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The interface between mandibular bone and dental implants was examined with the in vivo
dog model. Implant/bone interfaces were investigated for three types of materials:
Ti—-30wt % Ta/Al,O3, titanium and Al,O3 using microscopy techniques covering a large
magnification range: scanning electron microscopy, transmission electron microscopy,
energy dispersive X-ray analysis and Auger spectroscopy. During the interaction of the Al,O3
ceramic with bone, an interfacial layer about 15 um thick is formed. The same phenomenon
was observed at the titanium bone interface, where the thickness of the layer was about
10 um. In all cases, interface layers were sharp with well-defined borders between bone
tissue and implant materials. No calcification took place inside the interface layer. A
chemical analysis performed on this layer shows the presence of titanium, calcium and
phosphorus in the case of titanium implants, and aluminium, calcium and phosphorus

in the case of alumina implants. A rapid decrease in metal composition with increasing
distances from the implant surface is correlated to a slow increase in calcium and
phosphorus in the direction of the bone. Direct contact between implant and bone was
observed. No biocorrosive effects were detected at the Ti-30 wt% Ta/Al,O; metal-ceramic

interface.

1. Introduction

The replacement of teeth of increasingly younger pa-
tients, for example in the case of trauma, requires the
design of dental implants with a stability maintained
over several decades. Such implant systems must per-
mit the transfer of load and avoid any negative local
or systematic tissue effects during the lifetime of the
patient [ 1-37]. For such properties to be fulfilled, the
interactive events taking place at the interface between
the implant and the recipient tissue must be well
understood.

In the present study, the interface between bone and
three types of materials has been studied: Al,Os, tita-
nium and Ti—-30wt% Ta/Al,O5. All materials used
are corrosion-resistant to physiological solutions
[4, 5].

The Ti-30wt% Ta/Al,O; implants were fab-
ricated at the Max-Planck Institute of Stuttgart in
collaboration with dental surgeons of the University
of Tiibingen [6]. They were tested in vivo in order to
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investigate the implant/bone interface [7, 8] and their
biocompatibility [9].

Several microscopical and analytical techniques,
scanning electron microscopy (SEM), transmission
electron microscopy (TEM), microprobe measure-
ments with energy dispersive spectroscopy (EDS) and
Auger electron spectroscopy (AES) were used. In-
formation was obtained at a large range of magnifica-
tions concerning both the structural events and the
chemical interactions taking place at the interface
between the implant material and bone.

2. Materials and methods

2.1. Materials

Commercially pure titanium (99.6%), pure alumina
(99.7%) with a grain size of about 10 pm and a
porosity of less than 1%, and diffusion-bonded
Ti-30wt % Ta/Al,O5 have been used. Alumina was
sintered with MgO additive. The manufacturing of the
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TABLE I Implant materials and conditions of implantation

Type of implant Material

Duration of
implantation (months)

Bone contact (%)

Cylinder Ti-30wt% Ta/Al, O3
Cylinder Commercially pure Ti
Cylinder Al,O5

5 25-33
5 25-33
5 43

metal-ceramic composites and their structure and
mechanical properties are described elsewhere [6, 10].
The implants have a cylindrical shape with both dia-
meter and length of 5 mm.

2.2. Surgical procedure and specimen
preparation

The cylindrical devices were fully implanted into the

mandibular bone of foxhounds for a period of

5 months without any functional loading (Table I).

The animal euthanasia and implantation control were

carried out at the University of Heidelberg [7].

The devices were explanted after 5 months with
their surrounding bone tissue then fixed, dehydrated
and embedded in epoxy duroplast in order to form
a block which was subsequently ground in three steps
using SiC papers down to grit size 1200 [11, 12].
Histological and histomorphological studies were first
performed by light microscopy in order to evaluate
the contact area between implant and bone [13, 14]
(Table I) before examination by SEM, TEM, EDS and
AES.

Cross-sections of the samples for EDS and SEM
studies were been cut with a diamond saw. Carbon was
sputtered on the samples for electrical conduction.

Samples for TEM were prepared by a technique
specially developed for preparing brittle materials and
weakly bonded interfaces [15]. Slices of about 300 pm
were cut parallel to the interface and fitted into a slit in
an alumina cylinder. This arrangement was inserted
inside a second, hollow, 3 mm diameter alumina
cylinder, and further embedded in epoxy resin. After
complete hardening, slices of about 500 um were
cut perpendicular to the interface and therefore per-
pendicular to the axis of the alumina cylinder by
using a diamond saw. Planparallel specimens of
100-200 um were obtained by grinding. Subsequently,
the samples were dimpled in order to obtain a residual
thickness in the centre of the specimen between 10 and
50 um. In the last preparation step, the centre of the
samples was thinned by ion milling in order to obtain
non-decalcified electron-transparent interfaces.

