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Many attempts have been focused on preparing highly porous
scaffolds with appropriate mechanical strength. This paper has
developed a new route to enhance the compressive strength of
porous hydroxyapatite (HA) scaffold (porosity: B83%, mean
pore size: B740 lm). Briefly, this route included a nanostruc-
ture coating of forsterite (Mg2SiO4) on struts of porous HA.
The coating microstructure consisted of the grains with the
range between 35 and 80 nm and nanosize pores that could be
detected by scanning electron microscopy observation. This sim-
ple method improved the compressive strength of highly porous
HA from 0.12 to 1.61 MPa. The scaffolds obtained provided a
good mechanical support while maintaining bioactivity, and
hence they could be used as tissue engineering scaffolds for
low-load-bearing applications.

I. Introduction

TISSUE engineering offers a promising new approach to re-
generate diseased or injured tissues such as bone.1 For this

issue, three-dimensional biocompatible porous scaffolds with a
highly interconnected porosity are designed. Porous scaffold ce-
ramics were developed to prevent the loosening of implants. The
growth of bone into the surface porosity provides a large inter-
facial area between the implant and its host. This method of
attachment is often called biological fixation. It is capable
of withstanding more complex stress states than other kinds of
implants. Furthermore, porous scaffold implants allow cell mi-
gration, vascularization, and diffusion of nutrients. On the other
hand, they form a mechanical bond via ingrowth of bone into
the pores.2–5 From a macroscopic point of view, bone tissue is
nonhomogeneous, porous, and anisotropic. Two types of bone
tissue can be distinguished: trabecular or cancellous and cortical
or compact. It is feasible to design the porosity of the materials
to be similar to that of trabecular bone, which has a 50%–95%
of porosity and a network of interconnected pores.3

In this sense, it is of great interest to obtain pore diameters of
a hundred microns6–8 and a number of designed pore intercon-
nections to verify in the shortest possible time a bioresorption of
the scaffold and the subsequent new bone formation. For this
purpose, it is necessary to design highly porous scaffolds, which
must include the necessary macroporosity to ensure bone oxy-
genation and angiogenesis.8 Therefore, designed porous scaf-
folds should have a network of interconnected pores where more
than 60% of pores should have a size ranging from 150 to
400 mm and, at least 20% should be smaller than 20 mm. Pores
with sizes o1 mm are appropriate to interact with proteins and
are mainly responsible for bioactivity. On the other hand, pores
with sizes between 1 and 20 mm are important in cellular devel-
opment, type of cells attracted, and the orientation and direc-

tionality of cellular ingrowth. Moreover, pores of sizes between
100 and 1000 mm play an important role in cellular and bone
ingrowth, being necessary for blood flow distribution and
having a predominant function in the mechanical strength of
the substrate. Finally, the presence of pores of sizes 41000 mm
will have an important role in the implant functionality
and in its shape and esthetics. Consequently, porosity of three-
dimensional scaffolds is a very important matter due to its great
influence on the implant final behavior.8 Although, hydroxyapa-
tite (HA) is one of the most biocompatible materials with respect
to human hard tissues, the low fracture toughness of HA ce-
ramic limits the scope of clinical usages in load-bearing appli-
cations.9,10 The porous forms of HA have also been widely used
as bone scaffolds that provide improved bone ingrowth and
osteointegration.5,11,12 Damien et al.13 evaluated the bioactivity
of a novel synthetic porous hydroxyapatite (PHA) in vivo in
rabbit and investigated the enhancement of its bioactivity and
osteointegration. However, when a HA scaffold is fabricated by
different routes, its porosity is limited to about 70%, because of
the low mechanical properties of HA. In order to promote bone
ingrowth and the vascularization of the newly formed tissue,
scaffolds with a higher porosity are needed.14

Scaffolds should have suitable architecture and strength to
serve their intended function. Highly porous ceramic scaffolds
have been synthesized by various techniques including conven-
tional, mainly manual techniques and advanced processing
methods such as the rapid prototyping techniques as reviewed
by Yeong et al.15 Gross and Rodrı́guez-Lorenzo16 developed a
new technique for producing controlled pore shape and pore size
interconnectivity. Salt particles were spheroidized in a flame and
sintered to provide an interconnecting salt template. The salt
template was filled with a carbonated fluorapatite powder and a
polylactic polymer to produce a composite scaffold.16

