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Coating of titanium with hydroxyapatite 
leads to decreased bone formation
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Objectives
An experimental rabbit model was used to test the null hypothesis, that there is no 
difference in new bone formation around uncoated titanium discs compared with coated 
titanium discs when implanted into the muscles of rabbits.

Methods
A total of three titanium discs with different surface and coating (1, porous coating; 
2, porous coating + Bonemaster (Biomet); and 3, porous coating + plasma-sprayed 
hydroxyapatite) were implanted in 12 female rabbits. Six animals were killed after six weeks 
and the remaining six were killed after 12 weeks. The implants with surrounding tissues 
were embedded in methyl methacrylate and grinded sections were stained with Masson-
Goldners trichrome and examined by light microscopy of coded sections.

Results
Small amounts of bone were observed scattered along the surface of five of the 12 implants 
coated with porous titanium, and around one out of 12 porous coated surfaces with 
Bonemaster. No bone formation could be detected around porous coated implants with 
plasma-sprayed hydroxyapatite.

Conclusion
Porous titanium coating is to some degree osteoinductive in muscles.

Article focus
 Is it possible to avoid osteolysis by

improving implant surfaces?
 How can we prove hydroxyapatite to be

osteoinductive, not only osteo-
conductive?

 Is Bonemaster (Biomet) osteoinductive in
muscle?

Key messages
 Porous coating is osteoinductive without

ceramic coating
 Implants coated with Bonemaster

induced formation of bone in muscle

Strengths and limitations
 When implanting in muscle the

researcher can be sure the visible bone is
induced

 It is hard to prepare the histological
sections thin enough when using metal
implants

 The amounts of bone were small in each
section. There might be better ways to
prove the amount of bone

 The number of samples was small

Introduction
Titanium alloy is frequently used as a mate-
rial in orthopaedic implants. The degree of
surface roughness on the micro and macro
levels as well as the chemical composition of
the implant coating are of importance for
bone-implant integration.1 Long-term sur-
vival of uncemented total hip replacement is
dependent upon early implant fixation
securing early stability.2 Rough or porous
surfaces are considered beneficial for
implant fixation, while smooth implant sur-
faces are more likely to induce fibrous
encapsulation that might prevent bone
ingrowth.3,4 Experimental data show that
hydroxyapatite (HA) may enhance bone con-
duction around titanium implants when HA
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is plasma-sprayed on the implant.5 However, plasma-
spraying results in a thickness of the coating that implies
smoothening and closure of the titanium porous surface
(approximately 50 μ to 200 μ).5 Bonemaster (Biomet
Deutschland GmbH, Berlin, Germany) is a new electro-
chemically deposited HA coating, which is only 5 μ thick.
A thin coating allows the implant to maintain its rough
surface, as the coating follows the surface of the pores
without filling the pits. Thus, by combining the known
positive effects of HA and a porous surface, this
approach may represent a step forward in optimising
the conditions for osseo-integration of an implant. In
support, we have previously found favourable bone
remodelling in the greater trochanter with a femoral
stem coated with Bonemaster in humans.6 Porous gran-
ules of HA, implanted subcutaneously, have resulted in
heterotopic bone formation in dogs.7 Yuan et al8 have
indicated that differences in bone induction depend
upon architecture in the surface of ceramic rods. They
implanted two different types of ceramic rods in dorsal
muscles of dogs and found induction of bone around
rods with pores of 200 μ, but no bone around rods with
pores of 400 μ.8 This study has investigated grit-blasted
titanium discs coated with porous coating, Bonemaster
or HA and implanted into muscle in rabbit, in order to
disclose possible differences in osteoinductive proper-
ties in soft tissues. Our expectation was that discs coated
with Bonemaster do not induce bone formation.

Materials and Methods
Animals. The study was approved by The Norwegian Ani-
mal Research Authority (NARA) and conducted in accor-
dance with local regulations. The animals were housed in
the Laboratory Animal Unit at The Norwegian School of
Veterinary Science and the acclimatisation period before
surgery was 24 days.

