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Formation of calcium phosphates on titanium implants with four
different bioactive surface preparations. An in vitro study
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Abstract The aim of the present study was to compare
the nucleating and growing behaviour on four types of
bioactive surfaces by using the simulated body fluid (SBF)
model. Titanium discs were blasted and then prepared by
alkali and heat treatment, anodic oxidation, fluoridation, or
hydroxyapatite coating. The discs were immersed in SBF
for 1, 2, 4 and 6 weeks. Calcium phosphates were found on
all specimens, as analysed with scanning electron micros-
copy/energy dispersive X-ray analysis (SEM/EDX). After
1 and 2 weeks of SBF immersion more titanium was
accessible with SEM/EDX on the blasted surfaces than the
four bioactive surface types, indicating a difference in
coverage by calcium phosphates. The Ca/P mean ratio of
the surfaces was approximately 1.5 after 1 week, in con-
trast to the fluoridated specimens which displayed a Ca/P
mean ratio of approximately 2. Powder X-ray diffraction
(P-XRD) analyses showed the presence of hydroxyapatite
on all types of surfaces after 4 and 6 weeks of immersion.
The samples immersed for 6 weeks showed a higher degree
of crystallinity than the samples immersed for 4 weeks. In
conclusion, differences appeared at the early SBF immer-
sion times of 1 and 2 weeks between controls and bioactive
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surface types, as well as between different bioactive sur-
face types.

Introduction

The clinical outcome of dental and orthopaedic implants is
dependent on sufficient bone anchorage, which is generally
considered to be obtained by biomechanical and bio-
chemical anchorage mechanisms [1]. Titanium implants
are anchored to bone through in growth between and into
small irregularities of the implant surface, so called bio-
mechanical interlocking. In the case of a threaded design,
the threads will provide additional biomechanical support.
Biochemical bonding is potentially obtained by bioactive
implants; Hench has defined bioactivity as ‘‘the charac-
teristic of an implant material which allows it to form a
bond with living tissues’’ [2]. According to Osborn and
Newesly [3] titanium is bioinert in contrast to bioactive
materials such as various calcium phosphates and bio-
glasses. Theoretically, the advantage with bioactive im-
plants is that biochemical attachment is rapid, i.e., it acts at
a time when proper biomechanical interlocking has not yet
been developed, and consequently the implants may be
fixed earlier.

Bone formation around titanium implants is not fully
understood. For example, some studies have reported that
bone appears to grow gradually towards the implant sur-
face [4, 5], while others have reported bone growth directly
on the titanium surface [6, 7]. Other authors have con-
cluded that bone formation occurs in two directions; bone
does not only approach the biomaterial, but also grows
from the implant towards the healing bone [8-10]. Fur-
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thermore, little is known about the biochemical bond at the
chemical level of possible bioactive implants.

In order to understand the bone anchorage mechanisms
better, the ultrastructure of the bone titanium interface has
been investigated. Early observations were limited to de-
calcified specimens [11, 12] due to technical difficulties
with preparation [13]. In 1992 Sennerby et al. [14] resolved
the intact interface zone at solid titanium implants for the
first time on un-decalcified specimens with a fracture
technique developed by Linder [15] and Thomsen and
Ericson [16]. At areas with direct mineralised bone-tita-
nium contact at the light microscopic level, the implant
surface was separated from the mineralised bone with a
100-200 nm thick amorphous granular layer with no
hydroxyapatite crystals present [14]. However, they could
not exclude the possibilities that calcium could be present
in the amorphous layer in any other form, or that
hydroxyapatite was dissolved from it during the prepara-
tion procedure [17]. Furthermore, they observed an
approximately 100 nm thick layer with a higher electron
density between the mineralised bone and the amorphous
layer [14]. Different constituents of the amorphous layer
have been reported, including proteoglycans [18, 19], os-
teopontin [8] and osteocalcin [20].

The interface between bone and materials other than
titanium has also been compared and ultrastructural dif-
ferences have been reported [18, 21]. However, there still
remain many questions concerning the bonding mecha-
nisms between bone and titanium substrates with different
surface treatments.

