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Abstract

The in vivo behavior of a porous Ti6Al4V material that was produced by a positive replica technique, with and without an
octacalcium phosphate (OCP) coating, has been studied both in the back muscle and femur of goats. Macro- and microporous
biphasic calcium phosphate (BCP) ceramic, known to be both osteoconductive and able to induce ectopic bone formation, was used

for comparison purpose.

The three groups of materials (Ti6Al4V, OCP Ti6Al4V and BCP) were implanted transcortically and intramuscularly for 6 and 12
weeks in 10 adult Dutch milk goats in order to study their osteointegration and osteoinductive potential.

In femoral defects, both OCP Ti6Al4V and BCP were performing better than the uncoated Ti6Al4V, at both time points. BCP
showed a higher bone amount than OCP Ti6Al4V after 6 weeks of implantation, while after 12 weeks, this difference was no longer

significant.

Ectopic bone formation was found in both OCP Ti6Al4V and BCP implants after 6 and 12 weeks. The quantity of ectopically
formed bone was limited as was the amount of animals in which the bone was observed. Ectopic bone formation was not found in
uncoated titanium alloy implants, suggesting that the presence of calcium phosphate (CaP) is important for bone induction.

This study showed that CaPs in the form of coating on metal implants or in the form of bulk ceramic have a significantly positive

effect on the bone healing process.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Calcium phosphate (CaP) containing biomaterials, in
particular hydroxyapatite (HA), beta tricalcium phos-
phate (f-TCP), and the mixtures of two, are known for
having a good biological performance [1-5], but they
often lack satisfactory mechanical properties.

Metals, on the other hand, possess great mechanical
properties, making them suitable for load-bearing
applications [6]. However, high stiffness of the metals
often leads to stress-shielding from residual bone, which
may result in detrimental resorptive bone remodeling
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[7], and consequently to a poor fixation of the implant.
Recent developments in metallic implant designs there-
fore focus on adapting the mechanical properties of
metals to those of biological systems. Certain metals,
such as stainless steel, titanium and its alloys, are
already widely used in orthopedics and dentistry because
of their good biocompatibility [8,9], but their abilities to
bond to bone and to guide bone growth are distinctly
smaller as compared to the above-mentioned ceramics.

Recent designs of orthopedic implants therefore often
include combinations of metallic and CaP materials.
One example is the application of CaP coating on metal
implants that combines the mechanical strength of
the metal with the ceramics favorable biological proper-
ties. In addition to the interfacial bonding to bone
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introduced by CaP coatings on dense metal implants,
applying a porous structure can even further advance
bony integration, whereby mechanical interlocking may
also enhance the integration process.

Porous titanium and its alloys have been used in
dental and orthopedic applications since the end of the
1960s [10-12]. Many available methods of producing
porous titanium and titanium alloy scaffolds include
sintering together of the particles [13,14] or plasma
spraying (PS) of the powder on a dense substrate
followed by the cutting of the porous layer [15]. The
shortcoming of these production methods is that they
often result in a low porosity (<50%), low average pore
size (<300 pm) and poorly interconnected pores. All
these factors might have a negative effect on the
biological performance of these materials. Another
method includes compacting single titanium fiber into
a die to certain porosity, followed by vacuum sintering,
resulting in the formation of a so-called titanium fiber
mesh [15]. Besides excellent biocompatibility [16],
sintered titanium fiber meshes have been shown to act
as a good carrier for growth factors [17,18] and as tissue
engineering scaffold [19,20]. However, in the absence of
the growth factors and/or osteogenic cells, their
osteoconductive performance is limited. In addition to
titanium and its alloys, promising reports on the use of
porous metals based on tantalum (Ta) for orthopedic
applications have been given [21-23].

Our group has recently developed a porous Ti alloy
material by using a positive replica technique. This
technique allows us to produce a controllable high porosity
structure, with open and interconnected pores [24].

As mentioned earlier, apart from the mechanical
interlocking provided by implant porosity, applying a
bioactive coating on the metal surface could further
enhance its biological performance. The conventional
technique to provide metallic implants with a CaP
coating is PS. Earlier investigations have shown that
these coatings can successfully enhance clinical success
to a <2% failure rate after 10 years [25]. Despite this
clinical performance, the PS method is limited by some
intrinsic drawbacks. For instance, the coating is being
produced at very high temperatures, limiting this
method to stable CaP phases. Furthermore, by using
this line-of-sight method, it is impossible to coat
geometrically complex and porous implants.

One of the alternative methods uses the so-called
biomimetic route, in which the bone mineralization
process is mimicked by immersing implants in simulated
body fluids (SBFs) [26]. As a result of the paraphysio-
logical conditions of this technique, various CaP phases
such as octacalcium phosphate (OCP) [27] or bone-
mineral like carbonated apatite (CA) [28] can be
deposited. A previous study in femoral condyle of goats
by Barrere et al. [29] showed a direct contact between
the newly formed bone and the OCP-coated porous Ta

surface. Between the newly formed bone and uncoated
Ta however, a layer of fibrous tissue was often observed.
Intramuscular implantation of the OCP-coated porous
Ta implants also showed the ability of such an implant
to induce bone in non-osseous site, i.e. osteoinductive
behavior [29-31].