A total of 12 grey female Chinchilla rabbits, 16 weeks of
age and weighing between and 2900 g and 3400 g, were
used in the study. The operations were performed in ster-
ile and standardised conditions. Each rabbit had all three
implants placed intramuscularly in the erector spinae
muscles, approximately 5 cm from each other. The
implants were secured with a resorbable suture and the
skin was closed by intracutaneous suture.

All rabbits were injected 0.8 ml/kg intramuscularly of a
mixture (1:1:1) of Fentanyl (50 μg/ml; Hameln Pharma-
ceuticals, Hameln, Germany), Dormicum (Midazolam,
5 mg/ml; Panpharma, Fougères, France) and Domitor
(Medetomidin, 1 mg/ml; Orion Pharma, Oslo, Norway).
After 5 minutes the rabbits were carried from the cage to
the operating theatre. A non-steroidal anti-inflammatory
drug (Rimadyl 4 mg/kg; Pfizer, Helsinki, Finland) was
given immediately subcutaneously. Animals were anaes-
thetised with Propovet (Propofol, 10 mg/ml; Abbott,
Berkshire, United Kingdom) 0.1 ml/kg intravenously, and
in cases of signs of recovery during surgery, anesthesia

was maintained with a new dose of Propovet 0.1 ml/kg
intravenously. Lidokel-adrenaline (Lidokain hydrochlorid
monohydrate 20 mg, adrenalin tartrate 36 μg; Denamed
AS, Oslo, Norway) 1 ml/3 kg was given locally at the site of
surgery. Each animal received an injection with 10 ml/kg
of NaCl infusion (Baxter, Oslo, Norway) subcutaneously
(warmed to body temperature) and buprenorphine
(Temgesic; RB Pharmaceuticals Ltd, Berkshire, United
Kingdom) 0.05 mg/kg subcutaneously after surgery. The
animals were then placed on an isolating plate in their
cages with a hot water bottle. Injection with buprenor-
phine was repeated twice daily for two days. Rimadyl
4 mg/kg (Pfizer) was administered subcutaneously once
daily for two days after surgery. The rabbits were kept in
separate cages for two days following surgery. All animals
were checked for wound healing and general health con-
dition before they were moved from their single cage to a
room with other rabbits. There were no post-operative
complications.

At six and 12 weeks post-operatively six rabbits were
killed with Zoletil vet. (Virbac; Virbac, Oslo, Norway) and
Pentobarbital (pentobarbital natrium 100 mg/ml; Abbott
Norge AS, Fornebu, Norway). The implants including a
brim of surrounding muscle were immediately dissected
free and fixed in 4% buffered formaldehyde.
Implants. Three different implant surfaces were investi-
gated: 1) porous titanium coating (PC); 2) porous tita-
nium coating and Bonemaster (PC-BM); and 3) porous
coating and hydroxyapatite (PC-HA). The implants
(Biomet, Swindon, United Kingdom) were discs of forged
titanium alloy (Ti-6Al-4V), with a diameter of 10 mm and
a height of 2 mm. By ‘porous coating’ a layer of small par-
ticles is laid onto the metal surface, shaping channels or
pores, which increase the surface area. The specifications
for the implants in this study were, according to the
manufacturer, a mean surface roughness of 41 μ and a
maximum roughness depth of 445 μ. The plasma-
sprayed HA coating is approximately 50 μ thick, with a
calcium/phosphorous (Ca/P) ratio of 1.67 and 62% crys-
talline (Fig. 1). The electrochemically deposited HA, Bone-
master, was 5 μ thick with a Ca/P ratio of 2.0 and 70% to
72% crystalline HA, according to the manufacturer.
Histology. The fixed samples were dehydrated in series of
increasing alcohol concentrations and embedded in
methylmethacrylate (MMA). Each sample was cut in sev-
eral sections and grinded to a thickness of 10 μ to 20 μ to
optimise staining. 

