
Acfa Orthop &and 1998; 69 (3): 31 5-31 9 315 

Tensile bond between bone and titanium 
A reappraisal of osseointegration 

Ralf Skripitz and Per Aspenberg 

When BrAnemark in the 1970s established the term 
osseointegration, this implied a direct chemical 
bond between a titanium implant and bone. How- 
ever, ultrastructural studies seemed not to support 
this idea, and osseointegration came to be defined 
as the absence of interfering fibrous tissue. Titanium 
was therefore described as bioinert rather than bio- 
active. We now demonstrate mechanically a chemi- 
cal bond between bone and titanium, using unload- 
ed cp titanium plates, similar to those used in previ- 
ous studies on prosthetic loosening. Tensile force 
can be transmitted only by chemical bonds. Bone- 
bonding was therefore evaluated by a detachment 
test. The plates were developed so that a flat titani- 
um surface touched traumatized bone and the rest 

of the detachable part had no contact with surround- 
ing tissue. The titanium plates were either polished 
and sterilized in an autoclave or treated in 4 M NaOH 
and then heated to 600 “C according to Yan et al. 
(1996). After 4 weeks, the plates were separated 
from the bone by a perpendicular traction force. 

The detaching load of the untreated titanium 
plates never exceeded 0.03 MPa, whereas with 
treatment it increased to median 0.8 MPa, with bone 
remaining attached to parts of the plates after de- 
tachment. Our findings confirm that a chemical bond 
can be obtained within 4 weeks with the described 
pretreatment. It may occur also without treatment, 
after a longer implantation time. 
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Commercially pure (cp) titanium is regarded as a bio- 
inert material, which means that it is possible to 
achieve a direct contact with bone without interven- 
ing fibrous tissue. Generally it is not believed that 
there is a direct chemical bond between titanium and 
bone tissue, but when the term osseointegration was 
coined by Brhnemark in the 1970s, a chemical bond 
may have been implied. Later, ultrastructural studies 
indicated an amorphous ground substance at the 
bone- implant interface, which appeared not to sup- 
port the idea of a chemical bond (Thomas et al. 1987, 
Linder 1989a, b, Davies et al. 1990). Osseointegration 
then became defined as contact between implant and 
bone without an intervening fibrous tissue layer at the 
interface, on the light microscopic level (Carlsson et 
al. 1986). 

A chemical bond between titanium and the mineral 
phase of bone is, however, theoretically plausible. In 
vivo, a titanium surface may become modified to a 
titania gel by oxidation. An oxide layer on the surface 
of the titanium implant grows slowly and a titania hy- 
drogel is formed on the surface of the passive layer 
(Cook et al. 1987, Kitsugi et al. 1996). Titania gel has 
many properties in common with, e.g., a silica gel, 
which forms on bioactive glass and is known to in- 

duce epitaxial growth of hydroxyapatite (Bagambisa 
et al. 1993, Li et al. 1994). 

To demonstrate a chemical bond between an im- 
plant and bone mechanically, a tensile test is neces- 
sary (Gross et al. 1981, Takatsuka et al. 1995). Most 
tests for implant fixation, however, measure shear 
strength, which is technically easier (Cook et al. 
1987, Thomas et al. 1987). The roughness of any ma- 
terial surface will then cause mechanical interlock, 
which may obscure any direct chemical bond. The 
few tensile tests with titanium implants that have been 
reported do, indeed, show tensile strength of the tita- 
nium to bone interface, indicating a chemical bond. 
This tensile strength developed only after months in 
vivo (Steinmann et al. 1986, Takatsuka et al. 1995, 
Kitsugi et al. 1996). 

Recently, Yan et al. (1996) demonstrated tensile 
bonding already after 4 weeks to a titanium surface 
which had been transformed to a titania gel by sub- 
jecting cp titanium to preoperative alkali- and heat- 
treatment. At the same time, no bonding of untreated 
cp titanium was found. To confirm their findings, we 
have now applied the same principle in a different 
model, using a newly developed “pull-away’’ plate in 
rats. 
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Figure 1. URtf't3ated test surface of a pull-away plate after pol- 
ishing. 