The objective of this goat study was to investigate the
biological performance of a porous titanium alloy
(Ti6Al4V) material, produced by a positive replica
method, with and without biomimetic OCP coating, in
terms of osteointegration and osteoinduction.

2. Materials and methods
2.1. Implants

Porous titanium alloy (Ti6Al4V) implants were
produced by a positive replica method as described
earlier [24]. In short, 70 wt% of titanium alloy powder
(Northwest Non-Ferrous Institute of China) consisting
of spherical particles with a diameter lower than 44 uym
(325 mesh) was mixed with H,O (20 wt%). Polyethylene
glycol (PEG) and methylcellulose were used as binders
(8 wt%). Dolapix and ammonia solution (2wt%) were
added to improve the rheological property of slurry.
Porous titanium alloy bodies were made by impregna-
tion of polymeric (PU) sponges (35-45 pores/in)
(Coligen Europe B.V., Breda, The Netherlands). When
the slurry reached the designed viscosity range (3000—
5000 cp), polyurethane (PU) foams were dipped into the
slurry and then extracted to dry. The dipping—drying
process was repeated until the struts of the PU foam
were coated with titanium alloy slurry. The superfluous
slurry was removed by using a roller under pressure, to
get an evenly distributed coating on the foam. After final
drying, the samples were heated in argon to 500°C to
burn out the foam. This process resulted in a small
change of color of the metal, which suggests the
formation of a thicker titanium oxide (TiO»,) layer.
Finally, the metal bodies were sintered in a vacuum
furnace (10-5mbar) at 1250°C with holding time of 2 h.
The energy dispersive X-ray (EDX) analysis (result not
presented) showed a higher oxygen peak in comparison
to the green body, confirming the formation of a thicker
TiO5 layer. Cylinders (& 5 x 10 mm?) were machined by
using a wire electric discharge machine, with deminer-
alized water as medium. The ultrastructure of porous
titanium alloy was characterized by using an environ-
mental scanning electron microscope (ESEM; XL30,
ESEM-FEG, Philips, The Netherlands) in the secondary
electron mode. The porosity of the material was
determined by both volume/weight method (n= 3)
and by image analysis technique on the histological
slides (10 cross-sections for 6-week implantation and 10
cross-sections for 12-week implantation). In the volume/
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weight method the following calculation is made:
100% —[(weight of the porous implant/the weight a
dense implant with the same size)*100%]. For the
second method, high resolution (300 dpi), low magnifi-
cation (10 x ) digital micrographs were made of blinded
sections. Using Adobe Photoshop 7.0, bone and
material were pseudocolored, red and green, respec-
tively. Image analysis was carried out with a PC-based
system equipped with KS400 version 3.0 software (Carl
Zeiss Vision, Oberkochen, Germany). Prior to measure-
ment the system was geometrically calibrated with an
image of a block of known dimensions. A program was
developed in KS400 to quantitate the pore size for each
pore and the material porosity. The porosity was
determined as (total implant area-scaffold area)/total
implant area*100%. Pore interconnectivity was visually
analyzed on the material cross-sections by using an
ESEM. The compression strength of the material was
10.34+3.1 MPa, as measured and reported earlier [24].

Porous biphasic calcium phosphate (BCP) implants
were prepared by using the so-called H,O, method as
published earlier [32]. For the preparation of the
ceramic, in-house made BCP powder was used. Porous
green bodies were produced by mixing this powder with
2% H,0, solution (1.0 g powder/1.24+0.05ml solution)
and naphthalene (Fluka Chemie, The Netherlands)
particles (710-1400 pm; 100 g powder/30 g particles) at
60°C. The naphthalene was then evaporated at 80°C
and the green porous bodies were dried. Finally, the
bodies were sintered at 1200°C for 8h. These bodies
were machined into cylinders (&5 x 10mm?) using a
lathe. The structure of porous BCP was characterized by
using an ESEM. Porosity, pore size and pore inter-
connectivity were analyzed by the same techniques as
described for the Ti alloy implants. Material composi-
tion and its crystal structure were determined by using
Fourier transform infra red spectroscopy (FTIR;
Spectrum100, Perkin-Elmer Analytical Instruments,
Norwalk, CT) and X-ray diffraction (XRD; Miniflex,
Rigaku, Japan). HA/B-TCP weight ratio in the BCP was
calculated by comparing the BCP XRD pattern to the
calibration patterns prepared from the powders with the
known HA/S-TCP weight ratios. The specific surface
area of the material was measured by using the
Brunauer, Emett and Teller method (BET, cfDIN66131)
(Institut des materiaux de Nantes L.C.S., Nantes,
France). The compression strength of the used BCP
was 3.4+0.8 MPa (unpublished results).