The samples were stained with methylene blue, basic
fuchsine or Massons-Goldner’s trichrome. In the latter,
green areas showing homogenous or slightly fibrillar
structure with osteocyte-like cells inside and/or osteoblast-
like cells at the surface were recorded as bone. The occur-
rence of bone at the surface of the discs was evaluated
from coded sections by three investigators (BGB, LBS, FPR),
one of them an experienced clinical pathologist (FPR) with
special competence in bone pathology.
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Statistical analysis. Groups were compared for osteo-
induction by Fisher’s exact test, using STATA software
(Statacorp, College Station, Texas). A p-value of < 0.05
was considered to be significant.

Results
In sections stained with methylene blue and basic
fuchsine it was difficult to distinguish between newly
formed bone and other types of connective tissue, but in
the sections stained with Masson-Goldners trichrome this
distinction was possible.

There was variable amount of fibrous connective tissue
around the implants. When present, the amount of bone
was generally small with a patchy distribution. Any fur-
ther quantitation of the amounts of bone was therefore
considered less appropriate. Consequently, we decided
to present results as presence of ‘bone’ or ‘no bone’.
Thus, there were strands of bone running parallel to the
implant surface (Fig. 2). 

We observed osteoinduction in muscles in five of
12 implants (two after six weeks, three after 12 weeks)
coated with porous titanium and in one out of
12 implants (six weeks) coated with Bonemaster and
porous titanium (Table I). There was no bone formation
around implants with plasma sprayed HA. The HA coat-
ing measured to be approximately 50 μ was intact in ten
of 12 samples. In two of the samples the coating might
have been ripped off during preparation of the sections.
In that case, tissue must have been removed too. There
was no obvious morphological difference in amount or
maturity in bone tissue between six and 12 weeks.

Using Fisher’s exact test (linear by linear), there was a
statistically significant difference between the distribu-
tion of osteoinduction in the three groups for six and

12 weeks combined (p = 0.01). The statistics suggest that
the distribution among the groups is not likely to be ran-
dom. Separate analyses for the six and 12-week assess-
ments showed no significant difference between the
groups after six weeks (p = 0.27), although the difference
became significant after 12 weeks (p = 0.049).

No signs of infection were observed in any of the spec-
imens. However, in a few sections we observed giant cells
in close vicinity to the implant as in a foreign body
response.

Discussion
We observed bone, albeit in small amounts, on porous
coated surfaces of titanium. The addition of HA coating
on porous titanium appears to reduce the ability to pro-
duce bone. However, we found bone tissue around one

Fig. 1

Light micrograph (primary magnification ×40) of implant with
porous coating and plasma sprayed hydroxyapatite (PC + HA).
Hydroxyapatite is stained green, however the coating is easy to
distinguish from bone by its irregular structure. Titanium is seen as
black in the top.

Fig. 2b

Two light micrograph images (primary magnification 40, different light fil-
ters) of bone formation seen as a thin green line along the implant surface
(arrows), which is coated with Bonemaster.

Fig. 2a
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sample coated with Bonemaster (Biomet). Plasma-
sprayed HA did not induce bone formation in this experi-
mental model. As far as we know, it has not been shown
previously that micro layers of HA can be osteoinductive
on a metal surface.

In a recent clinical study of hip prostheses, we compared
titanium femoral stems coated with Bonemaster or
plasma-sprayed HA. We found less reduction of bone min-
eral density around the hip prostheses coated with Bone-
master compared with HA during the first two years after
surgery.6 HA has proven to be osteoconductive in implant
surgery on dogs.5 HA has also been proven to be osteo-
inductive in soft tissue in dogs, where implanted porous
HA granules resulted in heterotopic bone formation after
three months.7 Barrère et al9 implanted two different types
of metal implants (Ti6Al4V and Hedrocel (Implex Corp.,
Allendale, New Jersey) coated with octacalcium phosphate
(OCP) in the muscles of goats. They observed new bone
after 12 and 24 weeks. OCP has a calcium phosphate ratio
of 1.33. A porous titanium surface can probably be osteo-
inductive in itself without ceramics if it is treated chemically
and thermally to form an optimal surface structure.10 We
found new bone around five of 12 samples with titanium
porous coating in our study. The reduced ability to induce
bone with ceramic coating might be due to the change in
surface structure. The thin Bonemaster coating preserves
the irregularity of a porous titanium coating to a greater
extent than does plasma-sprayed HA. Kung et al11 demon-
strated osteoinduction around titanium implants coated
with chitosan-collagen subcutaneously in rats. We assume
that both physical and chemical properties provided by
implants may have an effect on osteogenesis like the struc-
ture and composition of the ceramic.