The bone—implant interface has also been studied in vi-
tro with bone marrow cells, and morphological similarities
with the bone-biomaterial interface developed in vivo were
reported [6, 22]. Another in vitro model extensively used to
investigate bone formation is immersion of the biomaterial
in simulated body fluids (SBF), solutions with ion con-
centrations approximately equal to those of human blood
plasma [23-28]. Depending on the nucleating capacity of
the material, bone-like calcium phosphates have precipi-
tated onto the surface. Immersion time is one factor found
to influence the amount, and the crystalline degree, of the
calcium phosphate precipitate [29].

In order to enhance the bone formation around titanium,
surface modifications with respect on topography have
been performed [30-34]. A surface roughness of approxi-
mately 1.5 pm has been reported as optimal for bone
anchorage when comparing blasted titanium implants with
different surface roughnesses [33, 35-37]. Some authors
have in a first step increased the surface roughness (e.g.,
with etching, plasma spraying or blasting), and in a second
step chemically modified the surface with the goal to obtain
bioactivity [38—41]. That approach was also selected in the
present study; after increasing the roughness with a blast-
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ing procedure the specimens were subjected to alkali and
heat treatment [42], anodic oxidation [43], fluoridation
[44], or hydroxyapatite [45]. It has been impossible to
prove bioactivity so far, but different indications for bio-
activity have been presented for the above mentioned
surface treatments [1]. For example, a bone like apatite
layer has been formed to alkali and heat treated titanium
when immersed in SBF [46]. Furthermore, when fluori-
dated or anodically oxidised implants have been removed
from rabbit bone, the rupture has generally occurred in the
bone tissue and not at the bone to implant interface [43,
44]. Bioactive properties of hydroxyapatite coated implants
have been reviewed by LeGeros [47].

However, several surface treatments not only affect the
chemistry but also other surface properties such as oxide
thickness, porosity and topography. For example, alkali
treatment of titanium results in a porous gel layer of so-
dium titanate that becomes more mechanically stable after
the heat treatment [42]. The anodic oxidation procedure
also increases the porosity, as well as the oxide thickness
[48]. Fluoride treatment has been reported to result in
surface topography changes as well [49].

Since titanium surfaces modified with different prepa-
ration techniques have different surface properties, it can
be hypothesised that the different surfaces will exhibit
different nucleating and bone bonding properties. The
above mentioned surface modifications of titanium have
previously been investigated with the SBF model to vari-
ous degrees. However, studies comparing calcium phos-
phate precipitation on different surfaces claimed to be
bioactive are still lacking. Therefore, the aim of the present
study was to compare the nucleating and growing behav-
iour of those four different types of surfaces, suggested as
bioactive, by using the SBF model.

Materials and methods
Surface preparations

In total 90 circular discs (@: 8 mm, thickness: 3 mm) of
commercially pure titanium (grade 3) were included in
the present study. In order to increase the surface
roughness, the specimens were blasted with Al,O3
powder with a particle size of 75 um. Thereafter, the
specimens were ultrasonically cleaned in diluted Extran
MAOI1 and absolute ethanol, respectively, and dried at
60 °C for 24 h. The specimens were then divided into
five groups, among which one group (n = 18) served as
a control and was not subjected to any surface treatment
prior to the SBF immersion. The other groups of spec-
imens were treated with the following surface prepara-
tions.
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Alkali and heat treatment

Alkali and heat treatment was performed as described in
the literature [25, 42, 50]. The specimens (n = 18) were
soaked in 5 M aqueous NaOH for 24 h at 60 °C and were
thereafter gently washed with distilled water before they
were let to dry for 24 h at 40 °C. The specimens were then
heated to 600 °C by increasing the temperature by 5 °C/
min in air an electrical furnace (Bitatherm, Bita Laboratory
Furnaces, Israel), and were kept at 600 °C for 1 h before
being allowed to cool to room temperature in the furnace.

Anodic oxidation

Samples (n = 18) were prepared in a mixed electrolyte
containing magnesium ions such as magnesium sulphate
using the Micro Arc Oxidation (MAO) method in galva-
nostatic mode [51]. The electrochemical cell was com-
posed of two platinum plates as cathodes and the titanium
anode at the centre. Currents and voltages were continu-
ously recorded at intervals of one second by an IBM
computer interfaced with a DC power supply. The content
of ripple was controlled to less than 0.1%. The surface
properties of the oxidised group were characterized as a
magnesium titanate consisting of some 9 at% Mg, 3.4 pm
of oxide thickness, 24% porosity of porous structure,
anatase plus rutile of crystal structure [52].