2.2. Coating process

Prior to the coating process, porous Ti alloy cylinders
were ultrasonically cleaned in acetone, ethanol and
water. Next, they were soaked in SBF for 24h at
37°C to seed the metal surface with calcium phosphate
nuclei. The used SBF solution was five times more

Table 1
Inorganic composition (mM) of Kokubo’s SBF, supersaturated SBFx5
and SCS

Ion concentration (mM)

Na® K%' Ca’" Mg’* CI© HPO} HCO; SO3

SBF 1420 50 25 15 148.8 1.0 4.2 0.5
SBFx5 7148 — 125 75 723.8 5.0 21.0 —
SCS 140.4 — 3.1 — 1429 1.86 — —

concentrated than Kokubo’s SBF solution [26] (Table 1)
in order to speed up the coating process. The super-
saturation of the SBF solution was achieved by addition
of slightly acidic CO, gas. The starting pH of the
solution was 5.8. At the end of the process, the pH
reached a value of 8.3.

In order to produce crystalline OCP coatings, the
implants were then immersed at 37°C in simulated
calcifying solution (SCS) (Table 1) for 48h with one
replenishment. SCS was buffered at pH 7.4 by using
the TRIS/HCI. The biomimetic methods of produc-
ing the two CaP layers have previously been described
in detail [27,28]. The coating composition and crystal-
linity were investigated by using FTIR and XRD.
Coating thickness was measured on 2D implant cross-
sections by the automatic ESEM ruler. The specific
surface area of the coating was determined by using the
BET method.

2.3. Animals

This study was approved by the Dutch Animal Care
and Use Committee. Ten adult Dutch milk goats were
used in total and housed at Central Animal Laboratory
Institute (GDL), Utrecht, The Netherlands, at least 4
weeks prior to surgery.

Before the surgical procedure, a dose of 0.1 ml in 5ml
of physiologic saline solution (+ 1 ml/25 kg body weight)
of Domosedan (Pfizer Animal Health BV, Capelle a/d
Ijssel, The Netherlands) was administered by intrave-
nous injection. The surgical procedure itself was
performed under general inhalation anesthesia of the
animals. Thiopental (Nesdonal, +400mg/70 kg of body
weight, on indication, Rhone Merieux, Amstelveen, The
Netherlands) was injected intravenously, and anesthesia
was maintained with a gas mixture of nitrous oxide,
oxygen and Halothane (ICI-Farma, Rotterdam, The
Netherlands).

Besides the implantations described in this study, the
animals were used for a different study, to be published
separately. Based on the previous in vivo studies by our
group, we hypothesize that different groups of implants
could not influence each other’s behavior, as they were
implanted either at a different implantation site or at a
sufficient distance from each other.
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2.4. Implantation in bone

The implants were inserted in the left diaphyseal
femur of the goats, which was exposed by a lateral skin
incision and blunt dissection. The holes were drilled in
the lateral cortex using a pneumatically powered
orthopedic drill (drilling speed 150 rpm), under perma-
nent cooling with saline. Each defect was created
according to a four-step procedure, to a final diameter
of 5.0mm. The implants (uncoated Ti6Al4V, OCP
Ti6Al4V and BCP) were allocated according to rando-
mized scheme. Using gentle tapping, the implants were
press-fit inserted in their designated positions. The
incision was routinely closed with sutures. After 6
weeks, the same procedure was repeated in the right
diaphyseal femur of all goats. Table 2 gives an overview
of the implanted materials.

2.5. Intramuscular implantation

After shaving the lumbar area and disinfection with
iodine, the left muscle fascia was exposed and cut. Using
blunt dissection, intramuscular pockets were created,
and filled with the above-mentioned implants. Subse-
quently, the fascia was closed with a non-resorbable
suture to facilitate implant localization at explantation.
The skin was closed in two layers. After 6 weeks, the
same procedure was repeated in the right back muscle.
Table 2 shows the amounts of implanted materials.

Immediately after the surgery, pain relief was given by
buprenofine (Temgesic; Schering-Plough, Kenilworth,
NJ).

Twelve weeks after the first implantation (i.e. im-
plantation times 6 and 12 weeks), each animal was
sacrificed by an overdose of pentobarbital (Euthesaat,
Organon, Oss, The Netherlands) and potassium chlor-
ide.

2.6. Retrieval of the implants, histology and
histomorphometry

The implants from the retrieved femora were isolated
“en block” using a diamond saw, and fixed at 4°C
in Karnovsky’s fixative (4% paraformaldehyde, 5%
glutaraldehyde). Intramuscular implants with surround-
ing tissue were explanted by sharp dissection and fixed
in Karnovsky’s fixative as well. All implants were

Table 2
Implantation scheme

Time (weeks)  Femoral diaphysis Back muscle

Ti OCP Ti BCP Ti OCPTi BCP
6 10 10 10 10 10 10
12 10 10 10 10 10 10

dehydrated in a graded ethanol series (70-100%) and
transferred into a methylmethacrylate (MMA) solution
that polymerized at 37°C within 1 week. Longitudinal
sections (10-15um) were made by using the modified
interlocked diamond saw (Leica Microtome, Nussloch,
Germany). Sections were stained with 1% methylene
blue and 0.3% basic fuchsin after etching with HCI/
ethanol mixture. The midsections of the implants
retrieved from femora were used for histomorphometry.
In case of intramuscular implants, only qualitative
analysis using a light microscope (E600 Nikon, Japan)
was performed.

