite size, l is the wavelength of Cu Ka radiation
(l 5 1.54056 Å), b is the full width of the peak at half of the max-
imum intensity (FWHM), and h is the diffraction angle of the cor-
responding reflection.

Figure 7 | SEM micrographs of the scaffolds soaked in SBF for 2 (a, b), 7 (c, d), 14 (e, f) and 21 (g, h) days; (b), (d), (f) and (h) are higher magnifications
images of those presented in (a), (c), (e) and (g), respectively.

www.nature.com/scientificreports
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The crystallite sizes estimated from the (002) and (300) reflection
peak were 56.54 and 64.32 nm, respectively, as calculated from
Scherrer equation. The average grain size of the scaffold prepared
through NTSS at 1100uC was approximately 60 nm from the SEM
image (Figure 5). The calculated result from Scherrer equation con-
formed to the measured result from SEM.

As shown in Figures 4, 5 and 6, the Vickers hardness, fracture
toughness, compressive strength and stiffness first increased from
4.12 GPa, 1.35 MPam1/2, 14.28 MPa and 224.51 MPa to 4.63 GPa,
1.69 MPam1/2, 18.68 MPa and 245.79 MPa, respectively, as the rela-
tive density increased from 91.2% to 97.9%. Then, these values
decreased from 4.63 GPa, 1.69 MPam1/2, 18.68 MPa and 245.79 MPa
to 3.63 GPa, 1.41 MPam1/2, 11.76 MPa and 194.91 MPa, respect-
ively, as the grain size increased from 60 nm to 160 nm. It could
be observed that the mechanical properties of the HAP ceramic were
closely related with its density and grain size. The mechanical prop-
erties increased primarily because of the increase in density when T2

was increased from 1050 to 1100uC, whereas they decreased prim-
arily because of the combined effects of the increase in grain size and
the decomposition of HAP when T2 was increased from 1150 to
1250uC. Several studies have reported that a finer grain size would
result in greater strength and toughness in comparison with coarser

grain sizes42–44. Additionally, some studies45–47 have reported that the
decomposition of HAP would decrease its mechanical properties.
The results of the phase composition, relative density, microstructure
and mechanical property analyses implied that NTSS is an effective
method for fabricating scaffolds with good mechanical properties.
The optimum T2 for the NTSS method was 1100uC.

The presence of carbon in the apatite implied that a bone-like
apatite layer was formed on the surfaces of scaffolds after soaking
in SBF (Figure 8). Previous studies have shown that the formation of
a bone-like apatite layer on the surface of biomaterials in SBF plays
an important role in improving osteoblast growth and differenti-
ation, which further influences their in vivo bone-forming ability48–50.
The increase in Ca/P ratios was due to the substitution of phosphate
groups by carbonate groups during apatite formation51. The scaffolds
were effective in promoting cellular adhesion, spreading, prolifera-
tion and formation of extracellular matrix protein (ECM) such that
the cells merged on the surfaces of scaffolds forming a layer or sheet
(Figure 9). These results indicated that the scaffolds provided good
biocompatibility for cell attachment, proliferation and viability.

In summary, dense nano-HAP scaffolds with an interconnected
porous structure for bone tissue engineering were successfully fabri-
cated using NTSS. The NTSS method used SLS as the first step,

Figure 8 | EDS analysis for the scaffolds soaked in SBF for 0 (a), 2 (b), 7 (c), 14 (d) and 21 (e) days; changing trend of Ca/P ratios (f) on the surface of
scaffolds after soaking in SBF.
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followed by isothermal sintering as the second step. The average
grain size increased from 56 to 160 nm as T2 increased from 1050
to1250uC. The relative density increased from 91.2% at 1050uC to
97.9% at 1150uC and then decreased to 96.8% at 1250uC. HAP
decomposed into TCP and TTCP when the sintering temperature
was 1150uC or greater. The Vickers hardness, fracture toughness,
compressive strength and stiffness first increased and subsequently
decreased. The scaffold with optimal mechanical properties was fab-
ricated at a T2 of 1100uC; at this point, the average grain size was
60 nm and the relative density was 97.6%. The formation of a bone-
like apatite layer in SBF suggested good bioactivity. Moreover, the
attachment and proliferation of MG-63 cells on the scaffolds indi-
cated good cytocompatibility.