2.3. Microscopic and analytical techniques
The SEM analysis of the samples was carried out on
a Jeol JSM 35 microscope equipped with a Tracor
Northern TN 2000 electron dispersion spectrometer
(EDS) and on a Jeol JSM 6400 microscope.

TEM experiments were performed on a Jeol
2000FX TEM microscope. The EDS analysis was
made with an Explorer Noran Ge detector.
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The Auger electron spectroscopy analysis was car-
ried out with a Perkin—Elmer SAM 500. The angle
between the surface normal and the analysor axis was
30°. The primary electrons had an energy of 10 keV.
The spectra to be interpreted were the differential of
the energy of the monitored Auger intensities. The
surface composition was directly correlated to the
peak-to-peak heights of the differentiated Auger
intensities [16].

3. Results

3.1. Ti-30wt% Ta/Al,Os/bone interface

The Ti-30wt % Ta/bone, Al,O3/bone interfaces and
the Ti-30wt% Ta/Al,O3/bone triple points were
examined using SEM. Three different interface mor-
phologies were observed: (i) a direct contact; (ii) an
intermediate layer; (iii) a gap at the implant/bone
interface. A direct contact with bone is observed at the
region where Ti-30wt% Ta and Al,O; are fitted
(Fig. 1). The micrograph shows that the metal—-
ceramic interface does not impair the contact between
implant and bone. The bone exactly accommodates to
the composite implant surface especially at step S.
Additionally, parallel (C) and ellipsoidal features (OC)
can be observed independently to the adjacent im-
plant region.

These parallel (C) and ellipsoidal (OC) features of
bone were also detected at the Ti—30wt % Ta side of
the implant (Fig. 2). The dark interlayer, DI (Fig. 3), is
adjacent to the Al,O; part of the implant and can also
be observed at other interface situations. It attains
thicknesses up to 50 pm at the Al,O3/bone interface
(Fig. 3). On the right hand side of Fig. 3, a gap, G, is
observed at the alumina/bone interface. This seems to

=

Figure 1 The interface between Ti-30 wt % Ta/alumina and bone.
OC, osteocytes; C, collagen; D, undefined dark region; S, step.
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Figure 2 Ti-30wt% Ta/bone interface of the Ti-30wt% Ta/
Al,O; implant separated by an intermediate layer of 100 pm max-
imum thickness mainly consisting of carbon. OC, osteocytes; C,
collagen; DI, dark interlayer.
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Figure 4 Microprobe analysis of the bright bone region and the
dark interlayer in EDS mode.

Figure 3 Al,O5/bone interface of the Ti-30wt% Ta/Al,O; im-
plant interrupted by an intermediate layer of 50 pm maximum
thickness mainly consisting of carbon. OC, osteocytes; C, collagen;
G, interface gap.

be an artefact resulting from the dehydration step of
the sample preparation. In all cases, the dark inter-
layer appears to be without any structure. A sharp
interface exists between the bright bone and the dark
interlayer, DI. The chemical composition of the bright
bone and the dark interlayer, DI, shows differences in
both regions. The Ca/P ratio of the bright bone
(roughly equal to 1.6) (Fig. 4) is comparable to that of
living bone tissue [17, 18]. The Ca/P ratio is dramati-
cally decreased in the dark interlayer, DI, while the
high C/Ca ratio confirms that the organic component
is dominant in this region. The large amount of car-
bon explains the dark contrast in the scanning elec-
tron micrograph because of the low mean atomic
weight of the interlayer.

The results of the morphology and the chemical
analysis of the implant/bone interface are in agree-
ment with the fracture surface studies performed by
SEM and AES. The fracture surface of the composite
implant shows a contact between bone and both of the
materials (Fig. 5). A good contact to the material is
confirmed at higher magnification (Fig. 6). Bonding
between implant and bone is achieved by contact
points, P, in the same way as fibroblasts are attached

Figure 5 Fracture surface of the Ti-30 wt % Ta/Al,O3 implant.

Figure 6 High magnification of the metal-ceramic/bone interface.
P, contact points.

to microtextured surfaces [ 197]. The bone tissue adapts
to the surface topology especially at the interface re-
gion. The presence of tissue at the top of the implant
surface implies high fracture toughness of the im-
plant/bone interface.