For histomorphometry of femora implants, high
resolution (300dpi), low magnification (10 x ) digital
micrographs were made of blinded sections. Using
Adobe Photoshop 7.0, bone and material were pseudo-
colored, red and green, respectively. Image analysis was
carried out with a PC-based system equipped with
KS400 version 3.0 software (Carl Zeiss Vision, Oberko-
chen, Germany). Prior to measurement the system was
geometrically calibrated with an image of a block of
known dimensions. A program was developed in KS400
to quantitate different parameters concerning bone
formation:

1. %b.cont. in cortex: percentage of available scaffold
outline (which is the surface of the scaffold) in
contact to bone: [% contact=(bone-scaffold contact
length/scaffold outline length)#100%] within the
cortical area (area C in Fig. 1),

2. %b.cont. in implant: percentage of available scaffold
outline in contact to bone: [% contact = (bone-scaffold
contact length/scaffold outline length)#*100%] in the
total implant area (area B in Fig. 1),

3. %b.cont. in outer zome: percentage of available
scaffold outline in contact to bone: [% contact=
(bone-scaffold contact length/scaffold outline length)

A
B
C
&) D
{l E
-

Fig. 1. Zones of histomorphometrical analysis: (A) host cortical bone,
(B) total implant area, (C) cortical area, (D) inner zone of the cortical
area, (E) outer zone of the cortical area and (F) bone marrow area.
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*100%] in an outer zone of cortical area that is
defined as the area of the implant within the cortical
area with a thickness of 350 um measured from the
edges of the implant (area E in Fig. 1),

4. %b.cont. in inner zone: percentage of available
scaffold outline in contact to bone: [% contact=
(bone-scaffold contact length/scaffold outline
length)*100%] in the inner zone, that is defined as
the area of implant in the total cortical area
and excludes the outer zone described in 3) (area D
in Fig. 1),

5. %b.cont. bone marrow: percentage of available scaf-
fold outline in contact to bone: [% contact=(bone-
scaffold contact length/scaffold outline length)s*
100%] in the bone marrow area (area F in Fig. 1),

6. %b. in cortex: the percentage of bone in available
pore area within cortical area (area C in Fig. 1) and

7. %b. in implant: the percentage of bone in available
pore area in the total implant area (area B in Fig. 1).

We measured de novo bone formation in different
areas of the formed defect in order to distinguish new
bone formation in the cortical area, where the defect
should be healed from the part of the implant that was
situated in the bone marrow. Furthermore, we distin-
guished the outer zone of the cortical area with a
thickness of 350 um, from the inner zone (the rest of the
implant) to get more insight into the osteoconductive
properties of the materials.

2.7. Statistics

Statistical calculations were done with the SPSS
(Chicago, IL) 9.0 software. We found large variances
between the individual animals and the data received
were not normally distributed. That is why we chose the
non-parametric tests to perform the statistical analysis.
Friedman rank test, followed by a post hoc test [33] was
chosen to make the comparisons between the materials
at both time points. Friedman test computes a Friedman
two-way analysis of variance on selected variables. This
test is a non-parametric extension of the paired #-test,
where, instead of two measures, each subject has n
measures (n > 2). In other terms, it is a non-parametric
analog of repeated measures analyses of variance with
one group. The Friedman test is often used for analyzing
ranks of three or more objects by multiple judges or like
in the case of this study, various materials implanted in
all animals. It is used to test the hypothesis that there is
no systematic response or pattern across the variables
(ratings).

We used the Wilcoxon signed rank test [34] to analyze
the difference in bone formation per material between
the two time points. The Wilcoxon test compares the
rank values of the selected variables, pair by pair, and
displays the count of positive and negative differences.

For ties, the average rank is assigned. It then computes
the sum of ranks associated with positive differences
and the sum of ranks associated with negative differ-
ences. The test statistic is the lesser of the two sums of
ranks.

In both cases, the significance level was set at p =
0.05. As can be seen from the descriptions above, the
two used statistical tests are both based on ranks,
instead of average or median values. However, the
results of histomorphometry in this paper are presented
in graphs with the average values with standard error of
the mean (SEM), in order to make the results more
recognizable and comparable with previous studies. And
although the asterisks indicating the significant differ-
ences are illustrated on these graphs, they are based on
the above-mentioned rank tests.

3. Results
3.1. Implant characterization

3.1.1. Uncoated Ti6 A4V

As determined from the material cross-sections, and
by the volume/weight method, the porosity of the Ti
alloy implants was 79+ 5% and the pore size between
400 and 1300 um. Observations by the ESEM showed
that the pores of the implant were well interconnected.
Fig. 2a shows the structure of the non-coated porous Ti
alloy. Higher magnification photograph (Fig. 2b) shows
the rough metal surface, caused by the sintering of the
alloy particles.

