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Abstract

Forsterite (Mg,SiO,4) ceramics were prepared by sintering the Mg,SiO, green compacts at 1350-1550 °C and the sintering behavior and
mechanical properties were examined. The results showed that the optimal bending strength (203 MPa) and fracture toughness (2.4 MPa m'/?) of
forsterite ceramics were obtained after hot treatment at 1450 °C for 8 h, which were higher than those of the currently available hydroxyapatite
ceramics. In order to clarify the biocompatibility of the forsterite ceramics, osteoblast adhesion and proliferation experiments were carried out.
Well-spread cells were observed on the surface of forsterite ceramics. In addition, MTT tests confirmed that the osteoblast proliferation rate was
significantly higher on the surface of the sintered ceramics than on the controls at 7 days (p < 0.05). These findings suggest that forsterite ceramics

possess good biocompatibility and mechanical properties and might be suitable for potential application like bone implant material.

© 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

During the last decades, a variety of biocompatible graft
materials have been used as substitute parts of hard tissue [1-3].
Bioceramics have attracted wide attention due to their cheapness,
easy production and good biocompatibility. The development of
bioceramics has provided promising alternatives to replacing or
increasing parts of the skeletal system [4]. Therefore, it is
significant to develop new-type of bioceramics.

In recent years, some Si and Mg containing ceramics have
drawn interests in the development of bone implant materials [5—
11]. Previous research suggests that silicon, as an essential
element in skeletal development. Calrisle [12] first reported in
the 1970s that silicon was uniquely localized in the active areas of
young bone and involved in the early stage of bone calcification.
Similar studies by Schwarz and Milne [13] have shown that
silicon deficiency in rats resulted in skull deformation, with the
cranial bones appearing flatter than normal. Magnesium is also
undoubtedly one of the most important elements in human body,
and closely associated with mineralization of calcined tissues
[14] and indirectly influences mineral metabolism [15].
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Forsterite (Mg,Si0,4) and enstatite (MgSiO3) are important
materials in the magnesia—silica system, which are known to be
as insulators at high frequencies [16]. Furthermore, enstatite
has been reported as a new machinable biomaterial, and might
be used in dental and orthopedic prostheses [17-19].

Forsterite is analogous with enstatite in components,
therefore, it is reasonable to assume that forsterite might be
biocompatible, possess good mechanical properties, and be
useful as a biomaterial. The objective of this work is to
synthesize pure forsterite powder, fabricate forsterite ceramics
and study their sinterability, microstructure and mechanical
properties. In addition, the in vitro behavior of osteoblasts on
the surface of forsterite ceramic was investigated to evaluate its
biocompatibility.

2. Materials and methods
2.1. Synthesis of forsterite powders

Forsterite (Mg,SiO4) powders were prepared by a sol-gel
method using reagent-grade magnesium nitrate hexahydrate
(Mg(NOs),-6H,0) and colloidal SiO, as precursors with an
initial MgO to SiO, molar ratio of 2. The materials were mixed
under vigorous stirring at room temperature for 3 h, then the
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opalescent mixture was aged for 24 h and placed into a 60 °C
drying oven overnight to promote gelation. The wet gel was
subsequently dried at 120 °C for 48 h. The obtained dry gel was
milled for 24 h and sieved to 300-mesh, followed by calcining
at different temperatures between 1100 and 1300 °C for 3 h.
The calcined powders were analyzed by X-ray diffraction
(XRD; Geigerflex, Rigaku, Japan) using monochromated Cu
Ka radiation and scanning electronic microscopy (SEM; JSE-
6700F, JEOL, Japan).

2.2. Preparation of forsterite ceramics

The synthesized powders were uniaxially pressed at 10 MPa
to form a rectangular compact (45.5 mm x 8.0 mm X 3.5 mm)
using 6% polyvinyl alcohol (PVA-124) as a binder, then
followed by a cold isostatic pressing at 200 MPa. The green
samples were subsequently sintered in air at temperatures
ranging from 1350 to 1550 °C with a heating rate of 2 °C/min
and then furnace cooled. For cell culture tests, disc-shaped
pellets 6-mm in diameter and 1.5-mm in thickness were
prepared at the same preparation condition.

