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Study of diopside ceramics for biomaterials
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Diopside was prepared by sintering a powder compact of composition CaO — MgO - 2Si0O,
at 1300°C for 2 h. The bending strength of diopside was 300 MPa and the fracture toughness
was 3.5 MPa m"2. It was proved that diopside has no general toxicity in cell culture.
Diopside implanted in rabbits came in close contact with the newly grown bone. X-ray
microanalysis spectral diagrams show a change of composition across the junction from the
diopside to the newly grown bone. High-resolution transmission electron microscopy
revealed crystal growth at the interface between diopside and the newly grown bone, and
continuity between diopside lattices and those of the new crystals.
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1. Introduction

Ceramics have been used as materials for artificial bone
[1-7]. Having biological affinity, calcium phosphate
based ceramics, primarily hydroxyapatite (HAp) and
tricalcium phosphate are used as biomaterials. However,
due to their poor mechanical properties, in particular
their low fracture toughness, they cannot be used under a
heavy load and their application is limited [8-20].

To increase the fracture toughness of sintered HAp, the
composite of diopside (CaO — MgO — 2Si0,) and HAp
was fabricated [21]. The bending strength and fracture
toughness of the sintered diopside—HAp composite were
two or three times higher than those of sintered HAp, and
it was proved that the composite had no general toxicity
in cell culture test [22]. In this study, to clarify the
physical properties and biocompatibility of diopside
ceramics [23], mechanical properties, in vitro and in
vivo, etc., were examined and we discovered that sintered
diopside has high mechanical strength and shows
satisfactory biological activity.

2. Materials and methods

2.1. Material preparation

The material diopside was prepared by weighing out the
specified quantities of CaCO;, MgO and SiO, of a
guaranteed grade (Junsei Kagaku Co.), mixing them,
calcining them at 1100 °C for 2 h and wet grinding them
for 90 min in a medium stirring mill (Sand Mill, Kansai
Paint Co.) using zirconia balls 2 mm in diameter.

To obtain sintered diopside (hereafter named diop-
side), the cake was dried and molded under 5 MPa and
fired in air at 1300 °C for 2 h.

HAp powder was synthesized by precipitation [24].

*Author to whom correspondence should be addressed.

0957-4530 © 1999 Kluwer Academic Publishers

The sintered HAp was prepared by hot-isostatic pressing
at 203 MPa and 1100 °C for 2 h.

The diopside and HAp were identified by powder X-
ray diffraction (XRD; XD-D1, Shimazu Seisakujo Co.).

2.2. Evaluation of properties
To measure flexural strength, bending test samples
2x3x20 mms) chamfered and mirror polished with
diamond paste were used. Bending strength was applied
normally with a strength testing machine (Servo-Pulser
EHF-F1, Shimazu Seisakujo Co.) under the condition of
a crosshead speed of 0.5mmmin~"' and a span of
15mm. Ten samples were tested and a mean was
obtained. The fracture toughness was evaluated by the
single-edge-precracked-beam (SEPB) method [25],
abiding by Japanese industrial standards [26]. To
measure fracture toughness, the bending test samples
were notched 0.5 mm deep with a 0.1-mm-thick diamond
wheel, and tested for three-point bending with a strength
testing machine with a crosshead speed of
0.5mmmin~'. The same tests were conducted ten
times with ten samples, and a mean was obtained and
determined as for the fracture toughness of the samples.
Young’s modulus and Poisson’s ratio were measured on
samples of 80 x 2 x 20mm?> using the ultrasonic pulse
echo method. The apparent density of diopside was
measured in water using the Archimedean technique.
The sintered samples were pulverized into powder
having a surface area of szg* ! which was used to
determine the true density. The relative density was
calculated from the apparent and true densities.

A sample having a surface area of 200 mm? was placed
in 200 ml of an aqueous solution of lactic acid at pH 4 for
48h at 36.5 °C (in a constant temperature bath) and was
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slightly shaken. The samples were taken out, rinsed and
dried to measure weight loss. The same test was
performed with a physiological salt solution.