3.1.2. OCP-coated Ti6 A4V

As observed by the ESEM, in the coated implants, the
surface of the Ti alloy was homogeneously covered with
a CaP layer. Fig. 3a is a low magnification photograph
of the coated Ti6Al4V implant. However, the thickness
of the coating was not the same throughout the implant.
It varied between 20 um at the interior of the implant
and 60um at the implant periphery. Large OCP
crystals were oriented perpendicularly to the surface of
the metal. Fig. 3b illustrates the crystalline structure
of the coating. FTIR spectrum and XRD pattern
(Figs. 4a and b, respectively) were typical of the pure,
highly crystalline OCP phase. The specific surface area
of the coating was 7.2+0.1 m?/g.

3.1.3. Biphasic calcium phosphate

As observed by the ESEM, BCP implants consisted of
a well-interconnected macroporous structure, with a
pore size varying between 100 and 800 um. Histomor-
phometry on cross-section and determination by the
volume/weight method gave an average macroporosity
of 54+4%. Higher magnification ESEM analysis
showed that macropore walls contained micropores



28 P. Habibovic et al. | Biomaterials 26 (2005) 23-36

AccV Magn
10.0 kV 156x

wD Exp F——— mm
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Det WD Exp FH—— : .
e \H < e z Fig. 3. ESEM photographs of OCP-coated porous Ti6Al4V implant
magnification 15 x (a) and 500 x (b).

Fig. 2. ESEM photographs of porous Ti6Al4V implant magnification
15x (a) and 500 x (b).

(pore size <10 um). Fig. 5a illustrates the macroporous
structure of the BCP, while higher magnification
photograph (Fig. 5b) shows its micropores. FTIR and
XRD analysis of the produced material (Figs. 6a and b,
respectively) showed a biphasic chemistry consisting of
+88wt% HA and +12wt% p-TCP. The material was
highly crystalline. The specific surface area of the
ceramic was 1.24+0.1 m?/g.

3.2. Transcortical implantation 4000 300 200 150 100 400
(a) cm
There were no surgical complications and all implants
were retrieved. No macroscopic or microscopic signs of
infection were found.

3.3. Comparison of the materials

As can be seen from the results shown in Figs. 7a
and b of the measurements in the total implant area,
both OCP Ti6Al4V and BCP gave a significantly higher ' ' ' T T ' '
amount of bone as compared to the uncoated Ti6Al4V 0 10 2 %0 40 %0 6
after 6 weeks of implantation, looking at both %b.cont. ®) Ztheta (deg.)
in implant and %b. in implant. Furthermore, BCP Fig. 4. FTIR spectrum (a) and XRD pattern (b) of the OCP coating.
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Fig. 5. ESEM photographs of BCP implant magnification 15 x
(a) and 5000 x (b).

performed significantly better than OCP Ti6Al4V after 6
weeks. After 12 weeks of implantation, the difference
between Ti6Al4V and OCP Ti6Al4V and Ti6Al4V and
BCP was still significant, while this was no longer the
case for the difference between OCP Ti6Al4V and BCP.

Fig. 8a represents %b.cont. in cortex. After 6 weeks
of implantation we can see that the differences between
Ti6Al4V and OCP Ti6Al4V and Ti6Al4V and BCP are
significant. However, there is no significant difference
between OCP Ti6Al4V and BCP that was observed in
the graph of the total implant area. Concerning the %b.
in the available pore space of the cortical area (Fig. 8b),
both OCP Ti6Al4V and BCP are significantly higher
than the uncoated Ti6Al4V, and BCP is significantly
higher than OCP Ti6Al4V after 6 weeks of implanta-
tion. After 12 weeks, however, there are no differences
between the three kinds of implants. Figs. 9a, ¢ and e
illustrate an example of the bone ingrowth in the cortical
area after 6 weeks of implantation in uncoated Ti6Al4V,
OCP Ti6Al4V and BCP, respectively. In the case of
uncoated Ti6Al4V (Fig. 9a) bone ingrowth starts from
the host bone bed toward the implant. In the OCP
Ti6Al4V implant (Fig. 9¢c), new bone had grown deeply
into the center of the implant. Similarly, newly formed

4000 300 200 150 100 400
(a) cm

25 30 35 40 45
(b) 2theta (deg)

Fig. 6. FTIR spectrum (a) and XRD pattern (b) of BCP ceramic
(arrow indicates the main -TCP peak in BCP).

bone had bridged the formed defect within the BCP
implant (Fig. 9¢). From the analysis of the histology
slides of the implants after 12 weeks of implantation by
the light microscope, we observed a lower amount of
bone as well as less direct bone contact in the uncoated
Ti alloy implants in comparison to both OCP Ti6Al4V
and BCP. Fig. 9b is a high magnification of the uncoated
Ti alloy after 12 weeks of implantation showing a poor
direct contact between metal and bone. Figs. 9d and f,
illustrating OCP Ti6Al4V and BCP after 12 weeks of
implantation, respectively, show a direct contact be-
tween the bone and the material.

When looking at the results illustrated by Fig. 10, we
can see significant differences in %b.cont. between
Ti6Al4V and OCP Ti6Al4V and between Ti6Al4V and
BCP at both time points.

