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ABSTRACT

Background: Surface modification of titanium implants by anodic oxidation may lead to enhanced bone integration. For
instance, in vivo studies have demonstrated formation of more bone contacts in less time than for turned control implants.
In addition, oxidized implants have shown a higher resistance to torque forces, indicating a strong interlock between bone
and the oxide layer. However, the structure of the oxidized titanium-bone interface in high resolution is not known.

Purpose: The aim of the study was to analyze the human bone-oxidized titanium interface at a high-resolution level. Of
particular interest was the relationship between bone tissue and the pores of the surface oxide.

Materials and Methods: Twelve clinically retrieved implants with an oxidized surface (TiUnite™, Nobel Biocare AB, Gote-
borg, Sweden) were used. Seven were regular dental implants and five were experimental mini-implants and had been
subjected to immediate, early, or no loading. They were retrieved after 5 to 9 months of healing and were processed and
analyzed using light microscopy, scanning electron microscopy (SEM) in normal and back-scatter (BS-SEM) modes, and
energy-dispersive x-ray (EDX) analysis techniques.

Results: Bone formation was observed to occur from adjacent bone structures toward the implant surface, and it was evi-
dent that bone formation had occurred at the implant surface. SEM, BS-SEM, and EDX revealed that mineralized bone
had grown into the pores of the surface oxide layer, including pores with small diameters (< 2 pm).

Conclusions: The clinically retrieved oxidized implants showed evidence of bone growth into the pores of the surface
oxide layer. The findings indicate the establishment of a strong interlock between the bone and the oxidized titanium
implant, which is suggested to be beneficial for clinical performance.

KEY WORDS: anodic oxidation, back-scatter scanning electron microscopy, energy-dispersive x-ray, histology, scanning
electron microscopy, titanium implants
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two layers about 0.1 to 0.5 pm wide.? The literature is
not conclusive with regard to the structure and con-
tents of the layers, but cement line-like and amorphous
layers have been described.? In spite of this, the
implants become firmly anchored in bone and show an
increased resistance to torque and bending forces with
time.*> One explanation could be interlocking owing
to ingrowth of bone into larger surface irregularities.
Many research teams have investigated bone response
to various surface treatments, which results in a
changed surface topography and, in many instances, to
an increased roughness and an enlarged surface area.®
Experimental studies have shown more rapid forma-
tion of bone contacts and higher amounts of bone con-
tacts in parallel with higher resistance to torque forces
compared with nonmodified control implants.”~10 It
can be speculated that the changed surface topography
facilitates cellular migration and differentiation at the
tissue-implant interface!! and that formation and
ingrowth of bone into surface irregularities result in a
stronger integration of the implant, which may be ben-
eficial in the clinical situations mentioned above.

Anodic oxidation is one technique for surface
modification of titanium and results in an increased
thickness of the native oxide layer and a changed sur-
face topography.!213 The thickened titanium oxide
layer is highly crystalline, containing anatase and rutile,
which are the most common crystalline forms of tita-
nium oxide, and phosphates.'?> The most striking charac-
teristic is the formation of interconnecting pores, which
are from less than 1 to 10 pm wide. Histologic studies of
biopsies from humans and animals have shown a high
affinity of bone to the surface of oxidized implants,'4-18
However, the structure of the bone-oxidized implant
interface at high resolution is not known.

The aim of this investigation was to analyze the
human bone-oxidized titanium implant interface at a
high-resolution level using light microscopy, scanning
electron microscopy (SEM), back-scatter electron
microscopy (BS-SEM), and energy-dispersive x-ray
(EDX) analysis techniques.

MATERIAL AND METHODS

Ethical Considerations

The patients presented themselves for implant treat-
ment and subsequently volunteered to have extra
implants inserted in the posterior mandible or maxilla
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for the purpose of histologic research. The study was
conducted in accordance with the Declaration of
Helsinki. All subjects gave their written, informed con-
sent prior to participation. They all had the right to
withdraw from the study at any time without jeopardiz-
ing their ordinary treatment. The study was approved
by the regional ethical committee at the University of
Ziirich, Switzerland.

Implants

Twelve clinically retrieved implants were used for histo-
logic analyses in the present study:

1. Six regular dental implants (TiUnite™, Regular
Platform Mk III and Regular Platform Mk IV,
Brénemark System®, Nobel Biocare AB, Géteborg,
Sweden) from a previous light microscopic study in
which the study design and clinical circumstances
were described in detail.!® In brief, nine implants
were placed in the posterior mandible of five
patients and were subjected to immediate loading
(n = 2) or early loading after 2 months (n = 7).

2. One Nobel Perfect™ implant (Nobel Biocare AB)
retrieved from the maxilla of one patient after 6
months of loading,.

3. Five nonloaded mini-implants (o 2.3 mm, length
5 mm) with an oxidized surface (TiUnite) retrieved
after 4 to 8 months in five patients were used.