2.3. Characterization of forsterite ceramics

The phase composition of the sintered specimens was
characterized using XRD analysis. The bulk density of the
specimens was measured by the Archimedes principle
according to ASTM C-20. These were then compared with
the theoretical density to obtain relative density. The linear
shrinkage of forsterite ceramics was calculated from the length
of samples before and after sintering.

For microstructure observation, ceramic bars sintered at
1450 °C were finely polished with a paste containing fine
diamond particles smaller than 1.5 wm, then annealed at
1200 °C for 1 h. The 3-point bending strength was measured
with a mechanical testing machine (AG-5kNL, Shimadzu Co,
Japan) at a crosshead speed of 0.5 mm/min with span length of
30 mm according to the JIS R1601 standard. The single edge
precracked bending method was used for the fracture toughness
measurement. Sintered samples were ground and notched
3.0 mm deep with a 0.1 mm thick diamond wheel and then
evaluated by a material testing machine (Instron 5566, USA).
The loading rate was 0.5 mm/min and the span size was 16 mm.
In this study, five samples of each group were used to test the
average relative density, linear shrinkage and mechanical
strength for each condition.

2.4. Culture of osteoblasts on the sintered forsterite
ceramics

Osteoblast cells were isolated from calvaria of neonatal (less
than 2 days old) Sprague-Dawley rats by an enzymatic
digestive process as described previously [20,21]. Briefly, the
rat calvaria were washed three times in phosphate-buffered
saline (PBS, pH 7.4) and then minced into fragments about
1 mm in diameter. After washing the bone fragments three
times with PBS, the chips of calvaria were digested for 20 min

at 37 °C with 0.25% (w/v) trypsin-EDTA solution (Gibco,
USA) to diminish fibroblastic contamination. Then the samples
were treated with 1 mg/ml collagenase (Sigma) at 37 °C for
90 min to release osteoblasts from the calvaria. The super-
natants were centrifuged at 1000 rpm for 10 min, and then
suspended in the RPMI 1640 (Roswell Park Memorial Institute
1640) medium (Gibco, USA) containing 15% (v/v) heat-
inactivated fetal calf serum with 1% glutamine, 50 Ul/ml
penicillin/streptomycin, and incubated in a 75 cm? flask at
37 °C under a humidified atmosphere consisting of 5% CO,.
Culture media were refreshed every 2 days. The cells used in
our study were between second and fourth passages.

Prior to cell seeding, the ceramic discs were ultrasonically
degreased, cleaned in 75% ethanol, autoclaved for 30 min at
120 °C, and then placed on the well bottoms of a 48-well
plate. Then, osteoblasts were rinsed in PBS, detached with a
0.25% (w/v) trypsin-EDTA solution and counted with a
hemocytometer. For cell adhesion experiments, osteoblasts
were seeded onto the discs at a density of 2 x 10° cells/cm?
and cell attachment was determined after incubating the cells
for 4 and 24 h. Cell proliferation was evaluated after seeding
osteoblasts at a density of 1 x 10° cells/cm? and incubated for
1, 3 and 7 days. Changes in the number of viable cells on the
ceramics in culture were quantitatively by MTT test [22].
MTT (3-[4,5-dimethy-Ithiazol-2-yl]-2,5-diphenyltetrazolium
bromide) is a yellow tetrazolium salt, which can be
enzymatically converted by living cells to a purple formazan
product. The intensity of the color produced is therefore
directly proportional to the number of viable cells in culture,
and thus to their proliferation in vitro. The absorbance of the
color observed can be measured at 590 nm (A590). In brief,
cells were incubated in an MTT solution at 37 °C for 4 h.
After removal of the supernatants, dimethyl sulfoxide
(DMSO) was added to each well to completely dissolve
the purple formazan. The optical density (OD) of each well
was measured at 590 nm in a microplater reader (Elx 800,
Bio-Tek, USA). Tissue culture plate served as controls. Five
specimens for each material were tested for each incubation
time and each test was performed in triplicate. Results were
reported as optical density units.