The ability to induce bone formation also depends on
animal species.12 In the present study a rabbit model was
chosen. The observation time was set at six and 12 weeks
based on previous studies.13,14 Each surface coating was
compared within the same animal. This approach
reduced the necessary sample size and the influence of
individual factors on the bone formation.

Osteoinduction from HA has been reported previously
in dog and pig models.7,15 A difference of bone formation
between species has also been shown,15 in that larger
animals seem to produce bone where smaller animals do
not. Dogs in particular appear to exhibit properties of

bone formation close to humans.15 We have not found
any reports of subcutaneous osteoinduction in rats or
mice after implanting pure titanium or titanium with HA.
The lack of osteoinduction might be due to the subcuta-
neous localisation. Subcutaneous tissue probably has
blood supply and bone morphogenic proteins (BMP) lev-
els different from that of muscles. HA and tricalcium
phosphate have been shown to be osteoinductive in mus-
cles, but not in subcutaneous connective tissue in the
same mice.16 Osteoinduction around titanium implants
has been demonstrated in subcutaneous tissue in rats,11

although the implants in that study were coated with
chitosan-collagen. Before we started our study we per-
formed a pilot experiment using rats, which produced
negative results regarding bone induction. Based on
those results and extended literature search we decided
to change animal species. We suggest that differences
between species may also be due to differences in expres-
sion of proteins affecting cell differentiation, like bone
morphogenetic proteins. Approaches including more
bone-like coatings by adding the main organic bone
component collagen type 1 to HA have been intro-
duced.13 Somewhat surprisingly, the coating with HA and
collagen did not show any benefits when compared with
pure HA. In order to achieve successful osseointegration
of orthopaedic implants, mature osteoblasts are an essen-
tial factor. Gidley et al17 have reported that a combination
of lysophosphatic acid (LPA) and Calcitriol (D3) were a
particularly potent combination for generating human
osteoblast maturation. Mansell et al,18 from the same
research group, later found that this combination of
agents can elicit a very similar response from cells seeded
onto either titanium or HA. In this experiment osteoblast
maturation was greatest for cells grown upon HA. The HA
surface was rougher than titanium, which supports that
osteoblast responses are augmented when they are asso-
ciated with rougher surface features.

The osteoconductivity of HA depends of its crystallinity
and stability.19 In an in vivo fracture site, unstable
mechanical conditions may lead to formation of fibrous
tissue, such as that seen in nonunions.20 The rate of the
earliest stage of bone formation is influenced by the solu-
bility of the HA.21 The technique of plasma spraying HA
appears to stimulate more bone than electrochemically
deposited HA during the first days after implantation.22

Higher bone apposition rate has been shown after seven
days and increased bone growth has been shown after
four weeks in a dog model.23 After this initial period the
electrochemically deposited HA has been shown to dem-
onstrate similar tensile strength and higher bone volume
in the implant vicinity than plasma sprayed HA.13

Yuan et al24 performed a study in which HA cylinders
were implanted in dog muscles for 2.5 years. HA was
found to induce normal bone with bone marrow in the
pores of the HA cylinders. The amount of bone remained
stable from 45 days to 2.5 years. The fact that the bone