Methods
Materials and experiments. The nano-HAP powder (No. MHAP04) was obtained
from the Nanjing Emperor Nano Material Co., Ltd, and it was synthesized using the
sol-gel technique with Ca(NO3)2?4H2O and (CH3O)3P as precursors. The powder
had a width of 20 nm, a length of 150 nm, a purity of 99.5%, a whiteness of 96 and a
pH of 7.41.

The sintering profile is shown in Figure 10. The scaffolds were first rapidly sintered
to a high temperature (T1) by SLS and then rapidly cooled to room temperature.
Subsequently, the scaffolds were heated at 1uC/min to a temperature (T2) for iso-
thermal sintering and after a dwell time of 3 h, they were cooled to 400uC at a cooling
rate of 1uC/min; finally, the scaffolds were slowly cooled to room temperature within
the furnace.

The first step sintering was performed using on a homemade SLS system equipped
with a 100 W CO2 laser (model FirestarH t-Series, Synrad Co., USA) with a wave-
length of 10.6 mm and a minimum laser spot diameter of 50 mm52. Briefly, a layer of
the nano-HAP powder was deposited on the elevating platform. The deposited layer
was selectively radiated by the laser beam and bonded to form a solidified layer. The
elevating platform was moved down by an amount equivalent to the thickness of a
layer. By repeating the above steps, a number of solidified layers were stacked to
construct the scaffold. The un-bonded powder was removed with water. The second
sintering step was performed under different T2 in a furnace (JNL-16XB, Luoyang
Liyu Co., LTD. China). The NTSS processing parameters are shown in Table 1.

Scaffold characterization. The morphologies of the starting powder and of the
scaffolds were observed by scanning electron microscopy (SEM) (Tescan, Mira 3

FEG-SEM, TESCAN Co., Czech) at an accelerating voltage of 5.0 kV. The samples
were sputter coated with a thin layer of gold/palladium for 120 s using an auto fine
coater (JFC-1600, JEOL, Ltd., Japan) before SEM examination. The struts samples (3
3 1.6 3 0.8 mm3) were polished using diamond paste to a 1 mm surface finish and
then ultrasonically cleaned. The microstructure was revealed by chemical etching
with 5% hydrofluoric acid (HF) for 2 min and examined using SEM (JEOL JSM-
5600LV, JEOL Ltd., Japan). The average grain size was measured from SEM images
using the linear intercept method.

The phase composition was analyzed by X-ray diffraction (XRD) (D8-ADVANCE,
German) with Cu Ka radiation (40 kV, 40 mA). The analysis was made with a
scanning speed of 8u/min, a step size of 0.02u over the 2h range of 20–50u at room
temperature. Prior to analysis, the scaffolds were ground to a fine powder using a
pestle and mortar. The phases were identified by comparing the X-ray diffractograms
with standards patterns complied by the Joint Committee on Powder Diffraction
Standards (JCPDS) using cards 09-0432 for HAP, 09-0169 for b-TCP, 09-0348 for a-
TCP and 25-1137 for tetracalcium phosphate (TTCP). The functional groups were
determined by Fourier transform infrared spectroscopy (FTIR) (NicoletteTM 6700,
Thermo Electron Corp., USA) over a wavenumber range of 400–4000 cm21 and with
a resolution of 2 cm21. The scaffolds were ground into a powder in an agate mortar
and thoroughly mixed with KBr. Transparent pellets were prepared in a stainless steel
die by applying a uniaxial load of 1000 psi.

