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Abstract

Originally, functionally graded materials were developed for use in engineering fields. We successfully
synthesized gradational apatite containing fluoride at 80°C and pH 7.4, applying this concept. Furthermore,
we designed a gradational synthesis system for applying the graded concept to the synthesis of CO;Ap
containing magnesium to improve the biological properties of materials as bone substitutes. Functionally
graded Mg-containing carbonate apatite, FGMgCQsAp, was synthesized at 60°C and pH 7.4 using a gradient
magnesium supply system. The X-ray diffraction analysis of FGMgCQOs;Ap synthesized showed a
poorly-crystallized apatitic pattern similar to that of human bone. ESCA analysis clearly showed the
negative gradient distribution in Mgls intensity of magnesium from the crystal surface toward the inner core.
In cell adhesion assay, the optical density of FGMgCO;Ap-collagen composite was higher than that of the
COsAp-collagen composite. When both composites were implanted into the periosteum cranii of rats,
histological results showed that many more osteoblast-like cells existed at the interface between
FGMgCOsAp-collagen composite and bone. Therefore, the acceleration effect of magnesium ions on the

osteoblast adhesion onto the FGMgCO;Ap-collagen composite could be demonstrated.
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1. INTRODUCTION adopted to simplify the phenomena, two different types of
Biological apatites contain many trace elements [1], and heterogeneous fluoridated apatites were formed [8, 9],
sometimes form heterogeneously. To investigate such hydroxyapatite covered with fluorapatite (H-FAp type
complicated phenomena in biological systems, we apatite), and fluorapatite covered with hydroxyapatite
studied heterogeneous apatite formation.  Since it is well (F-HAp type apatite). These two crystals showed
known that fluoride contributes to caries prevention {2-5], different physicochemical properties, H-FAp type apatite
including biomatenals applications [6, 7] and affects was comprised of slender hexagonal crystals, while those
significantly on the enamel maturation, we focused on the of were typically hexagonal. H-FAp type apatite was
fluoridated apatites. When a two-step fluoride system was less soluble than F-HAp.
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Functionally graded (gradient) materials, FGM,
have been developed for use in engineering fields [10].
These materials are utilized as adhesive agents, or for
their thermal or electronic conductivity. —The graded
method is very useful because phenomena can be
examined more smoothly. In biological systems,
bamboo has a typical functionally graded structure: a
negative density gradient of fibers in the thickness
direction. Bone also has a functionally graded structure
from the surface cortical compact toward the inner
cancellous material. In human teeth, a negative gradient
of fluoride concentration from the surface of tooth
enamel toward the dentine-enamel junction [1] can be
formed. We speculate that even each crystal composing
enamel layer may have a fluoride distribution in the
crystal structure. Therefore, we designed a continuous
gradient fluoride supply system by developing the
previous step-like fluoride supply system.

Recently, one of the main focuses of biomaterials

It has been
reported that cationic ions appear to be related to the

research has been biological adhesion.

activity of adhesion molecules such as those of the
integrin family [11]. We can speculate that Mg®* ions
also play some role in cell adhesion. To investigate the
effect of the magnesium ions contained in the apatite
crystals on cell adhesion, we considered how to prepare
apatite that contained magnesium. It is easy to
synthesize COsapatite with a certain magnesium content
[12]. However, this apatite was poorly crystallized and
too soluble. It is also possible to synthesize a type of
apatite that has a surface on which magnesium
accumulates. This apatite, however, appears to have a
significant gap in the crystallographic properties at the
interface between the surface layer coated with
magnesium and the Mg-free crystal in the inner core.

In the previous study, we synthesized a carbonate

apatite, COjapatite, which has a crystallinity and

chemical composition similar to bone. The COsapatite
was mixed with collagen, whose antigenicity had been
removed by enzymatic treatment. This mixture was
formed into composite pellets.  Pellets implanted
beneath the periosteum cranii of rats showed good
biocompatibility [13].

In a continuation of those studies, we now
endeavored to synthesize functionally graded COsapatite
containing Mg, producing a negative gradient of
magnesium concentration from the surface toward the
core. Then, we investigated the degree of cell adhesion
to a composite that was made by mixing the
FGMgCOsapatite and collagen to facilitate bonding and
processing. Furthermore, we examined the
biocompatibility and effect of magnesium on bone
formation by implanting the same FGMgCOsAp-collagen

composite into the rat periosteum cranii and rabbit femur.

2. Functionally Graded Fluoridated Hydroxyapatite,
FGFAp

The X-ray diffraction pattern of the precipitate
synthesized heterogeneously at 80°C and pH 7.4,
FGFAp, was typically apatitic, although its crystallinity
was lower than those of homogeneous hydroxyapatite,
HAp and fluorapatite, FAp. The expanded (300)
reflection peak of FGFAp shifted to the higher direction
and approached that of homogeneous FAp. The
half-value breadth of the (300) reflection was much lower
than those of homogeneous HAp and FAp. The (002)
reflection was not markedly different from those of HAp
and FAp. Calcium and phosphate contents were not
significantly different from homogeneous HAp and FAp.
Fluoride content of FGFAp was half of that of
homogeneous FAp.

Scanning electron micrographs showed typical
needle-like crystals, which were developed to the c-axis,
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Fig. 1 High-resolution transmission electron micrograph
of functionally graded fluoridated hydroxyapatite
(FGFAp).

and were similar to those of fluorapatite.

