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Abstract 

Bioinert materials (e.g., alumina implants) and 
bioactive ceramics (e.g ., calcium phosphate ceramics, 
glass -ceramics) are now extensively used in dentistry. 
However, the physico-chemical interactions at the in
terfaces between the implant and the host bone are 
poorly understood. The purpose of this study was to 
define the interactions at these interfaces using a 
combination of analytical techniques: light micros 
copy, scanning and transmission electron microscopy, 
electron probe microanalysis, X-ray microradiography, 
X-ray diffraction, and infrared specstroscopy. 

Bioinert (pure titanium) and bioactive materials 
(hydroxyapatite , beta-tricalcium phosphate and bi
phasic calcium phosphate) were implanted in dogs, 
and the implants, recovered after various periods of 
implantation, were analyzed. 

The results demonstrated the following: the bio
active materials interact with the biological fluid and 
the living tissues in a specific manner. This process 
includes biodissolution/biodegradation, apatite crystal 
precipitation, and bone formation on the implant sur
face at the expense of the material. The results are 
discussed according to the limitations of the analy
tical techniques used. 

The medical and chemical word COALESCENCE 
is suggested to describe the specific interactions of 
bioactive materials and INTERACTION for the phe 
nomenon of physical contact of the bioinert materials 
with the host bone. 

KEY WORDS: Calcium phosphate ceramics, bioactivi 
ty, interface, bone, osseo-coalescence, osseo
integration. 
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Introduction 

The Conference of the European Society for 
Biomaterials (March 1986) on "Definitions in Bio
materials" was unable to define the word osseo-inte
gration. There was no consensus among the partici 
pants on this term due to insufficient evidence for 
the development of an objective definition (34). The 
word osseo- integration was simultaneously used for 
the description of the interactions of both bioinert 
(alumina, titanium) or bioactive materials (calcium 
phosphate and glass ceramics) neglecting the impor
tant differences in the interface between the bone 
and the material (2, 7-9, 17, 18, 20). 

The purpose of this paper is to characterize the 
interactions between bioinert (e.g., titanium) and 
bioactive (e.g., calcium phosphate ceramics) and the 
host bone using physicochemical techniques (X - ray 
diffraction XRD, infrared (IR) spectroscopy, electron 
probe microanalysis), histological analyses (light , 
polarized microscopy, X-ray microradiography) and 
ultrastructural techniques (scanning (SEM) and 
transmission (TEM) electron microscopy, high 
resolution (HR) TEM) at the interface of the newly 
forming bone and implant surface. 

Materials and Methods 

Pure titanium and well defined calcium phos 
phate ceramics (hydroxyapatite HA, beta-tricalcium 
phosphate b - TCP), and biphasic calcium phosphate 
ceramic (BCP) were prepared as 3x3 mm cylinders. 
Calcium phosphate ceramics were characterized by 
XRD and IR spectroscopy before and after implanta
tion. 

The titanium and the calcium phosphate ceram
ics were implanted in cortical bone of the femoral 
diaphysis of 7 dogs. The implants, recovered after 
three months, were characterized using histological 
methods, HR TEM, micro-electron diffraction, and 
electron probe microanalysis. For histological 
characterization, implant sections were embedded in 
methylmethacrylate, sectioned with a diamond saw 
and observed under polarized light microscopy. X
ray microradiography was performed at 15 kV. Then 
the sections were carbon coated by ion sputtering 
and examined by SE M at 15 kV. Electron probe X
ray microanalysis was performed at 10 kV. 

TEM analyses were performed on calcium phos
phate ceramic implants only. Small undecalcified 
sections of the recovered implants were embedded in 
butyl-methylmethacrylate (1:1) and sectioned with a 
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Figures 3 and 4 (above middle). X-ray microradiographs of macroporous BCP (Fig. 3) and titanium (Ti, Fig. 4) 
Figure 3. Bone formation (arrow) invading the macropores of the biomaterial (b) is observed. 
Figure 4. A fibrous interposition (arrow) between the titanium surface and the newly forming- bone (a) 
is observed. The old cortical bone (o) appeared more mineralized than the new bone. 

Figures 5 and 6 (above bottom). SEM micrographs of ground sections of titanium (Ti, Fig. 5) and uncalcified 
BCP (Fig. 6) implant in femoral cortical bone. 