Figure 2. Pull-away plate in holder after implantation 

Material and methods 
Material preparation 
Two titanium implant surface conditions were evalu- 
ated: cp titanium and a gel-derived titania surface, 
which was obtained through alkali- and heat-treat- 
ment of cp titanium. The titanium surfaces were first 
polished with fine sandpaper (800 grains/cm*) to give 
a surface roughness of average Ra 0.48 pm and a 
maximum R,,, 3.1 pm, as examined by a needle sur- 
face-measuring instrument (Surfaceanalyser 402 Mi- 
tutoyo, Tokyo, Japan) (Figure l). 

After polishing of the surface, half of the cp titani- 
um plates were put in a 4 M NaOH solution at 60 "C 
for 4 hours. Due to the alkali-treatment, we obtained a 
titanium gel on the surface, which allow an easier ac- 
cess to the abundant OH-groups, that are necessary 
for calcium and phosphate precipitation. The gel 
plates were then heated to 600 O C  for 1 hour, to obtain 
the intended stable titania surface. 

Implants 
The purpose of the construction we used was to hold 
the pull-away plates and their contact area on the 
bone, without allowing tissue to grow along its sides, 
so that no shear strength could influence the results 
(Figure 2). 

The cylindrical pull-away plates were machined 
from cp titanium. The contact area was circular and 
flat, with a diameter of 3.2 mm and a 0.4 mm wide 
bevel at the edge. Titanium holders kept the implants 
in place. The holders were also manufactured of cp 
titanium and consisted of a top and a bottom part. The 
bottom part, which contained a cylindrical space 
slightly larger than the pull-away plate, was to be 
fixed to the bone using two 1.5 mm cortical screws. Its 
purpose was to hold the pull-away plates in place and 

to prevent any tissue from growing at the side of the 
plates. At its lowest point, there was a lip fitting with 
the bevel of the pull-away plate. The lip functioned as 
a seal against tissue ingrowth along the sides of the 
plate. The upper part of the holder functioned as a hood, 
so that the plate was sealed from outer influences. 

A top screw in the middle was inserted after assem- 
bling the holder to press the bevel of the pull-away 
plate against the lip of the holder in order to hinder 
any tissue ingrowth between the plate and the holder. 
A small hole in the holder allowed rinsing the interior 
of the system, so that the implant could be cleaned 
from blood after the system had been mounted. The 
hole was closed with a screw. Thus, the pull-away 
plate could have contact with the tissue only at its flat 
surface. The rest of it had contact with the lip, the top 
screw and the injected saline. 

Animals 
18 male Sprague-Dawley rats with a mean body 
weight of 386 (363-424) g were used. The observa- 
tion time was 4 weeks in all cases. Each animal 
received a pull-away plate at the proximal tibia1 
metaphysis of one leg. 

6 animals were operated on each operating day, 3 
with polished cp titanium, 3 with alkali- and heat- 
treated titanium, in varying order. 

Surgery 
The animals were operated on aseptically under gen- 
eral anesthesia. 12.5 mg of streptomycin was given 
intramuscularly before surgery. The medial aspect of 
one proximal tibia was exposed, using a longitudinal 
incision. The periosteum was reflected proximally up 
to the epiphysis. 

At first, the bottom part of the holder was attached 
with a proximal cortical screw, which was brought in 



Acta Orthop Scand 1998; 69 (3): 315-319 31 7 

Figure 3. Tissue surface towards alkali- and heat-treated spec- 
imen after 4 weeks of implantation. Large arrows mark the ex- 
tension of entire plate and holder (transverse section 4.5 rnm). 
Small arrows mark defect from bone that has been pulled 
away. 

using a cannula-drilled hole. A depression in the tibial 
cortex was milled out to correspond to the contact 
area of the pull-away plate. This was carried out with- 
out removing all the cortical bone, using slow rotating 
burrs, during imgation with saline. After preparation 
of the depression, the second screw was attached and 
the plate was inserted. Now the rest of the implant 
system was assembled. Following this procedure, the 
implant was rinsed with saline through the small hole 
in the holder and the skin was sutured. The pull-away 
plates, after insertion, faced traumatized bone and he- 
matoma. The bone was allowed to grow towards the 
test surface, until there was a fit. 