For optical morphological examination, the discs were
removed and rinsed twice with PBS to eliminate cells that did
not attach to the material. Adhering cells were fixed with
methanol for 10 min, washed with PBS and stained with a
Giemsa staining solution for 10 min. Discs were then washed
with distilled water twice and air-dried. Cellular morphology
was observed using inverted phase-contrast microscope (Leica
S6D, Germany). For SEM observation, samples were washed
with PBS solution twice and fixed in 2.5% glutaraldehyde in
0.1 M sodium-phosphate-buffered solutions for 30 min. This
was followed by washing with PBS solution three times and
dehydrating in ascending concentrations of ethanol (50, 70, 90,
95 and 100%) for 10 min each. The specimens were then
washed with hexamethyldisilazane (HMDS) for 10 min and
placed in a desiccator overnight [23]. The dried specimens were
glued onto copper specimen stubs, sputter-coated with gold and
viewed under SEM.
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Fig. 1. XRD patterns of forsterite powders heated at temperatures of 1100-1200 °C for 3 h (a) and SEM micrograph of forsterite powders calcined at 1200 °C for 3 h (b).

2.5. Statistical analysis

Statistical analysis was done using Student’s z-test. All
results were expressed as mean =+ standard deviation from the
quintuple samples in each experiment. Differences were
considered statistically significant at p < 0.05.

3. Results and discussion
3.1. Characterization of forsterite powders

The XRD patterns displayed the formation of fosterite
obtained by calcining at different temperatures. The obvious
sharp peaks and low backgrounds suggest that the powders
were highly crystalline (Fig. la). When the calcination
temperature was below 1200 °C, the XRD analysis showed
that a small amount of enstatite was formed. As the firing
temperature was increased to 1200 °C, all the peaks character-
izing the forsterite phase were detected (PDF #80.0783). No
peaks characterizing any other phase were detected. The results
indicated complete reaction at 1200 °C for 3h to form
stoichiometric forsterite. The morphologies of the forsterite
powders fired at 1200 °C shown in Fig. 1b indicated that
particles about 5-50 wm agglomerated. The above results
indicated that pure forsterite powders were synthesized by a
sol-gel method. Increased firing temperature resulted in the
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improvement of the purity of the prepared powders, i.e. the
formation of single-phase forsterite.

3.2. Characterization of forsterite ceramics

The phase composition of the specimens sintered at 1450 and
1550 °C was characterized by means of XRD. The peaks clearly
showed only the typical pattern of forsterite (Fig. 2a). The surface
microstructure of forsterite sintered at 1450 °C is demonstrated
in Fig. 2b. It showed that the average grain size of fosterite was
about 10 wm and some small grains about 1-2 wm in grain
boundary were also observed. Furthermore, it is clear to see that
forsterite powders were sintered apparently with some irregular
micropores in powder aggregates and agglomerates, which
indicated that the sintered forsterite did not form a dense body.

The sintering behavior and mechanical properties of
specimens sintered at different conditions are presented in
Tables 1 and 2. Table 1 summarizes the values of the relative
density, linear shrinkage, bending strength and fracture
toughness variations with changes in sintering temperatures.
The linear shrinkage of the sintered forsterite ceramics was
apparently influenced by the sintering temperature, which
displayed a steady increase from 7.0 to 10.1% with an increase
of sintering temperature from 1350 to 1550 °C, and the relative
density increased from 82.6 to 91.4% when the sintering
temperature varied from 1350 to 1550 °C. In addition, the
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Fig. 2. XRD patterns of forsterite ceramics sintered at 1450 and 1550 °C for 8 h (a) and SEM micrograph of the sintered forsterite ceramics surface at 1450 °C for 8 h (b).
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Table 1