Figure 5. Displacement (arrow) of the Ti implant from the bony bed is observed. 
Figure 6. Haversian bone (H) is observed in close contact with the biomaterial surface (B) and invading 
the macropore (arrow). 
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Figure 1 (facing page, top 
left). Pure Titanium implant 
in dog femoral cortical bone . 
New bone formation (dark 
arrow) is observed in contact 
with titanium, and in some 
areas of soft tissue imposi -
tion (light arrow). 

Figure 2 (facing page, top 
right). Dense HA implant (B) 
in dog femoral cortical bone. 
New lamellar bone formation b 
in direct contact with the 
ceramic surface is observed. 

C 

P-0 

P-0 P-0 
0-lt 

Figure 7 (at right). IR spec
troscopy results of HA, BCP 
(HA/b-TCP 60/40) ceramics 
before (a), and after 3 
months of implantation [ HA 
(b), BCP (c}] showing the 
carbonate content (C-O). 

1800 40 0 cm- 1 

diamond knife. HR TEM and micro-electron 
diffraction were performed at 200 kV with a 
TEMSCAN JEOL 200CX. Some undecalcified sections 
studied in HR TEM were decalcified by nitric acid, 
stained with uranyl acetate and lead citrate, and 
observed in TEM at 100 kV. 

Results 

Standard histological analysis showed no signif
icant differences between the apparent bone forma
tion in contact with titanium (Fig. 1) and that in 
contact with calcium phosphate ceramics (Fig. 2). 

Lamellar bone with regular osteocyte distribu
tion was closely associated with the surface of the 
implants. X-ray microradiography demonstrated ex
tensive mineralization of the new bone (Fig. 3). Ti
tanium implants, or some limited surface areas of the 
titanium implants, were usually surrounded with soft 
tissues acting as a fibrous interposition (Fig. 4). 
Consequently, the titanium implants were easily dis
placed from the bony bed (Fig. 5) during the sec -
tioning process. The electron microprobe revealed a 
high level of sulfur at the interface. 

No fibrous encapsulation of the calcium phos
phate ceramic implants was observed. The close as
sociation of bone and ceramic surfaces was preserved 
during the sectioning procedure. The bone growth 
penetrated into all free spaces and was observed di
rectly on the ceramic surface (Fig. 6). 

Microprobe analysis of the titanium implants 
before and after implantation indicated no changes in 
the material. With the calcium phosphate ceramics, 
however, an increase in the Ca/P ratio was observed 
after implantation (Table 1). Sulfur was not detected 
to be associated with calcium phosphate ceramic im
plants. The IR analysis of materials from the sur
face and the core of recovered implants showed car
bonate-containing apatites (Fig. 7). 

TE M observations of undecalcified sections of 
the contact zone between new bone and the surface 
of the calcium phosphate implant showed a mineral
ization of the dense collagen network (Fig. 8). New 
needle shaped crystals were closely associated with 
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Figure 8. Undecalcified section of BCP implant ob
served in TEM showing the interface of the ceramic 
crystals (B) with the mineralized bone matrix 
(arrow). 
Figure 9. Decalcified section of BCP (HA/b-TCP 
ratio 60 / 40) ceramic implant, stained with uranyl 
acetate and lead citrate, observed in TEM, showing 
an electron dense granular layer (arrow) at the 
interface of bone (B) and ceramic (C). 

Table 1. Ca/P weight ratios (obtained from electron 
microprobe analyses) for HA, b-TCP, and BCP (HA/b
TCP ratio 60/40) ceramics before and after implanta
tion in osseous site. 

n = 10 

Before 
After 

*** 

HA 

2.15±0.05 
2 .36±0 .09 

10% 

b-TCP 

1.94±0 .05 
2.32±0.10 

20% 

BCP 

2 .06±0.08 
2.37±0.10 

15% 

* * * Differences highly significant less than O .1. 

the three-dimensional distribution of the collagen fi
bers and, at the same time, were closely associated 
with the implant crystals. Electron micro-diffraction 
of the tiny crystals showed 0.27 nm rings corre
sponding to the 300 plane of apatite similar to the 
crystals of the host bone. 
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Decalcified sections observed in TEM revealed 
an electron dense layer at the implant surface cor
responding to the interface of bone and ceramic. 
This electron dense layer, showing a granular fea
ture, was only observed on decalcified section 
stained with lead and uranyl salts (Fig. 9) . 