2.3. Evaluation of affinity with cells

Diopside, HAp, pure titanium and polystyrene as control
(P-DISH) were used for the experiment. These materials
were molded into discs, 30 mm in diameter and 1 mm
thick, and their surfaces were polished to a surface
roughness of 1 pm or less.

L-929 (ATC, CCL1 NCTC clone 929 strain) was used
for the culture cells. A 10% FCS added Eagle MEM
culture medium was used to culture osteoblast and
fibroblast, respectively. To obtain the initial cell adhesion
ratio, 1 x 10° culture cells after three days of generation
growth were sown on a disc and were cultured for 5h.
The cells were then counted. The cell propagation rates
were obtained by soaring 2 x 10° of the same cells on a
disc and collecting cells after one, two and three days.

2.4. Biological properties

Rectangular diopside specimens (3 x 4 x 6 mm?) were
implanted into holes (3 x 4 x 6mm?) formed in the
lower edge of the jaw bone of adult male rabbits,
weighing from 2.2. to 2.8 kg and left for 12 weeks.

A diopside dental root implant (10 x 4mm in
diameter) was implanted into a cavity in the mandible
of a Japanese monkey and left for six months. To prepare
the bone cavity, we extracted the mandibular first molar
and left it for three months. After the socket bone was
repaired, a cavity (10 mm deep, 4 mm in diameter) was
bored by means of dental bars.

After the respective waiting periods, the animals were
anaesthetized, and perfusion fixation was performed.
Specimens were taken out, dehydrated with ethanol and
embedded in polyester resin (Rigolac, Oken Shoji Co.,
Tokyo). These samples were then embedded in epoxy
resin and cut into sections. Scanning electron microscope
(SEM; H-600, Hitachi, Tokyo) and high-resolution
transmission electron microscope (EM-002B, Topcon
Co.) analyses and X-ray microanalyses (XMA) were
taken of the interface between the implant and the newly
grown bone to study the biocompatibility of the implant.
The same interface was analyzed with a microbeam X-
ray diffractometer (50kV at 40mA). The X-ray
irradiation area was 250nm in diameter. In addition,
qualitative and quantitative analyses (weight per cent) of
Ca and P in the same area were performed by means of an
electron-dispersive X-ray microanalyzer attached to an
electron microscope (Kevex 7000, Kevex, USA; H-600,
Hitachi), and the Ca/P atomic ratio was calculated. The
area analyzed was about 30 nm in diameter.

3. Results and discussion
3.1. The diopside material
The XRD pattern of diopside is shown in Fig. 1. Only
diopside peaks were detected by XRD.

Bending strength, fracture toughness, Young’s mod-
ulus, Poisson’s ratio, relative density and acid resistance
of diopside and HAp are shown in Table I. It is found that
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diopside is more unlikely to fracture and more durable
than HAp. The weight loss of diopside in an aqueous
solution of lactic acid and physiological salt solution was
less than that of HAp.

3.2. Cell culture tests

Diopside was submitted to cell culture tests. There were
no significant differences in the initial cell adhesion
ratios between diopside, titanium, HAp and P-DISH. Fig.
2 illustrates the growth curves of cells cultured on
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Figure 1 X-ray diffraction of diopside sintered at 1300 °C for 2 h.

TABLE I Properties of diopside and HAp

Diopside HAp
Composition,%
CaO 259 55.8
MgO 18.0 0
Sio, 55.5 0
P,05 0 424
Bending strength, MPa 300 110
Fracture toughness, MPa m'? 3.5 1.1
Young’s modulus, GPa 170 47
Poison’s ratio 0.35 0.27
Weight loss,%
Soaked in lactic acid 2.8 16.5
Soaked in physiological salt solution 0.05 0.13
Density, gcm ~ > 3.20 3.16
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Figure 2 Growth curves of cells cultured on control (P-Dish), titanium,
diopside and HAp.
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Figure 3 SEM photographs and XMA patterns of the interface 12 weeks after implantation: (a) diopside, and (b) HAp.

diopside, HAp, titanium and P-DISH. All samples
exhibited similar changes. The results of the cell culture
tests above showed that diopside is harmless.