Fluoridation

One group of specimens (n = 18) was fluoridated as per the
technique of Ellingsen [44]: the specimens were immersed
in an aqueous solution of 0.95 M NaF and subsequently
washed twice in distilled water for 30 s. The specimens
were then allowed to dry spontaneously at room tempera-
ture. X-ray photoelectron spectroscopy (XPS) was used to
confirm the presence of fluorine.

Hydroxyapatite coating

A hydroxyapatite coating was obtained by dipping the
titanium discs (n = 18) into a stable sol which contained
surfactants, water, organic solvent and crystalline nano-
particles of hydroxyapatite with a Ca/P ratio of 1.67. The
diameter of the hydroxyapatite particles was approximately
10 nm. After the dipping procedure the discs were dried for
half an hour in open air, allowing the organic solvent to
evaporate. This was followed by a heat treatment at 550 °C
for 5 min under nitrogen atmosphere in order to remove all
dispersing agents. The nitrogen atmosphere protected the
titanium surface from further oxidation. The treatment re-
sulted in a very thin hydroxyapatite coat on the titanium
surface (less than 100 nm thick), as measured with XPS.

SBF immersion

The revised SBF (r-SBF) described by Oyane et al. [53]
was used in the present study. It was prepared by dissolving
5.403 g NaCl, 0.740 g NaHCO3, 2.046 g Na,CO3, 0.225 g
KCl, 0.230 g K,HPO, - 3H,0, 0.311 g MgCl, - 6H,0,
11.928 g 2-(4-(2-hydroxyethyl)-1-piperazinyl)ethanesulf-
onic acid (HEPES), 0.293 g CaCl,, and 0.072 g Na,SO, in
1,000 mL distilled water. HEPES was dissolved in 100 mL
distilled water before being added to the solution, and the
final pH was adjusted to 7.4 at 37 °C with 1.0 M NaOH.

Each specimen was immersed in 25 mL r-SBF in
separate sealed polystyrene vials and kept at 37 °C. Once
every week the r-SBF was changed to freshly prepared
buffer. After immersion for 1 week (3 samples), 2 weeks
(3 samples), 4 weeks (3 samples), and 6 weeks (6 sam-
ples) the SBF immersion was interrupted and the speci-
mens were thoroughly rinsed with distilled water to
remove any loosely attached calcium phosphate material.
The specimens were then dried at room temperature and
sealed in dry vials whilst awaiting surface analysis. Three
samples of each type of surface were not immersed in any
SBF, thus serving as controls within each surface prepa-
ration group.

Evaluation of surfaces
Weight

The weight change of each specimen due to the SBF
immersion was calculated by measuring the dry weight
before and after SBF immersion with an analytical balance
(HR-200, A&D Instruments, UK), which has a repeat-
ability of 0.1 mg.

Contact stylus profilometry

All specimens were topographically analysed after SBF
immersion with a contact stylus profilometer (Surfascan
3J®, Somicronic, France), and the specimens of each
surface type that were not immersed in SBF were used as
controls. The analysis was performed over a measuring
area of 0.5 x 0.5 mmz, with 4 pm between scans and a
stylus radius of 2 um. Each disc was measured in one area,
located in the corresponding region for all discs regardless
of group.

A Gaussian filter with size 80 x 80 pm? was applied to
separate roughness from form and waviness. Thereafter the
surface roughness, in terms of the following topographical
parameters, was calculated:

S. = Arithmetic mean height deviation from a mean
plane [pm].
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S4s = Density of summits, i.e. the number of summits of
a unit sampling area [mm].

Sar = Developed interfacial area ratio, i.e. the ratio of the
increment of the interfacial area of a surface over the
sampling area [%].

Mathematical descriptions of the parameters can be
found in the literature [54].

Scanning electron microscopy/energy dispersive X-ray
analysis (SEM/EDX)

For the SEM analyses, a LEO Ultra 55 FEG SEM equipped
with an Oxford Inca EDX system, operating at 7 kV, was
used. The samples were examined without surface sput-
tering. Micrographs were recorded at different magnifica-
tions to investigate both the surface coverage and the
morphologies of the crystals. The atomic composition was
monitored using EDX analysis on two scales. Analyses at a
low magnification were performed on a major part of the
sample to describe a mean value of the atomic composi-
tion. Analyses on individual crystals were also made in
order to identify them by correlating their structure with
their chemical composition.