Measurements of %b.cont. in inner and outer zone of
the cortical area (not illustrated) showed a significantly
higher %b.cont. in the outer zone than in the inner zone
after 6 weeks of implantation for each kind of implant.
After 12 weeks, however, this difference could only be
found for BCP. Differences between the individual
materials in both zones were similar to the differences
found in the total cortical area (see Fig. 8a), meaning
that for both time points in both zones, OCP Ti6Al4V
and BCP showed a significantly higher amount of bone
contact than the uncoated Ti6Al4V, while there was no
difference between BCP and OCP Ti6Al4V.
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Fig. 7. Histomorphometrical results of the %b.cont. (a) and %b. (b)
in total implant area. For both parameters after 6 weeks significant
difference (p = 0.000 for %b.cont. and p = 0.001 for %b.) can be
found between OCP Ti6Al4V and Ti6Al4V, between BCP and
Ti6Al4V and between BCP and OCP Ti6Al4V; after 12 weeks,
significant differences exist between OCP Ti6Al4V and Ti6Al4V and
between BCP and Ti6Al4V for both parameters (p = 0.002 for
%Pb.cont. and p = 0.008 for %b.). According to the Wilcoxon test,
significant difference between 6 and 12 weeks was found for the
uncoated Ti6Al4V for both %b.cont. (p = 0.022) and %b. (0.009) and
for OCP Ti6Al4V only for parameter %b. (p = 0.005).

3.4. Time dependence

Wilcoxon test was used to statistically compare
individual materials at the two time points. The test
showed significant difference between 6 and 12 weeks of
implantation for the uncoated Ti6Al4V in the para-
meters: %b.cont. in cortex, %b. cortex, %b.cont. in
implant, %b. in implant and %b.cont. in inner zone.
Significant difference in the OCP Ti6Al4V was found in
the parameters: %b.cont. in cortex, %b. in cortex, %b.
in implant and %b.cont. in inner zone. No difference
between 6 and 12 weeks of implantation in the BCP
implants could be found for any of the measured
parameters.

3.5. Intramuscular implantation

At retrieval, all implants were surrounded by well-
vascularized muscle tissue. Histology showed no evidence
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Fig. 8. Histomorphometrical results of the %b.cont. (a) and %b. (b)
in cortical area. For parameter %b.cont, after both 6 (p = 0.000) and
12 (p = 0.020) weeks significant difference can be found between OCP
Ti6Al4V and Ti6Al4V and between BCP and Ti6Al4V. For the
parameter %b., after 6 weeks (p = 0.002) significant difference can be
found between OCP Ti6AI4V and Ti6Al4V, between BCP and
Ti6Al4V and between BCP and OCP Ti6Al4V. After 12 weeks
(p = 0.273), no significant differences can be found. Wilcoxon test
showed significant difference between 6 and 12 weeks for the uncoated
Ti6Al4V for both %b.cont. (0.007) and %b. (0.005). Similarly, for
OCP Ti6Al4V there was a significant difference between 6 and 12
weeks in both %b.cont. (0.017) and %b. (0.008).

for toxicity of the implants nor were the signs of an
inflammatory tissue response specifically related to the
implants observed.

As observed by light microscopy, uncoated Ti alloy
implants did not induce bone in the soft tissue. The
implants were, however, extensively filled with fibrous
tissue, which is illustrated by Fig. 11a.

Both OCP-coated Ti alloy and BCP (Figs. 11b and c),
on the other hand, did show extraskeletal bone
formation. Although bone was consistently observed,
it occurred in small volumes only. Table 3 gives an
overview of the bone incidence in time. In the case of
both OCP Ti6Al4V and BCP, more goats showed bone
formation after 12 weeks than after 6 weeks. Further-
more, although the bone areas were not measured, the
LM analyses of the histological slides suggested an
increased amount of formed bone after 12 weeks of
implantation when compared to 6 weeks of implanta-
tion. The bone was never observed on the implant
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Fig. 9. LM photographs of histological slides of uncoated Ti6Al4V after 6 weeks (magnification 2 x ) (a) and 12 weeks (magnification 10 x ) (b);
OCP-coated Ti6Al4V after 6 weeks (magnification 2 x ) (c) and 12 weeks (magnification 10 x ) (d) and BCP after 6 weeks (magnification 2 x ) (e) and
12 weeks (magnification 10 x ) (f) of transcortical implantation. More bone has grown in the OCP Ti6Al4V and BCP (a and c) implants in
comparison to the uncoated Ti6Al4V implant (e). Similarly, there is more direct bone contact between the newly formed bone in OCP Ti6Al4V and
BCP implants (b and d) in comparison to the uncoated Ti6Al4V implants (f).

periphery, and was always found inside the pores. The
formed bone was normal in appearance, aligned with
osteoblasts, and with mineralized bone matrix and
osteocytes clearly visible. In the case of OCP-coated Ti
alloy implants, the coating was often incorporated into
the newly formed bone.