The chemical composition of the fracture surface of
the implant was also analysed by AES. The tissue was
found to be mainly organic with small contents of
calcium and phosphorus (Fig. 7). Depth profiling of
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Figure 7 Auger spectrum of the metal side of the implant fracture
surface. The surface tissue layer consists mainly of carbon and only

of small amounts of calcium and phosphorus.
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Figure 8 Depth profile of the metal side of the implant surface
through the tissue layer of about 730 nm. (I) 2.2 nmmin~*!
13.2 nm; (II) 7.7 nmmin~?, 138.6 nm; (IIT) 20 nmmin~*, 580 nm.
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the surface by sputtering with argon ions indicates
a thickness of the tissue layer of about 730 nm (Fig. 8).

3.2. Al,O3/bone interface
The interface morphologies described above were also
observed for the alumina implant. A cross-section of
an alumina implant surrounded by bone observed by
SEM is shown in Fig. 9. Dark areas (D, A) of different
dimensions are incorporated within the bright matrix.
A fibrous structure, C, surrounding the ellipsoidal
dark areas, A, is shown in Fig. 10. In some cases,
nuclei, N, are observed in the dark regions, A. The
fibres are mainly aligned parallel to the implant sur-
face. Inside the fibre bundles small holes, OC, of a dia-
meter of less than 10 um are observed. A thin gap with
bridges, B, between material and bone is observed. It
cannot be excluded that this gap is, in fact, a crack
produced during the preparation process. EDS analy-
sis shows that the dark area, A, is rich in phosphorus
and sulphur. A sodium peak is also observed in
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Figure 9 Scanning electron micrograph of Al,O;/bone interface.

Figure 10 Fibrous structure, C, surrounding cell-like dark struc-
tures, A, near the interface. In the centre of some of these dark areas,
a structure that could correspond to a nucleus, N, is observed. B,
brigdes at the interface; OC, osteocytes.
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Figure 11 Chemical composition of the bone phases near the
Al,0;/bone interface.

addition to the calcium and phosphorus peaks in the
bright bone phase (Fig. 11).

An interlayer between bone and implant is detected
at higher magnification (Fig. 12). It is about 10 pm
thick and is interrupted by a lacuna, L. Several contact
points, P, between material and tissue are observed.
The interlayer is rich in carbon and contains chemical
species from both implant and bone (Fig. 13). The



Figure 12 Al,O5/bone interface with a thin interlayer of about

10 pm. The interface is interrupted by a lacunae, L. P, contact

points; OC, osteocytes.
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Figure 13 EDS analysis across the Al,O3/bone interface layer. (H)
Al (®) P, (A) Ca, (V) C.

Figure 14 Transmission electron micrograph and EDS point analy-
sis of the Al,O3/bone interface.

calcium and phosphorus contents decrease in the
direction from bone to alumina, while the aluminium
content varies vice versa. The aluminium content de-
creases with increasing distance to the implant surface.
No aluminium is detected away from the interface.
Both the interface morphology and the chemical com-
position of the interlayer are also observed at high
magnification by transmission electron microscopy

Figure 15 Scanning electron micrograph of a titanium im-
plant/bone interface.

Figure 16 Scanning electron micrograph of the bone tissue sur-
rounding a titanium implant. The bright bone consists of a fibrous
structure engulfing ellipsoidal structures, A. Blood vessels, R, are
also visible.

(TEM) (Fig. 14). Bone tissue and alumina are separ-
ated by an electron-transparent layer about 15 um
thick. As the sample was not stained, no information
concerning the presence of cells and/or proteins was
obtained. Chemical analysis shows the presence of
aluminium at the interface close to the bone tissue,
while this chemical element is not present a few mi-
crometres away in the dark region corresponding to
the bone tissue. As expected, both aluminium and
oxygen are present in the ceramic, while no aluminium
is present in the bone, only the constituents of calcium
hydroxyapatite (calcium, phosphorus and oxygen) are
found.