Powder X-ray diffraction (P-XRD)

In order to investigate the crystallinity and crystal structure
of the precipitate formed after immersion in SBF for 4 and
6 weeks, powder X-ray diffraction was performed with a
Siemens D5000 X-ray diffractometer equipped with a
CuKo radiation source with a wavelength of 1.54 A. Scans
were collected in the range of 20-60° (20). Specimens
immersed in SBF for 1 and 2 weeks were not investigated
with P-XRD since the amount of material was insufficient.

Results
Weight

In general, the alkali and heat treated, fluoridated, and
hydroxyapatite coated specimens increased their weight
after SBF immersion, while a weight loss tendency was
noted for some of the blasted and anodically oxidised
specimens (Table 1).

Contact stylus profilometry
The results from the topographic surface analysis demon-
strated that the mean values at baseline were rather similar

for S,, S4¢s and Sy, parameters with small differences be-
tween the various surface treatments. However, the anod-

@ Springer

ically oxidised surface had an S3 mean value
approximately 50% higher than the other surfaces. The
standard deviation in this group was also higher than the
other groups.

S, mean values

The mean value decreased after 1, 2, and 4 weeks com-
pared to baseline means. After 6 weeks the mean values
were higher in all groups compared to the baseline mean
values.

S5 mean values

The results demonstrated lower mean values after 1 and
2 weeks compared to the baseline mean values. At 4 and
6 weeks the mean values were close to the baseline means
but not higher.

Sy mean values

In general the mean values varied more from one time
interval to another compared to the other surface parame-
ters and the standard deviations were higher in several
groups. Most of the groups demonstrated a similar trend
with a decrease compared to baseline at 1, 2 and 4 weeks.
All groups demonstrated higher mean values after 6 weeks
compared to controls.
For details see Table 2.

SEM/EDX

The blasted controls and the hydroxyapatite coated con-
trols had a rough surface with sharp edges before SBF
immersion, while the morphology of the alkali and heat
treated, anodically oxidised and the fluoridated controls
was more divergent from each other (Fig. 1). The alkali
and heat treated surface displayed structures with
smoother edges (Fig. 1B), while the anodically oxidised
specimens displayed an increased porosity (Fig. 1C).
Small flake structures could be seen on the fluoridated
specimens (Fig. 1D).

One week of SBF immersion

Calcium phosphates were found on all specimens. The
crystals displayed a porous structure with sharp angled
edges (Fig. 2), and a Ca/P ratio of approximately 1.3. So-
dium sulphate (Na,SO,4) was also detected on the anodi-
cally oxidised, alkali and heat treated and the
hydroxyapatite coated specimens. All samples except the
blasted had approximately 10-15 at% titanium on the
surface (Fig. 3). The blasted specimens had a titanium
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Table 1 Weight changes of the specimens before and after SBF immersion

SBF immersion time N A Weight (after — before SBF immersion) (mg)

B AH AO F HA

1 week 3 04 (1.4) 0.1 (0.4) —44.3 (40.1) 4.1 4.2) 2.3 (4.0
2 weeks 3 -0.7 2.1) <0.1 (0.3) -13.5 (15.7) 0.2 (0.8) 0.2 (0.2)
4 weeks 3 -13.2 (14.6) 1.4 (0.5) -10.8 (21.1) 1.1 (0.6) 1.8 (1.9)
6 weeks 6 1.2 (8.0) 4.5 (1.3) 2.2 (8.7 3.1 (0.9) 3.0 (0.3)

B: blasted titanium, AH: alkali and heat treated, AO: anodically oxidised, F: fluoridated, and HA: hydroxyapatite coated. The figures represent

mean values, standard deviations within parenthesis

Table 2 Topographical results as measured with contact stylus profilometry

SBF immersion time Suface type n Sa (Lm) Sgs (mm2) Sar (%)

0 weeks B 3 0.62 (0.14) 1725 (128) 1.36 (0.42)
AH 3 0.63 (0.02) 1571 (98) 1.55 (0.08)
AO 3 0.73 (0.22) 1600 (209) 2.57 (1.72)
F 3 0.71 (0.09) 1512 (37) 1.66 (0.55)
HA 3 0.75 (0.19) 1671 (92) 1.93 (0.65)