Several attempts have been made to use strong materials,
such as zirconia and alumina, as a supporting framework on
which the HA layer is coated, which would provide a high
strength as well as excellent biocompatibility.17,18 Various ef-
forts have been also carried out for the improvement of me-
chanical properties of highly porous ceramic scaffolds.19–27 In
recent years, some Si- and Mg-containing ceramics have drawn
interests in the development of bone implant materials.28–31

Ni et al.32 showed good biocompatibility and improved me-
chanical property of forsterite in comparison with HA. Khar-
aziha and Fathi33 showed that forsterite nanopowder is
bioactive. Also, they showed that nanocrystalline forsterite has
higher mechanical properties than HA.34 The aim of this work
was to develop a new route to enhance the compression strength
of highly PHA scaffold by nanostructured forsterite coating on
HA struts.

II. Materials and Methods

(1) Preparation of HA Scaffolds

The spongy bone was extracted from a bovine bone and then cut
into rectangular samples of an approximate size of 10 mm!
5 mm! 5 mm. The bone samples were annealed in an electric
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furnace, under ambient condition, at 10001C temperature for 2 h
with a heating/cooling rate of 11C/min.

(2) Preparation of Forsterite Powder

The flowchart shown in Fig. 1 outlines the experimental proce-
dure used to synthesize the forsterite nanopowder described in
our previous report.34 In brief, water-based solutions of the
magnesium salts and colloidal silica were prepared. An aqueous
solution of sucrose was added to the solution. PVA solution was
added to the final solution and the pH value was adjusted to 1.
The solution was mixed homogeneously and heated at 801C for
2 h. The prepared gel was then heated at 1001C in air for com-
plete dehydration. In order to obtain pure forsterite nanopow-
der, the dried gel was calcined in a furnace at 7001–10001C for
2 h.

The crystallite size of the forsterite powder was determined
using the Scherrer equation

b " Kl
t cos y

(1)

where l is the wavelength (5 0.15406 nm), y is the Bragg angle,
k is a constant (5 0.9), and t is the apparent crystallite size. For
this purpose, three diffraction peaks (211), (222), and (400),
which have the advantage of being well separated and have high
intensities, were chosen for the measurement. The half-widths
were calculated using sigma plot software.

(3) Scaffold Coating

The slurry for the impregnation of the HA scaffolds was pre-
pared by using the following recipe: PVA was dissolved in dis-
tilled water (0.01 mol/L). Then, forsterite powder was added to
the solution, up to a concentration of 15 wt%. Each procedure
was carried out under mild stirring using a magnetic stirrer for
2 h. The HA scaffolds with nearly the same porosity and pore
size were immersed in the prepared slurry and remained in it for
1 h. The coated scaffolds were then placed on a ceramic plate
and dried at ambient temperature for at least 12 h. After drying,
scaffolds were sintered at 9001, 10001, and 11001C temperatures

with 2 h of holding time. The heating and cooling rates were 21
and 51C/min, respectively. The flowchart shown in Fig. 2 out-
lines the experimental procedure used for coating the scaffolds.

(4) Scaffold Characterization
The scaffolds obtained were characterized by X-ray diffraction
(XRD) and scanning electron microscopy coupled with energy-
dispersive spectrometer. Image analysis method was used for the
measurement of coating grains and mean size of pores. The po-
rosity of scaffolds was measured according to the Archimedes
principle.35 The compressive strength of the scaffolds was mea-
sured using a universal testing machine (AG-400NL, Shimadzu
Co., Nakagyo-ku, Kyoto, Japan) at a crosshead speed of 0.5
mm/min. Table I shows the structural characteristics and the
mechanical properties of the scaffolds that prepared in this
study.

III. Results and Discussion

Figure 3 illustrates XRD patterns of as-received and calcined
precursor at different temperatures. The precursor is essentially
amorphous. It can be observed that forsterite forms at 7001C
while it is poorly crystallized. Periclase (MgO) peaks can be de-
tected in samples calcined at 7001C, but only forsterite peaks can
be seen in the powder calcined at higher temperatures (8001–
10001C).