Mechanical properties of the fired bodies sintered at different temperature for 6 h

Sintering temperature (°C) Relative density (%)

Shrinkage (%)

172

Bending strength (MPa) Fracture toughness (MPam ™)

1350 82.6 £ 1.0 7.0+0.2 150 +£ 8 1.8+04
1450 87.7+ 1.0 9.0+0.2 181 +£9 23+0.1
1550 914+ 0.6 10.1 £ 0.4 145 +£8 1.6 £0.2
Table 2

Mechanical properties of the fired bodies sintered at different holding times at 1450 °C

Sintering time (h) Relative density (%) Shrinkage (%)

172

Bending strength (MPa) Fracture toughness (MPam ™)

3 86.6 £ 0.8 82402
6 87.7+1.0 9.0+£0.2
8 925+0.4 92+£0.1

152+ 8 2.1+£0.0
181+9 23+0.1
203 £8 24+0.0

mechanical strength of forsterite ceramics was enhanced with
the increase of sintering temperature up to 1450 °C. The values
of bending strength and fracture toughness reached 181 MPa
and 2.3 MPa m'”?, respectively. Then, the mechanical strength
exhibited a rapid decrease with the increase of sintering
temperature to 1550 °C. In general, the density and grain size of
ceramics significantly affects the mechanical properties
[24,25]. High sintering temperatures often result in extreme
grain coarsening and flaw structure. This was evidenced in the
fractography, where the fracture surface of the forsterite
ceramics sintered at 1450 and 1550 °C showed significant
difference. The specimen sintered at 1450 °C had an average
grain size of about 10 wm with sharp edged pores which were
observed mainly between the grains (Fig. 3a). In contrast,
increase in sintering temperature up to 1550 °C caused the
pores to be trapped in the grains as a result of grain growth
(Fig. 3b), which explained the mechanical properties decrease
of the ceramics sintered at 1550 °C. Thus, to get better strength,
the optimum sintering temperature of specimen was about
1450 °C.

The holding time was an important factor, which affected the
properties of the sintered fosterite ceramics. Table 2 showed the
effect of the holding time on relative density, linear shrinkage,
bending strength and fracture toughness of the samples sintered
at 1450 °C. The samples shrunk increasingly from 8.2 to 9.2%
with the increase of holding time from 3 to 8 h. The trend in

w1
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relative density and fracture toughness was very similar to the
pattern encountered with linear shrinkage. It exhibited a
gradual increase with increasing holding time. However, the
bending strength was sensitive to the holding time and
displayed a sharp increase from 152 to 203 MPa with an
increase of holding time from 3 to 8 h. Experimental results
showed that mechanical strength increased continuously with
an increase of sintering time at 1450 °C, in relation with the
gain on densification.

Goeuriot et al. have studied the properties of enstatite
(MgSiO3) based ceramics from talcs. Their results showed that
the enstatite presented higher fracture toughness (2.4 MPa m'?).
Although enstatite ceramics possess good mechanical properties,
because there are four different polymorphs of enstatite they are
unstable and parameters of the fabrication process should be
strictly controlled. That is the changes from one form to another
depend on temperature, pressure, internal stress in grains and
grain size, etc. The destruction effect of phase transformation is
caused by the difference in volumes of their grains. The intrinsic
stress resulting from the volume changes lead to the loss of
mechanical properties [26-28]. In comparison to enstatite, our
results showed that the mechanical strength of forsterite was
similar to that of enstatite. In addition, no detrimental phase
transformations occur during processing for forsterite. Thus, the
mechanical property is easier to manipulate. Compared with
calcium phosphate ceramics, such as hydroxyapatite ceramics

10.0kV x4,000 1um WD7.9MM

(b)

Fig. 3. SEM of fracture surface of forsterite ceramics after sintering at 1450 °C (a) and 1550 °C (b) for 8 h.
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Fig. 4. Phase-contrast microscopic images of rat calvaria osteoblasts cultured on forsterite disks for 4 h (a) and 1 day (b) after seeding. SEM micrographs of forsterite

ceramics seeded with osteoblasts and cultured for 1 day (c and d).