Pull-away force measurement 
After 4 weeks, the animals were killed with an over- 
dose of pentobarbital and the whole tibia containing 
the implant was detached in the knee joint. The soft 
tissue surrounding the implants was removed, so that 
the fresh unfixed specimens could be used for tensile 
testing. This was done immediately after the animals 
were killed. 

The top screw and the hood were removed from the 
implant, so that the wire loop of the pull-away plate 
could be reached. Traction through a metal hook 
attached to the loop was applied to the implant plate. 
The hook was connected to a transducer by a 4/0 
ethylon suture thread, acting as a spring to gradually 
increase the force when the self-constructed tensile 
testing device was moving at a across-head speed of 
approximately 40 mm/min. The increase in the force 
pulling away the plate from the bone was according to 
a linear function approximately 0.4 N/sec. The 
detaching load was measured as the peak force, when 
the plate was loosened from the bone. 

Histology 
In all specimens, the tibial segments beneath the test 
surface were demineralized and prepared by standard 
histological techniques. Sections were produced at a 
right angle to the test surface, through the middle of 
the circular surface, and stained with hematoxylin and 
eosin (Figure 3). All specimens were examined by a 
computerized video system attached to the micro- 
scope (Videoplan TM Kontron Bildanalyse GmbH, 
Eschingen, Germany) and by drawing on a digital 
table with a screen magnification of ~ 4 0 .  We mea- 
sured interface surface length and the length of each 
part of the interface surface, which consisted of 
fibrous tissue. Bone marrow and areas, where bone 
appeared to have been pulled away, were considered 
to be part of the bone fraction. 

The total length of bony interface surface, divided 
by the total length of the interface constituted a bone- 
contact index (Figure 3). These measurements were 
made blindly, thus it was not known if a treated or an 
untreated specimen was evaluated. 

Results 
1 alkali- and heat-treated titanium plate showed clini- 
cal signs of infection, which were confirmed by his- 
tology, and therefore excluded from the study. All 
other implants were clinically stable, without dis- 
coloration or swelling around the implants. Macro- 
scopically, 5 of the treated pull-away plates had some 
areas with bone attached to them after the test, mean- 
ing that failure had occurred through bone, not 
through the bone-titania interface. This was not seen 
with untreated cp titanium. 

3 of the tested pull-away plates (untreated cp titani- 
um plates) were detached from the bone'as soon as the 
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Detaching load (MPa), bone-contact index and detaching 
load per bone-contact index of differently treated titanium 
plates; median (range) 

Untreated Alkali- and 
heat-treated 

Detaching load (MPa) 0.01 (0-0.027) 0.27 (0.025-0.78) 
Bone-contact index 0.70 (0.90) 0.87 (0.41-1 .OO) 
Detaching load/ 
bone-contact index 0.01 (0.32) 0.27 (0.033-0.78) 

implant was opened. Therefore, the detaching load 
was defined as 0. Two untreated cp titanium plates 
which had no bone contact at all and they were ex- 
cluded from the calculation of the bone contact index. 

The detaching loads of the alkali- and heat-treated 
titanium samples were higher than those of the con- 
trols (p = 0.0006, Mann-Whitney U-test; Table). The 
bone-contact fraction of the treated and untreated 
plates, on the other hand, did not differ (Table). The 
detaching loads per bone-contact fraction differed be- 
tween treated and untreated plates (p = 0.002, Mann- 
Whitney U-test; Table). 

Discussion 

Our study confirms the findings of Yan et al. (1996) 
that alkali- and heat-treatment leads to early chemical 
bonding of titanium to bone. It is one of the few stud- 
ies for measuring the strength of the chemical bond 
between bone and a titanium implant. Mechanical 
evaluations concerning the fixation of titanium to 
bone have mainly measured shear strength (Cook et 
al. 1987, Thomas et al. 1987). This is dependent on 
surface characteristics, since the inevitable roughness 
of any surface will cause mechanical resistance to 
shear (Takatsuka et al. 1995). In contrast, pure tensile 
forces can be transmitted only by chemical bonds 
(Gross et al. 1981, Osborn 1989). 