Table II shows the crystallite size of forsterite calcined be-
tween 8001 and 10001C as to determined by the XRD line-
broadening technique. As the calcination temperature increases,
the size of the crystallite increases, as shown in Table II. The
results showed that nanocrystallite forsterite powder had an av-
erage crystallite size in the range of 17–20 nm for the powders
that calcined at 8001C for 2 h.

Figure 4 presents the XRD patterns of porous ceramics and
prepared forsterite powder that sintered at different tempe-
ratures. The XRD pattern of the prepared powder displayed
the formation of forsterite obtained by calcining at 8001C tem-
perature (PDF #34-0189). All the XRD patterns obtained for
the scaffolds were in agreement with the stoichiometric HA
characterized pattern (XRD JCPDS data file No. 09-432). The
XRD patterns of coated scaffolds (SC-800, SC-900, and SC-
1000) were almost similar and exhibited an increase in peak
height and a decrease in peak width as the sintering temperature
increased, thus indicating an increase in crystallinity and crys-
tallite size. XRD analysis could not identify the coating material
because of the low amount of the forsterite. In addition, a peak

Fig. 1. Schematic flow chart of the synthesis of forsterite nanopowder.

Fig. 2. Flow chart of the method used for the fabrication of hydro-
xyapatite (HA) scaffolds coated with forsterite. The inset illustrates the
schematic of the cross section of the HA strut coated with forsterite.
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corresponding to b-tricalcium phosphate (b-TCP) also appeared,
indicating that some of the HA phase used as the framework
was transformed into the TCP phase, due to its chemical reac-
tion with the forsterite during sintering. It is shown that mag-
nesium can stabilize the b-TCP phase at higher temperatures
and promote the decomposition of HA.36,37

According to the Table I, as the sintering temperature in-
creased to 11001C, the compressive strength of scaffolds en-
hanced from 0.12 to 1.61 MPa. Figure 5 shows the pore
structure and microstructure of the SC-1100. As shown in
Fig. 5(a), the fabricated scaffold showed a reticulated structure,
in which the pores were completely interconnected. The thick-
ness of the coating layer was approximately 3 mm (Fig. 5(b)).
The typical cross section of the scaffold is shown in Fig. 5(b); a
uniform forsterite coating layer was formed on the HA struts
with good interfacial bonding, presumably due to the chemical
reaction. No cracks or interfacial delamination were observed.
Elemental analysis of the coating layer exhibited the presence of
silicon and magnesium, as shown in Fig. 5(b). The pore struc-
ture and microstructure of the HA scaffolds, before and after
the coating are shown in Figs. 6(a)–(f). All scaffolds exhibited a
pore size of B750 mm and a porosity of B83%. Figure 6(d)
exhibits the microstructure of the SC-900 scaffold after the coat-
ing, which consisted of ultra-fine grain and many nanopores.
Fine crystalline grains ranging between 35 and 80 nm could be
detected. The dramatic change in the average grain size with the
increasing of the sintering temperature is shown in Fig. 6(f). It
was found that initially the grain size of the coating increased
from B60 nm at 9001C to about 300 nm at 10001C and there-
after increased to B2 mm when sintered at 11001C. This obser-
vation confirmed the finding of Ramesh et al.38 that some
dramatic grain growth could be observed during the sintering
of ultra-fine structures. It was found that SC-1100 samples with
an average grain size of 2 mm and a mean micropore size of
500 nm exhibited the highest compressive strength.

