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manner after 1-day and 2-day incubations. With sintered 
HAp, however, no pits were observed after 2-day incu
bation, irrespective of the difference in surface rough
ness from the two polishing techniques used, i.e., the 
surface polished with 1 �~�m� diamond pastes left no rifts 
(Fig. 4a) whereas the one polished with #1000 water
proof sand paper left remanents of the parallel rifts 
caused by the diamond saw (Fig. 4b). The number of 
osteoclasts, however, appeared less on the smooth sur
face, probably because some osteoclasts could have de
tached after washing treatment before incubation and/or 
during incubation [26]. On the other hand, with sintered 
carbonate apatite, many resorption pits, or lacunae were 
evident on the surface of this substrate. Some of the 
pits were clearly seen adjacent to, or beneath the filopo
dia-fringed osteoclasts (Fig. 4c ). Particulates of sintered 
carbonate apatite crystals (approx. 5-10 �~�m�i�n� diameter) 
clearly show the crystals to be fused to each other (Fig. 
5), and the pit morphology was distinctly different from 
that seen outside the pits. With bone, bundles of colla
gen fibrils appeared in the resorption pits (Fig. 4d). 

Skull defects 

Sintered carbonate apatite particles appeared to re
sorb in skull defects of Wistar rats, forming new bone 
without any significant invasion of inflammatory cells. 
Figure 6 shows photomicrographs of skull defects of 
Wistar rats, filled with sintered carbonate apatite par
ticles, at 2 and 4 weeks after implantation. In the defect 
at 2 weeks, new bone formed at the edges of the defect 
(Fig. 6a). Some osteoblast-like cells were evident on 
the periphery of newly formed bone as indicated by 3.1\ 
arrow head (Fig. 6b). Connective tissues embedding the 
new bone spanned the central part of the defect on the 
dura mater. Presence of a large void (M), which origi
nated from the implant materials that were dissolved by 
demineralization in neutral ethylene tetraacetic acid, sug-
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Figure 5. Scanning electron micro
graph of a resprption pit observed with 
sintered carbonate apatite at a higher 
magnification. Note the erosion occur
ring on some particulates (about 6-8 
�~�m�)� to an appreciable extent. 

gested that no significant implant material resorption, 
was evident at this time. At 4 weeks, however, the de
fect was almost completely filled with bone and the im
plant material had resorbed considerably (Fig. 6c). The 
new bone contained osteocytes and was as mineralized 
and dense as the host bone. Osteoclast-like cells were 
also evident in contact with the implanted materials as 
indicated by arrow heads (Fig. 6d). This evidence is 
consistent with that staining of sectioned specimens by 
tartrate-resistant acid phosphatase (TRAP) after cyanuric 
chloride pretreatment [19, 40] (data not shown) showed 
that there were many TRAP-positive cells around the 
resorbing material. 

Discussion 

Physicochemical properties 

The present study clearly demonstrates that the pre
sence of carbonate decreased the sintering temperature 
of apatite (Fig. 1) as was first shown by Ellies et al. 
[20] based on qualitative mechanical criteria. For ex
ample, an isostatically compacted specimen, containing 
initially about 12 wt% carbonate, sintered at approxi
mately 400°C below that for relatively pure HAp [37, 
39]. The mechanism by which carbonate lowers the sin
teeing temperature is still unknown [ 17, 18]. However, 
the carbonate apatite used had finer particles with a 
greater sf.ecific surface area (81.6 m2/g) than the HAp 
(10.4 m /g). Generally, initial sintering of ceramics 
occurs more easily with fmer powders [29, 31, 34]. 

Although no phases other than apatite were detected 
in the sintered carbonate apatite (Fig. 2b), some of car
bonate had decomposed during sintering, as suggested by 
the fact that the sintered material contained only about 
half the carbonate initially present. Probably because of 
the evolution of carbon dioxide [18], the density of the 
sintered carbonate apatite (2. 8-2. 9) was slightly lower 
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Figure 6. Photomicrographs of skull defects of Wistar rats, filled with sintered carbonate apatite particles, (a and b) 
2 and (c and d) 4 weeks after implantation at lower (a and c) and higher (band d) magnification. Implanted materials 
were dissolved after decalcification (m). New bone (b) is evident at the edge of the defect at 2 weeks (Fig. 6a). In 
the area (Fig. 6b) outlined in Figure 6a, some osteoblast-like cells appeared around the periphery of new bone, as 
indicated by arrows. In Figure 6d, arrows indicate osteoclast-like cells in contact with implanted materials. When 
implant materials were not used to fill the defects, no bone had formed by 4 weeks. 

than that of the sintered HAp ( ~ 3.1) and its micro
pores ( ~ 3 14m) were about three times as large (Figs. 
2e and 2f). Grain growth and grain size increase rapidly 
with sintering temperature [13], which could account in 
part for the smaller grains of the sintered carbonate 
apatite as shown in Figure 2f. 

One of the most promising features of sintered 
carbonate apatite as a biomaterial is that it can be 
favorably compared with bone, especially with respect 
to its reactivity to acid media [32, 33]. In the acid 
media used in this study (10 mM acetic acid, pH 5.0), 
both the bone apatite and the sintered carbonate apatite 
rapidly dissolved to an appreciable extent (Fig. 3). 
Their solution compositions changed in an almost 
identical manner until toward the end of dissolution 
reaction. On the other hand, it took 3. 8 days for the 
solution composition for sintered HAp to became com
parable with that for sintered carbonate apatite at 30 sec
onds with respect to the degree of saturation, indicating 
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the extreme difficulty in dissolving the former. Also of 
importance was the observation that sintered carbonate 
apatite could be favorably compared with fj-TCP in 
solubility. 

Osteoclastic cell response 

Osteoclasts that have been identified under the 
microscope as TRAP positive giant cells and resorbed 
bone were capable of resorbing sintered carbonate apa
tite (Fig. 4). 'Farticulates that were observed in resorp
tion pits (Fig. 5) appeared to be similar in shape to those 
seen on the substrate surface which was acid-etched with 
1 N lactic acid (data not shown) rather than those seen 
on the fractured surface shown in Figure 2f. The osteo
clasts on the sintered carbonate apatite surface appeared 
essentially the same as those observed on the bone apa
tite and sintered HAp after 2-day incubation, suggesting 
that osteoclast-substrate interaction may be the same for 
all the substrates used, in agreement with the finding 