Our implants were placed in a fresh bone wound, 
and the bone that formed along its surface was newly 
regenerated. This is similar to the clinical situation 
after implantation of a joint replacement, although 
our implants did not bear weight. The similar bone- 
contact index in our 2 groups and the different detach- 
ing loads per bone contact indicate a qualitative dif- 
ference in the bonding of bone to titanium. This bond- 
ing is unlikely to be the result of some kind of ‘micro- 
interlock’ of only the treated specimens, since the 
treated surfaces would resemble or be smoother than 
the untreated ones. 

Our study relates to titanium, but fibrous tissue-free 
anchorage does not in itself refer to a specific implant 

material. Hicks as early as 1958 suggested, at a time 
when pure titanium was hardly ever used, that “zero 
reaction” (an interface without a membrane) was the 
normal response of bone to an inert material. In our 
study, the modification of the surface chemistry by 
using an alkali- and heat-treatment of cp titanium in- 
creased the bone-bonding ability of titanium in an 
early-term implantation, as compared to the untreated 
cp titanium. The mechanisms leading to formation of 
a chemical bone-implant bond are still obscure. Ionic 
activity has been found to contribute to the bond be- 
tween an oxide layer and bone. The Ca-P-rich apatite 
layer formed on the surface of bioactive materials 
plays an essential role in chemical bonding between 
glass-ceramics and bone tissue (Neo et al. 1992). It is 
considered to mediate atomic continuity with the 
hydroxyapatite of bone epitaxially. 

The composition and structural characteristics of 
this surface layer are common to those of bone apatite 
(Kokubo et al. 1990). The difference in the capacity to 
stimulate apatite formation between silica glass and 
silica gel indicated the importance of the gel state also 
for titanium (Li et al. 1994). Similarly to the differ- 
ence between silica glass and silica gel, cp titanium 
and titania gel differ in the density and availability of 
OH--groups. The gels are readily hydrolyzed and dis- 
solve faster, leaving more OH--groups on its surface 
(Li et al. 1994, Kitsugi et al. 1996). 

The alkali-treatment of titanium might then pro- 
duce a titania gel, which would allow an easier access 
to OH--groups. A sufficient number of OH‘-groups 
are thought to be required to trigger nucleation of hy- 
droxyapatite (Kitsugi et al. 1996). With the heat treat- 
ment, we intended to obtain a stabilized titania, which 
is regarded as an inducer for early hydroxyapatite for- 
mation. Implants of hydroxyapatite-coated materials 
become integrated faster and require a less perfect fit 
than control implants of cp titanium (Linder 1992). 

However, with titanium, ionic exchange between 
the cp titanium and the host tissue will, in time, 
increase the number of OK-groups to such levels that 
they can induce apatite formation. Hanawa reported 
in 1991 the formation of a hydroxyapatite layer in 
vitro, using different electrolyte solutions. The calci- 
um phosphate layer on Ti resembled hydroxyapatite 
and became thicker with time, being 5 nm at Ih and 8 
MI at 30 days. 

Titanium screw fixtures for dental reconstruction 
are left unloaded until they are osseointegrated and 
can then bear high loads with a remarkably low fail- 
ure rate (Brhemark 1977). A similar concept has 
hardly been tried in orthopedics. Possibly, changes in 
the titanium surface structure can reduce the need for 
an unloading period, so that concepts similar to the 
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dental fixtures can be used for, e.g., joint replacement. 
The loosening rate for osseointegrated dental fixtures 
decreases with time, whereas the loosening rate for 
joint implants increases (Linder et al. 1988). Clearly, 
a chemical bond between a joint replacement and suf- 
ficiently elastic cancellous bone could be expected to 
reduce the risk of loosening. 
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