Another experiment (unpublished results) in 
Guinea pig using glass ceramic ( Ceravital) for ossi
cular chain reconstruction was carried out with HR 
TEM. The results demonstrate some biodissolution 
and biological apatite crystal precipitation between 
the residual crystals of the materials. These newly 
formed crystals are similar to the biological crystals 
observed at the interface of bone and calcium phos
phate ceramics. 

Discussion 

In vivo and in vitro biocompatibility has been 
demonstrated for titanium and titanium alloy ( 4, 29, 
30) and for calcium phosphate ceramics (12, 21 , 25, 
32). A fundamental difference between these two 
materials is that the latter is resorbable (6-8', 10, 11, 
22-24). The extent of dissolution depends on the 
hydroxyapatite (HA) or beta-tricalcium phosphate 
(b-TCP) content, HA is considered as the less 
resorbable (9, 12, 21, 22, 24). 

Titanium has been successfully used for surgical 
implants in the jaw for a number of years. It has 
been shown that bone appears to grow in direct ap
position to the titanium implant surface (1, 4, 29). 
The success of the dental implants is essentially due 
to a specific surgical technique introduced by 
Branemark under the label of OSSEOINTEGRATION: 
"Our principle for anchoring oral implants which we 
call osseo-integration, depends upon direct anchorage 
to the bone tissue and is entirely different from 
both subperiosteal and endosseous implantation, which 
predominantly depends on anchorage via non-mineral
ized connective tissue." ( 4) . Starting from this 
definition, the definition of osseo-integration has 
been modified to refer to direct bone contact with a 
metallic implant. 

Osseointegration has been defined by Wilson
Hench in "Definitions in Biomaterials" edited by 
Williams (34) as the process of combining new bone 
with a bioactive material. These materials, such as 
calcium phosphate or glass ceramic (17, 18), are able 
to induce specific biological activity. The calcium 
phosphate ceramics induce intra and extra cellular 
dissolution, bioresorption, early mineralization by 
biological apatite precipitation, and bone growth by 
osteoconduction on the implant surface (2, 5, 6, 10, 
16, 19, 24, 27 , 28). X-ray and IR characterizations 
of the calcium phosphate implant surface, both be-
fore and after implantation) have demonstrated the 
reactivity of the living tissue/calcium phosphate 
ceramics interface (9, 10, 19) incorporating biological 
ions (carbonate). These processes correspond to in
timate chemical and biochemical interactions of the 
implant domains with the surrounding tissue, as in 
bone bonding (1, 9, 12, 14-18, 20, 21, 26, 27, 31), 
and not simply a mechanical interlocking. The medi
cal and chemical term COALESCENCE is exemplified 
by the interactions produced by these bone formation 
processes, such as between biological apatite and 
calcium phosphate ceramic crystals. 

Alternatively, bone bonding to titanium involves 
close contact and mechanical interlock between bone 
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and titanium oxide (29, 30). This physical interac
tion corresponds to INTEGRATION. The electron mi
croprobe indicated no change of the surface implant, 
however, in contrast to the bioactive materials, sul
fur was detected at the interface, indicating sulfated 
organic compounds at the interface. The chemical 
aspect of calcium phosphate resorption, bone-like 
apatite crystal precipitation ( expressing the bioactivi
ty) and the osseo-conduction process seem specific to 
the bioactive ceramics (6, 9, 12, 21 , 24, 26, 28). 

The use of the word Osseo-integration to de
scribe other materials implanted in osseous site (cal
cium phosphate ceramics in particular), is inappropri
ate as it neglects the bioactivity of these materials 
and the specific interface. Coalescence is the medi
cal term to describe the bondmg oTttssues during 
wound healing, and chemical term for the accretion 
of discrete crystals into a new one. Coalescence 
seems to be more appropriate to describe the bone 
interaction with calcium phosphate and the specific 
interface of bioactive materials with the newly 
formed bone. 