The mass of the scaffold samples (15 3 15 3 7 mm3) were measured using an
electronic balance. The volumes of the scaffolds were measured using the
Archimedes’ method with distilled water. The apparent density was calculated as the
mass divided by the volume, which was the actual density of the strut. The relative
density was calculated as the actual density divided by theoretical density of HAP
(3.16 g/cm3). Six measurements were conducted to obtain the average value. The
Vickers hardness and fracture toughness (KIC) of the strut samples (3 3 1.6 3

0.8 mm3) were obtained by performing indentation tests with a Vickers microin-
denter (HXD-1000TM/LCD, Digital Micro Hardness Tester, Shanghai Taiming
Optical Instrument Co. Ltd, China). Prior to indentation, all of the strut samples were
vertically inlaid in epoxy with an inlaying machine (XQ-2B, W22*15). Then, the
surface of the sample was polished using a grinding & polishing machine (Model MP-
2, Laizhou Weiyi Experiment Machine Manufacturing Co., Ltd, China) and subjected
to indentation. The indentation load was maintained constant at 2.94 N, and a
loading time of 15 s was employed. The KIC was calculated using the following
formula which was derived from the model proposed by Evans and Charles53: KIC 5

0.0824Pc23/2, where P is the applied indentation load and c is the length of the induced
radial crack. The compressive strength and stiffness were determined by axially
crushing the scaffolds (15 3 15 3 7 mm3) between two flat plates using a micro-
computer control electronic universal test machine (WD-D1, Shanghai zhuoji
Instruments Co. Ltd, China) with a loading rate of 0.5 mm/min. The stress versus
strain responses of the scaffolds were simultaneously collected by data collection

Figure 9 | SEM images of MG-63 cells cultured on the scaffolds for 4 hours (a) and for 1 (b), 3 (c) and 5 (d) days.

www.nature.com/scientificreports
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software on a computer and saved in a spreadsheet. By curve fitting with a linear
function of the stress-strain relation during the loading stage in the region of the
compression peak, the slope of the stress-strain curve, which represents the stiffness,
could be determined. Six samples of each type were tested to obtain the average values,
along with their standard deviations, for the mechanical properties, relative density
and average grain size.

Assessment of biological properties. SBF, which had ion concentrations (142.0 mM
Na1, 5.0 mM K1, 1.5 mM Mg21, 2.5 mM Ca21, 148.3 mM Cl2, 4.2 mM HCO3

2,
1.0 mM HPO4

22 and 0.5 mM SO4
22) and a pH value (7.4) similar to those of human

blood plasma, was prepared in accordance with the procedure described by Kokubo
and co-workers54. The scaffolds samples (15 3 15 3 7 mm3) were soaked in SBF at
37uC for 2, 7, 14 and 21 days and the solutions were refreshed daily. The scaffolds were
removed from the SBF after incubation for the specified time periods, gently rinsed
with distilled water and then dried in an electrothermal blowing dry box (101-00S,
Guangzhou Dayang Electronic Machinery Equipment Co., Ltd, China) at 37uC for 1
day before further characterization. A SEM equipped with an energy-dispersive X-ray
spectrometer (EDS) was used to evaluate the surface morphologies of the scaffolds
after immersion in SBF, as well as to identify the formation of apatite.

The MG-63 cells were obtained from the American Type Culture Collection
(ATCC, Rockville, MD). The cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum
(FBS), 5% penicillin/streptomycin, and 5% glutamine, and they were incubated at
37uC under 5% CO2 and maintained according to the cell line-specific recommen-
dations of the ATCC. All of the scaffolds samples (15 3 15 3 7 mm3) were immersed
in the cell culture medium for 24 h in 24-well tissue culture plates, which had been
sterilized in 75% ethanol for 10 min and immersed in phosphate-buffered saline
(PBS) overnight. Then, the MG-63 cells were seeded onto the prewetted scaffolds (2 3

105 cells/scaffold). The cell/scaffold constructs were placed in 24-well tissue culture
plates and incubated at 37uC under 5% CO2 for various periods of time (4 hours and
1, 3 and 5 days), and the medium was exchanged daily. At each culture period, the
scaffolds were removed and transferred to new 24-well tissue culture plates. After
being washed twice with PBS solution, they were dehydrated in a graded ethanol
series for 10 min and critically point dried. Additionally, the scaffolds were gold
sputtered under vacuum and observed by SEM.

Statistical analysis. Data for the Vickers hardness, fracture toughness, compressive
strength and stiffness are presented as the mean 6 standard deviation. Statistical
analysis was performed using SPSS (Statistical Package for the Social Sciences)
software (SPSS Statistics version 19, IBM, Armonk, NY, USA). A value of *P , 0.05
was considered to be statistically significant, and **P , 0.001 was considered to be
remarkably significant.
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