Table I. Results of induction of bone around titanium implants
with surfaces of porous coating (PC), porous coating with Bone-
master (PC+BM) and porous coating with plasma-sprayed
hydroxyapatite (PC+HA) at six weeks, 12 weeks and combined for
six and 12 weeks together

PC PC+BM PC+HA p-value*

Six weeks 2/6 1/6 0/6 0.27
12 weeks 3/6 0/6 0/6 0.049
Combined 5/12 1/12 0/12 0.01

* Fisher’s exact test
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did not disappear or expand after the first induction may
be clinically relevant. It remains to be seen if higher bone
volume initially means anything in relation to osteolysis
and the long-term survival of implants. In our experiment
the quantity of bone formation was low, and it did not
increase between six and 12 weeks. Our results may seem
of less clinical relevance but in our opinion the relevance
is in the proof of a concept, induction of bone or not.

As indicated above, differences in osteoinduction may
be due to local tissue characteristics and thereby the
access to osteogenic factors. The area around a fracture or
the bone around an implant will be an osteogenic envi-
ronment in which osteogenic factors will be adsorbed,
triggering osteoinduction. The results of Cheng et al16

support this concept. They used haematoxylin and eosin
(HE) staining for their first light microscopy examinations
(at two, four, six and eight weeks) and then Masson tri-
chrome after 12 weeks.16 We found in our study that it
was difficult to separate bone tissue from non-
mineralised tissue with basic fuchsine and methylene
blue, and decided to stain with Masson Goldner’s tri-
chrome. Cheng et al16 do not describe any problems
identifying bone with HE, although Daugaard et al13 used
light green in combination with basic fuchsine. In our
study, the main reason for needing trichrome staining
was due to the limited amount of bone. For later experi-
ments we will consider the use of immunohistochemistry,
electron microscopy or PCR in the detection of bone.

The three different surfaces in our study may adsorb
proteins and cells differently, leading to differences in the
possibility of new bone formation. Furthermore, it may
be questionable whether the osteoinduction by BMPs
and osteoinduction by inorganic materials are related. 

Porous implant surface is believed to lead to enhanced
ingrowth of bone. Yamasaki and Sakai7 observed that HA
granules with micro pores on their surface could induce
bone subcutaneously in dogs. No bone was induced in
granules without micro pores. Ronold, Lyngstadaas and
Ellingsen25 studied the effect of surface roughness on ten-
sile strength. They investigated the bone-to-implant
retention for titanium implants with different surface
roughness created by TiO2 grit blasting. There was a pos-
itive correlation between increasing surface roughness
and functional attachment leveled out at surfaces blasted
with grains between 180 μ and 220 μ. A further increase
in roughness did not give an additional improvement in
implant retention. Somewhat surprisingly, enhanced
amount of bone ingrowth to implant histologic did not
lead to increased tensile strength with pull-out testing.
There was no significant correlation between the degree
of surface roughness, and the bone-to-metal contact. The
fine particles in their study were 7.5 μ to 12.5 μ, approxi-
mately the same size as the thickness of Bonemaster coat-
ing (approximately 5 μ). In the same study the implants
blasted with 180 μ to 220 μ particles, resulted in markedly
increased strength.25

We observed a limited number of giant cells in the
proximity of our implants and signs of an inflammatory
response have been reported around HA implants
before.7 Moreover, Fellah et al,26 investigating cell
response to bicalciumphosphat in rat muscles, found
more giant cells around larger implanted particles (80 μ
to 200 μ) compared with smaller ones (< 20 μ). However,
there were more mononucleated macrophages around
the smaller particles.26

Resorption of HA coating when implanted in bone is
seen to various degrees depending on type of metal sur-
face and composition of HA. On porous surfaces the HA
coating tends to be resorbed to a larger extent than on
grit blasted surfaces. However, in circumstances where
HA coating is resorbed, it might be replaced by bone.3

In conclusion, we found porous titanium osteoinduc-
tive in muscle. Coating with Bonemaster reduced the
ability to induce bone. No osteoinduction was observed
around HA coated implants.
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