4. One unused oxidized implant (TiUnite, Regular
Platform Mk III).

Light Microscopy

All biopsies were fixed in 4% buffered formaldehyde.
The specimens were dehydrated in a series of ethanol
and were embedded in Technovit 7200 VLC (Heraeus
Kulzer GmbH & Co., Wehrheim, Germany). Ground
sections were prepared using sawing and grinding tech-
niques (Exakt Apparatebau, Norderstedt, Germany).'?
The sections were ground to a final thickness of about
20 pm and were stained with toluidine blue O and
pyronin G. The slides were viewed and photographed
with a Leica DM4000 (Leica, Glattbrugg, Switzerland)
light microscope, equipped with a Leica DFC480 high-
resolution video camera.

Scanning Electron Microscopy

Specimens for SEM were washed with a 0.185 M Na-
cacodylate buffer (pH = 7.4; 346 mOsm). In some small
areas, bone was carefully broken away from the implant
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surface using small tweezers and scalpels to expose the
implant-bone interface. The specimens were then dehy-
drated in ascending grades of acetone and dried in a
critical point apparatus using carbon dioxide as the
transitory fluid. The specimens were sputter-coated
with gold and examined in a Cambridge Stereoscan
S-180 (Cambridge Instruments, Dortmund, Germany).

Back-Scatter Scanning Electron Microscopy

For BS-SEM, ground sections through the implants
were highly polished using different grades of diamond-
coated papers and a 0.25 um diamond paste (DP-paste,
Struers, Ballerup, Denmark). The sections were
mounted on holders and 6 nm sputter-coated with car-
bon by means of a MED 020 sputter device (Bal-Tec,
Liechtenstein). In a Cambridge Stereoscan S-180 SEM
(Cambridge Instruments), back-scatter imaging was
used to demonstrate the degree of mineralization.

EDX Analysis

For EDX analysis, ground sections were mounted on
holders and 6 nm sputter-coated with carbon by means
of a MED 020 sputter device (Bal-Tec). In a Philips
scanning- and transmission electron microscope
(Philips, Eindhoven, the Netherlands), EDX analyses
were performed at 5 and 10 kV.

RESULTS

Light Microscopic Analyses

Light microscopy showed similar bone morphology
around and at the implants in spite of different time
periods between placement and retrieval. Light micro-
scopy of ground sections viewed in both transmitted
light (Figure 1) and polarized light (Figure 2) revealed
the intimate contact of the newly formed bone with the
oxidized implant surface. It was obvious that the inte-
gration process occurred by growth from adjacent bone
surfaces toward the surface (distance osteogenesis) and
by bone formation directly on the surface oxide (con-
tact osteogenesis). The former was characterized by
apposition of bone at the wound edges of existing bone,
with successive layers of bone being formed toward the
implant surface (Figure 3). Bone formation directly on
the oxidized implant surface was often manifested as a
narrow zone of bone that followed the contour of the
implant (Figure 4). The front of the thin rims and the
surface facing the tissues were often occupied by active

Figure 1 Final osseointegration. Note the border of
local bone (arrows). Ground section (x20 original
magnification; stained with toluidine).

Figure 2 Final osseointegration. Note the presence of
the oxide layer between the body of the implant and
bone. Ground section; polarized light microscopy (x20
original magnification; stained with toluidine blue).



Figure 3 Light microscopic view of bone formation by contact
osteogenesis along two threads of an oxidized implant surface
(white arrows). Note the border of local bone (blue arrows) and
the presence of osteoblasts (red arrows). Ground section (x20
original magnification; stained with toluidine blue).

100 pm

Figure 4 View of bone formation along an oxidized implant
surface using light microscopy. Note the direction of bone for-
mation (arrows). The area outlined showing the advancing front
of bone formation is magnified in Figure 5. Ground section
(stained with toluidine blue).
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osteoblasts and osteoid. Signs of cell migration from
the marrow tissue to the mineralizing fronts could be
seen in higher magnification, indicating recruitment
and differentiation of immature cells to preosteoblasts

and osteoblasts (Figure 5).

SEM Analyses

SEM evaluation of the unused oxidized implant demon-
strated a porous surface texture with both micropores of
between 1 and 7 um in diameter and nanopores with
orifices of less than 1 um (Figure 6).

SEM micrograph of retrieved implants showed bone
tissue in the micropores of the oxide layer (Figure 7).
The ingrowth and anchorage of bone were independent
of the pore size, and bone was also present in pores with
a diameter of less than 1 pm (Figure 8). The presence of
bone in the pores was confirmed by EDX. EDX analysis
of the bone-implant interface showed high peaks for tita-
nium, calcium, and phosphorus (Figure 9).

The combination of EDX and SEM revealed that new

bone was integrated into the implant surface. Analysis

- »

20 um

Figure 5 Higher magnification view of the area outlined in Fig-
ure 4 using light microscopy showing the advancing front of
bone formation. Note the population of both preosteoblasts (red
arrows) and osteoblasts (yellow arrows). Also note the presence
of the osteoid (white arrow) and the front of mineralization (blue
arrow). Ground section (stained with toluidine blue).
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Figure 6 Scanning electron micrograph of a porous oxidized
surface. Note the presence of both nanopores with diameters less
than 1 pm and micropores with diameters ranging between 1
and 7 pm. (x1400 original magnification).