3.3. Titanium/bone interface

For the alumina/bone interface, both the interface
region and the bone structure close to the implant
were studied. A bright bone matrix and a dark
second phase are already observed at low magni-
fication (Fig. 15). At a higher magnification, the
fibrous structure of the bone matrix engulfing ellip-
soidal structures, A, is visible as well as small ellip-
soidal structures, OC, elongated in the direction
of the fibres, C. The bundles of fibres, C, make way for
the dark structureless second bone phase, D. The
bright rod-like structures, R, are likely to be blood
vessels (Fig. 16). An interlayer is detected at higher
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Figure 17 Scanning electron micrograph of the titanium/bone in-
terface with an interfacial layer of a thickness of about 10 um.
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Figure 18 EDS analysis across the interface layer from titanium to
bone. The layer is enriched in carbon and consists of species of both
implant and bone. (H) Ti, (®) P, (A) Ca, (V) C.

magnification (Fig. 17). This layer is about 10 um
thick and is limited by sharp interfaces to both bone
and implant. Contacts between bone and material are
observed at points, P. The contact area covers about
30% of the interface. This is a result comparable to
histomorphometric analysis performed elsewhere
[13, 14]. Bright bone phase seems to have a fibrous
structure, C; ellipsoidal structures, OC, with a length
of less than 10 pm are also visible on the right-hand
side of the micrograph. The composition profile across
the interface shows that chemical species from both
implant and bone coexist in the interlayer (Fig. 18).
The calcium and phosphorus contents decrease from
the bone to the implant, while the titanium content
varies in the opposite direction and is negligible in the
bone itself.

4. Discussion

The micrographical and analytical studies performed
at the implant/bone interfaces of titanium,
Ti-30wt% Ta and Al,O3 show no significant differ-
ences in the attachment of bone to the different mater-
ials (Table I, Fig. 16) and in the concentration of
osteocytes in the bone matrix near the implant surfaces.
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The arrangement of cells inside the bone (Figs 1-3)
is well-ordered. The osteocytes are included within
a flux of collagen fibres surrounding the implant
(Fig. 1). This observation is in agreement with his-
tological studies of screw-type titanium implants car-
ried out by optical as well as electron microscopy
[20-24]. A comparison of the cell structures seen in
Figs 1-3 and 10 with electron microscopical studies of
this bone region made by Sennerby et al. [24], con-
firms that the ellipsoidal structures observed are in-
deed osteocytes bordered by canaliculi. The osteocytes
interact directly with the implant by seaming its sur-
face and laying down new bone (Fig. 1). The welding
zone between Ti-30wt% Ta and alumina does not
show any negative influence on bone (Fig. 1), hence
biocorrosive effects can be excluded at this location.

An intermediate layer was observed at the interface
between material and bone. The thickness of this layer
was measured by depth profiling to be about 700 nm.
According to Tengvall and Lundstréom [5] and
Kasemo and Lausmaa [25], the titanium oxide pro-
tecting the implant is not attacked by dissolution. The
growth of the oxide layer is supported by proteins
adsorbed at the surface. These proteins are products of
the cell activity causing an indirect interaction be-
tween cells and biomaterial. The mechanisms can also
involve the presence of oxygen radicals and peroxy
species, generated by cells such as macrophages, that
are capable of accelerating the oxidation process [5].
In a physiological environment, an exchange of anions
and cations by diffusion leads to an increase of the
surface layer. Scanning electron micrographs confirm
both the existence of soft tissue bonded to the implant
surface by contact points, and the tissue adaption on
the implant, independently of the material used. The
attachment occurs in the same manner as that of
fibroblasts on microtextured titanium surfaces tested
in vitro [19]. Intact 10 um thick interface regions are
sometimes observed at higher SEM magnifications
(Figs 12 and 17). Additionally, gaps and interlayers of
a thickness of about 10 um were observed. However,
the gaps shown in Figs 11 and 17 seem to be artefacts
produced in the preparation of the explant. They are
independent of the materials used. This can be due to
the shrinking of the tissue during the preparation
process. In some cases, bridges between the implant
and bone are observed. The existence of these bridges
implies a high bond strength of the bone/implant
interface. Poor fitting of the implant can be excluded,
because the bone surface seems to replicate the im-
plant surface.

Structures other than osteocytes and collagen fibres
were observed. A dark phase with a length of more
than 100 um was found within the bone close to the
implant surface as shown on the right-hand side of
Fig. 1. Dark phases can also be observed close to the
interface and inside the new bone next to the
Ti-30wt % Ta/Al,O5 implant (Figs 1 and 2), next to
the Al,O; implant (Figs 9 and 10) and next to the
titanium implant (Figs 15 and 16). These structures
most likely represent the remains of multinuclear
giant cells resulting from the inflammation process
produced by the implantation of the devices. The



presence of cells near the interface (Figs 10 and 16) or
in direct contact with it (Figs 1 and 2) has also been
observed by Johannson et al. [22]. Furthermore, Sen-
nerby et al. [23] report that the dark layer at the
implant/bone interface results from tissue formed by
multinuclear giant cells. Such cells are more numerous
in soft tissue regions where new tissue has not yet
grown because of the misfit between the hole drilled in
the bone and the implant itself.