This study characterized the biomaterial/host 
bone interface using a combination of structural and 
ultrastructural analytical techniques. The use of 
several analytical techniques is necessary because of 
the limitations of each method. For example, arti
facts may be introduced during any one of the fol
lowing preparation processes: fixation , decalcification, 
embedding or sectioning. One example of artifact is 
the "electron dense layer" observed at the interface 
of bone and ceramic, described by Ganeles on decal
cified sections ( 16). In our study, this apparent 
"electron dense layer" was only observed in TEM of 
decalcified sections when a staining agent was used . 
Using high resolution TEM, at the lattice pattern 
level, without any processing (fixation, decalcification 
and staining) this interface was never observed. 
Thus the "electron dense layer" must be regarded as 
an artifact : it may be representing debris of some 
proteins adsorbed on the implant surface like ghost 
crystals observed in dental enamel (3). Another se
rious limitation is the resolution of the technique 
used: 0 . 2 to 2 micrometers in light microscopy, 5 to 
6 nm in SE M, 0 .2 nm on crystals observed in HR 
TEM or 1 nm in organic material in TEM. It is not 
possible to observe single bone apatite crystals with
out a resolution similar to the crystal unit cell; or to 
observe a soft tissue interposition of 0.1 micrometer 
in light microscopy. 

For physicochemical analysis, some limitations 
also need to be considered . IR or XRD materials 
scraped from the surface of the recovered implant 
include the interface, the transformed and original 
material. Electron microprobe is also limited by the 
electron beam diameter (1 micrometer for the area 
diameter in SEM, and 5 nm using TEMSCAN). 

In conclusion, the interface between biomaterial 
implants and bone was difficult to analyze. It is 
necessary to use a combination of techniques from 
the macroscopy to atomic surface analysis, and to 
take into account the advantages and limitations of 
each method. Using a combination of techniques, 
this study demonstrates the interface characteristics 
between bioinert and bioac~ive implants with bone. 
We suggest that the physical term INTEGRATION 
(osseo-integration) be used to describe the phenome
non of mechanically functional contact defined by De 
Lange (13) and the biological and chemical term 
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COALESCENCE (osseo-coalescence) to describe the 
biological interactions of new bone and bioactive 
ceramics. 
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Discussion with Reviewers 

U. Gross: The abstract mentions biodissolution/bio
degradation of bioactive materials. What is the 
evidence for these processes? 
Authors: We have demonstrated in previous papers 
(8-11, 28) the dissolution/degradation process in 
bioactive ceramics using TEM (extra-cellular and 
intra-cellular dissolution by phagocytosis). The 
present paper refers to these works. Other studies 
on Ca-P ceramic dissolution have also been reported 
by several authors (22, 23, 34). 

U. Gross: How do the authors explain calcium phos
phate resorption and apatite crystal precipitation at 
the interface? 
Authors: The formation of bone apatite-like crystals 
is due to the precipitation of calcium and phosphate 
ions released from the dissolving ceramic crystals at 
the surface of residual crystals (epitaxial growing 
process) and into the micropores by secondary nucle
ation. The phenomena depends on the Ca and P sat
uration of the fluid penetrating the intercrystalline 
spaces (micropores). It is essentially a physico
chemical process alternating from saturation/precipi
tation to a new equlibrium back to saturation/precip
itation. 

We have observed precipitation in some part of 
the implant and dissolution in other parts, corrobo
rating the alternative dissolution/precipitation 
process. 
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U. Gross: Does the precipitated material originate 
from the implant or from the intersticial fluid? 
Authors: We cannot indicate the exact origin of the 
10ns precipitating into carbonated apatite crystals; 
however, it is evident that CO3 and Mg originate 
from biological fluid. A double origin (implant and 
biological fluid) must be considered for Ca and P (6, 
9, 10), the precipitation occurs in the biological fluid 
by secondary nucleation, and at the crystal surface 
of the implants by epitaxic growing process. 

E. Bonucci: Although osteoclastic resorption is often 
present 1n bone facing the implant, you do not men
tion this process at all. Was it completely absent? 
Authors: It is true that osteoclastic resorption are 
observed facing the implant. Generally this is ob
served during the bone remodelling after 1.5 to 3 
months of calcium phosphate implantation. 

E. Bonucci: The mechanical forces can greatly influ
ence the mteraction between implanted material and 
host tissue and consequently can change the reaction 
of the latter to the presence of the former. You re
port that bioinert and bioactive materials were im
planted in cortical bone, without specifying in which 
skeletal segment and in which site of that segment 
they were implanted. However, it is possible that 
the results vary according to the site of implantation 
and the mechanical forces exerted on it. Can you 
comment on this possibility? 
Authors: It is evident that the mechanical forces 
modify the osseo-coalescence and osseo-integration 
process. For this reason, we have selected the dia
physeal part of the femoral cortical bone, less sub
mitted to mechanical forces than the epiphyseal part. 

In this case, we have probably compared the 
bioactive properties of the materials. 
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