3.3. Biological properties
3.3.1. Diopside rectangular implant in a
rabbit bone cavity
Twelve weeks after implantation diopside came in
contact with newly grown bone. Fig. 3 shows SEM
photographs and XMA patterns of the interface between
diopside and bone (a), and HAp and bone (b). An XMA
spectral diagram shows the change of composition across
the junction of the diopside with the newly grown bone
after 12 weeks. It can be seen that the components of an
intermediate layer between the newly grown bone and
the diopside have a gradient of concentration. Fig. 4
presents microbeam XRD patterns of a portion on the
interface and inside the diopside. Both diopside and
apatite phases are formed on the interface.

3.3.2. Diopside dental root implant in a
monkey bone cavity

At the interface between diopside and newly grown bone,
many needle- or platelet-shaped crystals were observed
by SEM as shown in Fig. 5. In cross-section, these
crystals showed a platelet shape about 2.5 nm thick and
about 20 nm wide (Fig. 5b) or a hexagonal prism about
7nm thick and about 1.5nm wide (Fig. 5c); the
maximum lattice spacing was about 0.82nm for both

arrangements. Lattice spacing sets at about 0.82-nm
intervals, crossed each other at 120° (Fig. 5b and c). The
crystals came in contact with diopside, and crystal
lattices running in the same direction were partially
continuous with each other (Fig. 5a, d). Selected area
electron diffraction of new crystals showed the diffrac-
tion pattern of apatite (Fig. 5d).
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Figure 4 Microbeam XRD patterns of a portion on the interface and
inside the diopside 12 weeks after implantation.
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Figure 5 High-resolution transmission electron micrographs of diopside implanted into the monkey bone cavity and left for six months: (a) interface

between diopside and new crystals; (b, ¢) cross-sections of new crystals, (d) interface between diopside and new crystals, and selected area electron
diffraction of the new crystal.
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The new crystals morphologically resembled those in
bone and dentin [27], and the lattice spacing of 0.82 nm,
which crossed each other at 120°, corresponds to the c-
axis plane of apatite. The results of selected area electron
diffraction also suggested apatite formation.

Qualitative analysis showed peaks of P and Ca in the
new crystals around the diopside. Quantitative analysis
of the new crystals revealed a Ca/P atomic ratio of
1.65+40.06. The Ca/P atomic ratio of the new crystals
was close to the theoretical value for apatite (1.67).

A few thick crystals were also observed. Such crystals
have also been observed in dentin and are considered to
be a general morphological type of crystal. Their
morphology suggests that these crystals formed as a
result of growth in the direction of the a-axis.

The apatite that was formed in the diopside surface
layer is similar to the apatite in bone. Apatite in bone
shows low crystallinity and has a large surface area due
to small crystals, and is thus highly reactive [28].
Therefore, this result may suggest that highly reactive
apatite crystallizes at the diopside surface and forms an
apatite layer by reacting with body fluid, thus promoting
binding with the surrounding bone [29].

4. Conclusions

In this study we examined the physical properties and
biocompatibility of diopside. Diopside was prepared by
sintering a powder compact of composition
CaO — MgO — 2Si0, at 1300°C for 2h. The bending
strength of diopside was 300 MPa and the fracture
toughness was 3.5 MPam'"?. These values were about
two or three times higher than those of HAp. The weight
loss of diopside in an aqueous solution of lactic acid and
physiological salt solution were less than those of HAp.
In the experiment, which used rabbits and monkeys,
diopside forms a uniform junction with newly grown
bone. High-resolution transmission electron microscopy
revealed crystal growth at the interface between diopside
and the newly grown bone, and continuity between the
diopside lattice and that of the new crystals. The
morphological characteristics of the new crystals and
the results of microbeam XRD, selected area electron
diffraction and EDX suggest that these new crystals are
apatite. It is expected that diopside is useful for artificial
bones and dental roots etc.
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