The existence of a soft tissue layer close to the
implant surface is in agreement with the observations
by Sennerby et al. [23]. They found that the implant
surface is covered by an amorphous layer with a thick-
ness up to 400 nm. The amount of soft tissue decreases
with implantation time [9, 26]. Sennerby et al. suggest
that the tissue close to the implant surface is the last to
be mineralized. Dark areas within the bone tissue in
Figs 10 and 16 are surrounded by concentric bundles
of collagen fibres. These areas are Haversian systems
[27, 28].

The chemical composition of the intermediate soft
tissue layer is different to that of bone. The high
carbon concentration and the small amount of cal-
cium and phosphorus in the dark bone and interface
regions (Fig. 4) suggest that soft tissue is mainly com-
posed of organic material. Multinuclear giant cells
might be present in the soft tissue. If so, they may play
a role in preparing the implant surface for the follow-
ing formation of new bone [24, 29].

Measurements across the alumina/bone and the
titanium/bone interface proved that constituents of
the implant (alumina and titanium) and bone are
detected in the interlayer. The presence of titanium,
calcium and phosphorus inside the interlayer is in
agreement with both in vivo and in vitro studies of
titanium implants; see, for example, Li and de Groot
[30]. The observed concentration profiles of titanium,
calcium and phosphorus are smooth and coexist in-
side the interlayer. No calcium or phosphorus is found
inside the implant and no titanium is detected in
the adjacent bone matrix. Studies of the passive dis-
solution of titanium in physiological environments by
AES and EDX confirmed the presence of calcium,
phosphorus and sulphur in the oxide surface layer of
titanium [31, 32]. The thickness of the oxide layer
increases by contact with these organic substances
[25, 33].

The mineralization of new bone is shown by an
increase of the Ca/P ratio of the matrix [18]. The
carbon signal is indicative of the presence of organic
material such as collagen. EDS analyses of the soft
tissue are confirmed by Auger spectroscopic studies
(Figs 7 and 8). The surface of explanted titanium is
enriched by carbon, oxygen and small amounts of
calcium and phosphorus as observed in other studies
[33]. The AES results indicate that a chemical interac-
tion has to exist between the surface of the biomaterial
and the living tissue.

Interaction between alumina and bone is demon-
strated both by SEM/EDS (Figs 12 and 13) and
TEM/EDS (Fig. 14). The gradual transition from the
implant to the bone across interlayers with the pres-
ence of species of both implant and bone, can enhance

the toughness of the implant/bone interface. The
detection of aluminium, titanium, calcium or phos-
phorus inside the interlayer zone is not an artefact,
because of the high spatial resolution of the micro-
probe in respect to the thickness of the interlayer.

5. Conclusion

In the present study, the interfaces formed between
bone tissue and three types of material were investi-
gated: Ti-30wt% Ta/Al,O;, Al,O; and titanium
implants have been examined by scanning and trans-
mission electron microscopy as well as by EDS analy-
sis. Interfaces showing either a direct implant to bone
transition or intermediate layers between the two ma-
terials were observed. Interdiffusion of chemical ele-
ments from the material (aluminium or titanium) to
the bone tissue and from the bone (calcium, phos-
phorus) towards the material is observed inside the
interlayer. This interlayer differs from the bone matrix
in structure. Dark areas close to the implant surface
have a high carbon content. These dark regions are
formed either by multinuclear giant cells, fibrous tis-
sue or Haversian systems. The interface between
Ti—-30wt% Ta and alumina seems not to affect bone
remodelling or the osteocyte concentration. No os-
teocytes are detected near the implant surface, which
confirms that this region is the last to be mineralized.
Irregularities such as gaps between material and bone
are assumed to be an artefact due to the preparation
process. Some alumina grains are detached from the
interface. However, the presence of collagen fibres and
the mineralization of new bone resulting from an
osteocyte activity close to the implant confirms the
biocompatibility of the materials used.

The development of a precise knowledge on the
interface phenomena between the bone and different
materials used in the fabrication of dental and bone
implants, is essential for the understanding of biocom-
patibility and hence for the design of implants with
long-term stability.
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