Observations of the histological slides of the coated
Ti6Al4V implants by LM showed that the OCP coating
had extensively dissolved after 6 weeks, and could only
occasionally be observed after 12 weeks of implantation,
in particular on the periphery of the implant, where the
initial coating was the thickest. OCP coating has a
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typical crystalline structure that can easily be distin-
guished from bone on histological slides. The exact
dissolution of the coating was, however, not measured.
Similar in vivo dissolution behavior of the OCP coating
has previously been described [29]. Figs. 12a and b are
examples of dissolved OCP coating after 6 and 12 weeks
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Fig. 10. Histomorphometrical results of the %b.cont. in bone marrow
area. After 6 weeks (p = 0.000) significant difference can be found
between OCP Ti6AlI4V and Ti6Al4V, between BCP and Ti6Al4V and
between BCP and OCP Ti6Al4V. After 12 weeks (p =0.001),
significant differences exist between OCP Ti6Al4V and Ti6Al4V and
between BCP and Ti6Al4V. Wilcoxon test did not show significant
differences between 6 and 12 weeks for any of the implant groups.

of implantation, respectively. In the areas where the
coating was still visible, signs of its resorption by
multinucleated cells could be observed, as shown in Fig.
12c¢. In vitro resorption of OCP coating has previously
been shown by Leeuwenbergh et al. [35].

4. Discussion

In this goat study, we investigated the in vivo
behavior of a porous Ti6Al4V material, produced by a
positive replica method, uncoated and coated with a
biomimetic OCP coating, in ectopic and orthotopic
locations. We chose BCP ceramic as a reference, because
previous animal studies have shown that this material
has a large osteoinductive potential [32,36-38] and could
possibly be good bone filler in the clinic [39].

Table 3

Bone incidence after intramuscular implantation

Implant 6 weeks 12 weeks
Uncoated Ti6AI4V 0/10 0/10
OCP-coated Ti6Al4V 4/10 6/10
BCP 3/10 6/10

Fig. 11. LM photographs of histological slides magnification 10 x of uncoated Ti6Al4V (a), OCP-coated Ti6Al4V (b) and BCP (c) after 12 weeks of
intramuscular implantation: T=Ti6Al4V, B=bone, ST =soft tissue, C=OCP coating and BCP =ceramic.



P. Habibovic et al. | Biomaterials 26 (2005) 23-36 33

Fig. 12. LM photographs of histological slides magnification 5 x of the OCP Ti6AI4V after 6 weeks (a) and 12 weeks (b) of implantation, and
magnification 20 x after 6 weeks of implantation: T=Ti6Al4V, B=bone, ST =soft tissue, C =OCP coating and BCP = ceramic. In (a) there is still
some coating present on the periphery of the implant after 6 weeks of implantation, in (b) after 12 weeks of implantation the coating is further
degraded, in (c¢) multinucleated cells (see arrow) are resorbing the coating left after 6 weeks of implantation.

We introduced a porous structure into all used
implants in order to improve mechanical interlocking,
and therewith also the bone integration process.
However, because of different production techniques,
the porosity and the average pore size varied between
the metal and the ceramic implants.

As we did not find any signs of toxicity or deviating
inflammation related to the implants, we can conclude
that our novel material has an acceptable biocompat-
ibility as bone filler. However, the ability of metal itself
to guide new bone formation and to form a tight bond
with the newly formed bone, i.e. its osteoconductivity
[40] is limited. By modification of its surface chemistry
and topography, through the application of a CaP
coating, we tried to enhance its bioactivity.

Although BCP ceramic, with its high osteoinductive
potential and good performance as a bone filler was a
good positive control in this study, it is important to
note that it had a lower porosity and average pore
size than Ti6Al4V and OCP Ti6Al4V. The chemistry
of the BCP, that is a mixture of HA and p-TCP,
and the biomimetically produced OCP differed as well.

Furthermore, due to the sintering process, BCP ceramic
macropore walls consisted of micropores, increasing
therewith the surface roughness. Such a microporosity
was not present in the OCP coating. Nevertheless, OCP
coating surface was rough as well, due to the large
crystals that were perpendicularly oriented to the metal
surface.

The above-mentioned material characteristics: chemical
composition, macroporosity, crystallinity and surface
roughness are all of great importance for the bone
integration process. The release of calcium and phosphate
ions is believed to be at the origin of the bioactivity of
CaPs [41-43]. This dissolution is followed by the
precipitation of a biological CaP layer [44]. In addition,
organic compounds are incorporated into this newly
formed layer, and cells like osteoprogenitor cells, osteo-
blasts and osteoclasts colonize the biomaterial [45,46].

Transcortical implantation results of this study
confirmed a well-known fact that the application of a
CaP layer on a metal surface significantly increases its
bioactivity. Biomimetically produced OCP coating
applied on our porous Ti6Al4V metal enhances its
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osteoconductive properties, while keeping its mechanical
strength. Differences in the amount of newly formed
bone between the coated and the uncoated Ti alloy
implants were significant in the cortical area of the
defect as well as in the bone marrow, suggesting a high
osteoconductive potential of the OCP coating. We
found a significant difference between Ti6AI4V and
OCP Ti6Al4V after 12 weeks of implantation in the
contact between the newly formed bone and the implant
surface, but this difference could not be found in the
amount of formed bone in the available pore area. In
order to get a full overview of both osteoconductive
properties of a material and defect healing process by
the material, both histomorphometric methods should
be used.