Scaffolds prepared using this method are very similar to
spongy bone as compared with reports on the mechanical prop-
erty and pore structure of cancellous bone.19,20 The compressive
strength of spongy bone is in the range of 0.2–4 MPa. The mea-
sured compressive strength (0.57–1.61 MPa) of the present
coated foams falls in this range, and hence the present forste-
rite-coated HA scaffolds possess such an appropriate mechan-
ical competence. There are some reports available on strength
enhancement of highly porous HA (80%–90%).23–27 Tian
et al.25 improved the compressive strength of porous HA
(B82.46%) from 0.34 to 0.8 MPa by developing PLLA onto
the framework of sintered HA scaffold. Kim et al.26 developed a
highly porous HA (B86%) by the polymer-sponge method with
a compressive strength of 0.21 MPa. In another work, these re-
searchers27 developed a composite coatings (PA/poly(e-capro-
lactone)) on the PHA and enhanced the compressive strength to
0.45. Jun et al.24 fabricated PHA scaffolds coated with bioactive

Table I. Designations, Structural Characteristics, and Mechanical Properties of Porous Ceramics

Designation Fabrication route
Porosity
(%)

Mean pore
size (mm)

Mean window
size (mm)

Compressive
strength (MPa)

Coating grain size
minimum–maximum (nm)

SC-HA Sintering bovine bone at 10001C
for 2 h

83.170.2 745 323 0.1270.1 —

SC-1100 Forsterite coating on SC-HA and
sintering at 11001C for 2 h

82.270.2 750 320 1.6170.03 1100–2300

SC-1000 Forsterite coating on SC-HA and
sintering at 10001C for 2 h

84.970.2 780 230 1.2370.04 230–360

SC-900 Forsterite coating on SC-HA and
sintering at 9001C for 2 h

80.870.2 710 210 0.5770.04 35–80

Fig. 3. X-ray diffraction patterns of as-received and calcined precursor
at different temperatures (all of peaks are forsterite).

Fig. 4. X-ray diffraction patterns of SC-HA, SC-1100, SC-1000,
SC-900, and prepared forsterite powder.

Table II. The Approximate Crystallite Size and
Characteristics of the Forsterite Powder Calcined

at Different Temperatures

System T (1C) d211(Å) D (nm) d222 (Å) D (nm) d400 (Å) D (nm)

A 800 2.457 20 1.748 17 1.495 18
A 900 2.457 23 1.748 19 1.495 21
A 1000 2.457 27 1.748 19 1.495 23
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A/W glass–ceramics with about 93% porosity. They could im-
prove the compressive strength of the scaffold to B1 MPa.
Roohani et al.23 developed PHA scaffolds coated with bioactive
glass (58S) and enhanced the compressive strength from 0.2 to
1.49 MPa. It is obvious that the present nanostructured forste-
rite-coated HA foams (porosity: B83%, compressive strength:

1.61 MPa) are in general stronger than the HA-based foams of
similar porosities; moreover in this research, polymeric materials
are not used as a coating material.

Also, in vitro bioactivity test shows that forsterite nanopow-
der is bioactive.33 Our results indicate that the scaffolds obtained
provided good mechanical support while maintaining bioactiv-

Fig. 5. Scanning electron microscopic micrographs and energy-dispersive spectrometer pattern of SC-1100: (a) Pore structure; (b) microstructure of
strut.

Fig. 6. Pore structure and microstructure of strut of (a, b) SC-HA; (c, d) SC-900; and (e, f) SC-1100.
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ity, and hence they could be used as tissue engineering scaffolds
for low-load-bearing applications.

IV. Conclusion

This work successfully synthesized novel, highly porous (poros-
ity: B83%, mean pore size: B750 mm), mechanically compe-
tent, and nanostructured forsterite-coated HA scaffolds for
bone engineering. It was found that initially the grain size of
the coating increased fromB60 nm at 9001C to about 300 nm at
10001C and thereafter increased to B2 mm when sintered at
11001C. A significant finding was that this simple method
enhanced the compressive strength of porous HA from 0.12 to
1.61 MPa without using any polymeric materials.

References
1J. M. Karp, P. D. Dalton, and M. S. Shoichet, ‘‘Scaffolds for Tissue Engi-

neering,’’ Mater. Res. Bull., 28, 301–6 (2003).
2P. S. Eggli, W. Muller, and C. R. K. Schenk, ‘‘Porous Hydroxyapatite

and Tricalcium Phosphate Cylinders with Two Different Pore Size Ranges
Implanted in the Cancellous Bone of Rabbits,’’ Clin. Orthop. Relat. Res., 232,
127–38 (1988).
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