High-resolution  transmission electron  microscopy
(HR-TEM) of sectional FGFAp crystals (Fig. 1) revealed
the typical hexagonal shape similar to that of
homogeneous fluorapatite.  Structural damage was
observed in the inner core, the boundary of which was
not clear, although a clear boundary for two-layer H-FAp
apatite was observed previously [9]. ESCA analysis
clearly showed the negative gradient distribution in Fls
intensity (atomic concentration) of fluoride from the
crystal surface toward the inner core .

Using our new method of gradient fluoride supply,
we synthesized of functionally graded fluoridated
hydroxyapatite, FGFAp. The effects of fluoride on
tooth enamel have been described in mature enamel [14,
15] and in dental fluorosis [16]. Although fluoride
profiles in the enamel layers are known, a fluoride
gradient in a single apatite crystal has not been
demonstrated.  Our findings concerning the gradient of
fluoride concentration in the apatite crystal is not entirely
satisfactory. Direct comparison of the fluoride gradient
in each layer of a single apatite crystal was not possible,

although microbeam electron diffraction or the

Fig. 2 Scheme of functionally graded fluoridated
hydroxyapatite (FGFAp).

convergent beam electron diffraction technique was
adopted. However, with the combined results of
HR-TEM and ESCA, we predicted the graded fluoride
concentration in the apatite crystal (Fig. 2). The
fluoride concentration at the surface of the crystal may be
much higher than that of the inner core, and ESCA results
supported this speculation.  HR-TEM observation
showed less imperfect lattice structure toward the outer
layer (Fig. 1), probably because of the existence of

crystallographically stable fluoridated apatites with

. higher degree of fluoridation.

3. Functionally Graded Mg-containing CO;apatite,
FGMgCO;Ap '
The X-ray diffraction analysis of FGMgCO;Ap
synthesized at 60°C and pH 7.4 showed a poorly
crystallized apatitic pattern (Fig. 3) similar to that of
human bone and Mg-free CO;Ap when compared with
well-crystallized hydroxyapatite synthesized at 60°C
without a carbonate source. SEM observations showed
that the FGMgCOsAp crystals were smaller and
coagulated, while the hydroxyapatite crystals exhibited
typically hexagonal plate-like features. ESCA analysis

clearly showed a negative gradient distribution of Mgls
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Tig. 3 X-ray diffraction pattern of FGMgCO;Ap, together
with HAp and CO;Ap.

intensity (atomic concentration) of magnesium from the
crystal surface toward the inner core (Fig. 4).

In the cell adhesion assay (p<0.05), after the
nonadhering cells were rinsed off, the optical density of
the FGMgCOsAp-collagen composite was higher than
that of the COsAp-collagen composite (Fig. 5).
Although the difference in optical density between the
composites was not great, there was a significant
SEM showed that the
osteoblast-like cells adhered well to the surface of the

biological difference.
FGMgCOsAp-collagen composite. Fig. 6 shows a cross
sectional view with hematoxylin-eosin staining. After 4
wks of incubation, many more osteoblasts adhered to the
FGMgCOsAp-collagen  composite  than to  the
COsAp-collagen composite and the layer they formed
was thicker.

When  the  pellet type

FGMgCO;Ap-collagen and COsAp-collagen composites

samples  of

were implanted into the periosteum cranii of rats,

histological ~ results showed that many more

osteoblast-like cells existed at the interface between
FGMgCO;Ap-collagen composite and bone (Fig. 7).
After 4 wks of implantation, the FGMgCO:;Ap-collagen
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Tig. 4 Mgls depth profile of electron spectroscopy for
chermical analysis (ESCA) of FGMgCO,Ap.

composite had metabolized greatly in comparison with
the COsAp-collagen composite.  The cranii bone
thickness with the FGMgCOsAp-collagen composite
seemed thicker than that with the CO;Ap-collagen
composite.

The results of the hematoxylin-eosin staining,
shown in Fig. 6, supported the results of the cell adhesion
assay (Fig. 5) and confirmed the existence of the cells on
the composites. Thus, the present study demonstrated
the effect of the magnesium ions on the acceleration of
osteoblast adhesion to the FGMgCO;Ap-collagen
composite,

In general, ostecblasts have an important role in
the reconstruction of bone defects, through their
proliferaﬁon, differentiation, and mineralization. This
bone formation may originate from osteoblast adhesion to
the extracellular matrix. — Therefore, bioadhesion is
important in the substitution of biomaterials, which attach
to neighboring tissues. In addition to biocompatibility,
the binding of cells to biomaterials plays an important |
role in the rapid cure of the defective area. The
favorable adhesion of the cells promotes metabolism. In
this case, the magnesium ions might act as a catalyst in
human metabolism or in general chemical reactions. At

first, the Mg?" ions induced the formation of adhesion
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Fig.5 Osteoblast adhesion onto the FGMgCO;Ap-

collagen and CO3Ap-collagen composites

molecules such as osteoblast integrins. Then, the
osteoblasts actively formed bone. However, the apatites
are easily dissolved and the Mg®* ions finally become a
source for the remodeling of the bone.

In the rabbit experiments, a clear difference of
bone renewal between the FGMgCO;Ap-collagen
composite and control was observed, probably because
bone metabolism in the femur is very active. Thus, the
rate of biodegradability of the composite is also very
much affected by the magnesium.

Finally, as a scaffold material, the
FGMgCO3Ap-collagen composite seemed to contribute

to bone formation.
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Fig. 6 Hematoxylin-eosin staining, showing osteoblasts
adhered to the FGMgCO,Ap- collagen composite after 4

wks incubation
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