Figure 7 Scanning electron micrograph showing the bone-
implant interface. Bone was broken away to expose the implant
surface. Note the presence of bone anchored in the orifices of
the pores.

Figure 8 Scanning electron micrograph showing bone anchored
in the orifice of a nanopore.

a an ] (4]

Figure 9 Energy-dispersive x-ray analysis of the interface
between the oxide layer and bone. Note the large peaks for tita-
nium, calcium, and phosphorus.

showing the distribution of the individual elements
showed the presence of titanium in the titanium oxide
layer and the presence of calcium and phosphorus in the
adjacent tissue. Phosphorus was also present in the oxi-
dized layer (Figure 10). Digitally composed images pro-
duced by superimposing the four individual images pre-
sented in Figure 10 show the presence of bone in intimate
contact with the oxidized implant surface (Figure 11).
Using the same technique, bone was also observed in the
orifices of the pores (Figure 12) and extending down to
the very bottom of the pores (Figure 13).

Ground sections examined under BS-SEM con-
firmed the intimate contact of bone with the oxide layer
(Figure 14) and the presence of bone in the pores (Fig-

ure 15).

DISCUSSION
The present study showed a positive tissue response to
clinically retrieved oxidized titanium implants, resulting
in intimate contact between mineralized bone tissue and
the surface layer, which is in line with previous light
microscopic investigations.!?~!® Apart from ingrowth
from adjacent bone surfaces, it was obvious that bone
formation also occurred directly on the surface. The
high-resolution analyses with SEM, BS-SEM, and EDX
revealed that the newly formed bone extended into the
pores of the surface layer. The findings suggest a strong
interlock between the bone tissue and the implant sur-
face, with no detectable differences between unloaded,
early loaded, and immediately loaded implants.
Previously published studies have suggested an
optimal pore size for bone ingrowth in the range of 50
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A-ray Images

Figure 10 A-D, Energy-dispersive x-ray analysis showing the interface between the
oxide layer and bone (A). Note the presence of phosphorus (B) and calcium (C) in the
adjacent mineralized bone and the presence of titanium (D) restricted to the implant.

to around 400 um.?%?! Based on the findings of the  surface and deposit bone matrix into the pores of the
present study, it is, however, clear that bone can be oxidized surface. The background mechanisms for the
formed into smaller pores with diameters of less than  affinity of bone to the pores are not known. The bone
2 pm. One possible explanation, supported by the evi- formation process includes a complex interplay between
dence provided by this study, is that it is not necessary  different substances released from cells and vessels. It
for osteoblasts to enter into the pores to form bone.  can be speculated that the porous surface acted as a
Osteoblasts are polarized cells, and the findings of the  reservoir for such factors, which, in turn, had chemo-

present investigation indicate that these cells stay at the  tactic effects on cells during healing. Moreover, the tita-

Figure 11 Composite image produced by superimposing the Figure 12 Composite image produced by superimposing the
images in Figure 10, A-D. Note the intimate contact of bone with images in Figure 10, A-D. Note the presence of mineralized
the oxide layer (arrows). Scanning electron microscopic—analysis, bone in a pore. Scanning electron microscopic—energy-disper-

composite image. sive x-ray analysis.
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Figure 13 Composite image produced by superimposing the
images in Figure 10, A-D. Note the presence of mineralized
bone extending to the bottom of a pore. Scanning electron
microscopic—energy-dispersive x-ray analysis.

nium oxide itself could have promoted mineralization
owing to its ability to bind calcium and thereby stimu-
late bone formation.*?

The surface analyzed in the present study has been
in clinical use for about 5 years. Clinical follow-up stud-
ies have shown good clinical results, also when used for
immediate loading with up to 4 years of follow-up.>*—2¢
Some studies indicate better results with the oxidized
surface in comparison with turned implants. A prospec-
tive randomized clinical study by Rocci and colleagues
found a 10% higher survival rate following immediate
loading of oxidized implants in the posterior mandible
compared with the outcome of machined implants

Figure 14 Back-scattered scanning electron microscopic view of
a cross-section through the oxide layer-one interface. Note the
intimate interlinkage between bone and oxide layer (arrows). B =
bone; I = implant; TiU = TiUnite. Ground section.

Figure 15 Back-scattered scanning electron microscopic view of
a cross-section through the oxide layer-one interface. Note the
presence of bone in an open pore (arrow). Ground section.

(95.5% and 85.5%, respectively; p = .0575).?” Glauser
and colleagues performed two prospective clinical stud-
ies on immediate loading using oxidized implants®* and
turned implants.”® They reported a failure rate of 3%
for oxidized implants and 17.3% for turned implants.
Although these were two separate studies, the results
indicate a difference. Comparative studies are needed to

statistically evaluate possible differences.

CONCLUSION

The clinically retrieved oxidized implants showed evi-
dence of bone growth into the pores of the surface
oxide layer. The findings indicate the establishment of a
strong interlock between the bone and the oxidized
titanium implant, which is suggested as being beneficial

for clinical performance.
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