(Kic =0.75-1.2 MPa mY 2) [29,30], forsterite ceramics showed a
significant improvement in the fracture toughness (Kjc = 2.4 M-
Pa m'’?), superior to the lower limit reported for cortical bone [4].
In addition, the relative density obtained from forsterite ceramics
was only 92.5%, which suggests that a further improvement of
the mechanical properties might be obtained by other sintering
methods, such as liquid phase sintering, the hot-pressing
technique and the spark plasma sintering process [31], which
might lead to denser forsterite ceramics.

3.3. Evaluation of biocompatibility of forsterite ceramics

Light and scanning electron microscopy showed the
morphological features of osteoblasts cultured on the forsterite
ceramics for 4 and 24 h, respectively. It was noted that significant
differences in cell shapes were observed at4 and 24 h. (Fig. 4). At
an early stage of culture (4 h after cell seeding), many cells
attached to the material surface and mainly presented a spherical
or triangular morphology (Fig. 4a). Furthermore, some cells
showed initial spreading, as evidenced by small round cells on
the ceramics. After 24 h, the attachment and spreading were
more obvious. Most of cells adhered tightly to the sample surface
and spread with elongated shapes. However, some rounded and
less spread out cells could still be observed (Fig. 4b). From high
magnification SEM micrographs, it is clear to see the cells
presented a close contact with the surface and adopted irregular
morphology. Thin cytoplasmic digitations could be observed.
Moreover, osteoblasts presented a smoother dorsal surface and
plump configuration (Fig. 4c and d). MTT test showed that
osteoblasts exhibited a high degree of proliferation. The OD

values of cell proliferation on the pure forsterite ceramics and on
the control plate are exhibited in Fig. 5, which shows that the
degree of cell proliferation on the forsterite apparently increased
with the increase of culture time. Forsterite showed a
significantly higher proliferation rate when compared with the
control over a period of 7 days (p < 0.05). The higher
proliferation rate of ceramics confirmed that forsterite promoted
the proliferation of osteoblasts without a cytotoxic effect. Based
on the above results, the forsterite was considered to have good
cell biocompatibility. In the previous study, Dubous et al. showed
that enstatite ceramics also promoted the proliferation of rat
osteoblasts, and osteoblasts adhered better to enstatite than to

1 day 3 days
Incubation time

7 days

Fig. 5. Proliferation of osteoblasts cultivated on forsterite ceramics for 1, 3 and
7 days in comparison with the control.
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Thermanox™ or to glass. They explained that the cause of the
greater cell viability on enstatite was probably due to its rough,
irregular surface topography [17,18]. A rough surface induced a
better cell attachment than those presenting smooth surfaces,
such as plastic. In our study, we noticed that the surface
topography of forsterite also appeared rough, which was
probably an important factor to support osteoblast adhesion
and proliferation.

4. Conclusions

In this study, pure forsterite ceramics were prepared by
sintering forsterite sol-gel derived powder compacts. The
behavior of forsterite compacts sintered at different conditions
was studied to examine their sintering behaviors and
mechanical properties. The results showed that the optimal
bending strength (203 MPa) and fracture toughness
(2.4 MPam"?) of forsterite ceramics were higher than that
of currently available hydroxyapatite ceramics. The in vitro
study showed the significant osteoblasts adhesion, spreading
and growing on the surface of forsterite ceramic. In addition,
MTT tests demonstrated that the osteoblast proliferation rate
was significantly higher on the surface of the sintered forsterite
ceramics than on the controls after 7 days (p < 0.05). In
conclusion, forsterite bioceramics possessed improved
mechanical properties and good biocompatibility and might
be suitable for hard tissue repair.
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