BCP as bulk ceramic caused a faster bone growth,
when looking at both bone contact and bone area, in
comparison to the OCP as coating on the metal implant.
The BET measurements showed that OCP had a specific
surface area that was about five times higher than that
of BCP. Furthermore, the solubility isotherms of
various CaPs show that OCP powder is slightly more
soluble than p-TCP powder, and significantly more
soluble than HA powder [47]. Both characteristics
suggest a higher dissolution rate of OCP in comparison
to the BCP that should be followed by a faster CA
formation of the material surface and consequently by a
faster bone formation. However, as mentioned earlier,
the OCP Ti6Al4V implants had a much higher porosity
and pore size as compared with BCP. The lower
porosity and average pore size of BCP might have been
more suitable for bone ingrowth, possibly because of a
better balance between a sufficient nutrient and blood
supply into the implant, on the one hand, and a
protected area that is necessary to reach the super-
saturation of Ca>" and PO3~ ions, in order to initiate
the formation of CA layer, on the other hand, in
comparison to the OCP-coated Ti6Al4V implant. This is
a possible explanation of the observations from this
study. However, due to the many differences in material
chemistry and morphology between OCP and BCP,
further investigations are needed to fully understand
their effect on the bone ingrowth.

The difference in the bone amount formed in BCP
and OCP Ti6Al4V disappeared after 12 weeks of
implantation, which suggests that, on longer term, both
CaP materials have the same effect on the bone
integration process. This could be explained by the fact
that, on longer term, surface of both materials is covered
by a bone like CA layer, and that the effect of
dissolution behavior of the initial materials became less
relevant. In the case of OCP, the coating is fully replaced
by the newly formed bone within approximately 12
weeks, and bone continues to grow until the defect is
filled. The bulk ceramic, on the other hand, will undergo
the same process, but in this case material degradation

will continue as well, although very slowly. Comparison
of the amount of formed bone between 6 and 12 weeks
showed a difference for Ti6Al4V and OCP Ti6Al4V but
not for BCP. This once again supports our observation
that the bone formation in BCP scaffolds is taking place
faster than in the other two materials.

From the results of the intramuscular implantation,
we can conclude that uncoated Ti alloy was not
osteoinductive in this study, while both OCP Ti6Al4V
and BCP did show some extraskeletal bone formation.
The amount of formed bone, and the number of animals
in which the bone was induced, was similar for the both
biomaterials. Although the bone was consistently found,
its amount was limited.

It is interesting to note that very large differences were
observed between the amount of bone that was induced
in individual animals, i.e. one goat was “more induc-
tive” than another goat, for all implanted materials. The
reason for these differences could be searched in genetic
as well as in pathological backgrounds, but as long as
the mechanism of osteoinduction itself is not clear, this
phenomenon will be hard to explain. Because of such a
limited amount of induced bone, any statistical analysis
was impossible to perform. The only conclusion is
therefore that both BCP and OCP Ti6Al4V have an
osteoinductive potential, and that a non-inductive
material such as Ti alloy can become inductive by
combining it with a CaP coating. The findings from this
study would therefore suggest that the presence of CaP
is a critical factor in the process of osteoinduction. And
although Yuan et al. [48] and Fujibayashi et al. [15]
showed the possibility of bone induction by alumina
ceramic and chemically treated porous titanium, respec-
tively, most of the biomaterials that were shown to
induce bone consist of CaP. Although we know that
many different material characteristics (chemistry,
composition, macro- and microstructure) may be
important for its osteoinductive behavior [32,49-51],
the exact mechanism of osteoinduction remains un-
known. Concerning this mechanism, we hypothesize: (1)
osteoinductive materials exert a direct effect on the
growth and differentiation of relevant cells that attach
to them, and (2) the surface of osteoinductive materials
helps collecting relevant proteins, which in their turn
exert an osteoinductive effect on the recruited cells. To
test these hypotheses, and to investigate which cells are
important in the process of osteoinduction, additional
research needs to be performed.

In our study, CaP containing materials are perform-
ing better than the bare metal both ectopically and
orthotopically, but from our observation, we cannot
draw the conclusion that osteoinductivity improves the
ingrowth in orthotopic sites, because of the fact that
Ti6Al4V is not only non-inductive, but its conductive
properties are limited as well. Nevertheless, it has been
reported that osteoinductive materials are performing
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better orthotopically than the non-inductive materials
[52]. This suggests that increased bone ingrowth in OCP
Ti6Al4V is not only due to increased osteoconductivity
but also due to osteoinductivity of the OCP coating.
And although we still neither completely understand the
mechanism of osteoinduction nor the effect of osteoin-
ductive properties of the materials when implanted
orthotopically, these first results suggest the potential
relevance of osteoinductivity for the clinic.

5. Conclusion

In our study, we introduced a porous Ti6Al4V
material, produced by a novel technique, with sufficient
mechanical properties and biocompatibility. Further-
more, we have shown that the application of OCP
coating on the metal implants can improve its perfor-
mance in bone healing process. BCP ceramic showed
better osteoconductive properties than both, uncoated
and OCP-coated Ti alloy. Finally, both OCP Ti6Al4V
and BCP showed an osteoinductive potential in the
muscles of goats.
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