1 week B 3 0.52 (0.01) 1650 (93) 0.96 (0.12)
AH 3 1.11 (0.98) 1583 (64) 8.99 (13.55)
AO 3 0.58 (0.09) 1321 (92) 0.93 (0.30)
F 3 0.68 (0.05) 1479 (90) 1.47 (0.11)
HA 3 0.99 (0.38) 1465 (52) 3.12 (2.10)

2 weeks B 3 0.52 (0.14) 1727 (100) 1.06 (0.50)
AH 3 0.58 (0.05) 1583 (64) 1.30 (0.20)
AO 3 0.58 (0.11) 1369 (269) 1.00 (0.16)
F 3 0.67 (0.09) 1527 (17) 1.52 (0.40)
HA 3 0.70 (0.03) 1745 (80) 1.57 (0.06)

4 weeks B 3 0.63 (0.43) 1704 (288) 2.75 (3.41)
AH 3 0.54 (0.02) 1610 (147) 1.24 (0.14)
AO 3 0.60 (0.04) 1369 (269) 2.14 (1.72)
F 3 1.08 (0.51) 1575 (32) 6.82 (4.96)
HA 3 0.59 (0.06) 1614 (109) 1.30 (0.20)

6 weeks B 6 2.52 (2.30) 1523 (193) 34.23 (41.35)
AH 6 3.97 (3.56) 1453 (309) 55.62 (62.62)
AO 6 1.35 (0.71) 1544 (83) 10.05 (10.03)
F 6 1.13 (0.69) 1552 (167) 8.84 (12.41)
HA 6 1.27 (0.43) 1670 (118) 8.60 (5.52)

B: blasted titanium, AH: alkali and heat treated, AO: anodically oxidised, F: fluoridated, and HA: hydroxyapatite coated. The figures represent

means, standard deviations within parenthesis

content of approximately 30 % on the surface. The calcium
phosphates detected had a Ca/P mean ratio of about 1.5, but
on the fluoridated samples the Ca/P mean ratio was
approximately 2 (Fig. 4).

Two weeks

No Na,SO,4 could be detected on any sample. The blasted
titanium surfaces still had approximately 30 at% titanium,

and the other surface types about 10-15 at%. The crystals
formed had the same appearance as after 1 week immer-
sion (Fig. 5).

Four weeks
All specimens were covered by calcium phosphates after

4 weeks of immersion, with a surface mean Ca/P ratio of
approximately 2. Spherical crystals were detected on a

@ Springer



1950

J Mater Sci: Mater Med (2007) 18:1945-1954

Fig. 1 SEM images of the
surfaces before SBF immersion.
(A) blasted, (B) alkali and heat
treated, (C) anodically oxidised,
(D) fluoridated, and (E) HA
coated (bars = 10 pum)

Fig. 2 SEM images of
structures after 1 week SBF
immersion on (A) a fluoridated
specimen (bar = 10 pm) and
(B) a hydroxyapatite coated
specimen (bar = 10 pm)

tightly packed layer with cracks that had been formed
(Fig. 6). The compact layer had a Ca/P ratio of about 1.6
and the spherical crystals of about 2.0.

Six weeks

After 6 weeks immersion all surfaces were completely
covered by calcium phosphates (Fig. 7). The Ca/P mean
ratios of the surfaces increased to slightly more than 2.
P-XRD

After 4 weeks immersion XRD signals were detected from
titanium and hydroxyapatite (Fig. 8A), and after 6 weeks

SBF immersion, the hydroxyapatite signals became nar-
rower and the titanium signals were less intense (Fig. 8B).

@ Springer

Furthermore, after 4 weeks SBF immersion the signal was
increased at lower degrees (20 < 25°) for all surface types,
which was not seen in the diffractograms after 6 weeks of
immersion. This shows that the precipitate formed on the
4 week samples is more amorphous than the 6 week
samples.

Discussion

In the present study the formation of calcium phosphates
on titanium implants with various surface preparations
claimed to be bioactive, was investigated with the same
settings in an SBF model. Calcium phosphates were
formed on all surfaces, but some differences were indi-
cated. The calcium phosphates formed on the fluoridated
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Fig. 3 Titanium amounts from EDX analyses. B: blasted titanium,
AH: Alkali and heat treated, AO: anodically oxidised, F: fluoridated,
and HA: HA coated. The bars are based on means, calculated from
two 3 mm? large measurement areas from two different specimens

3,5
3

Ca/P ratio

2 weeks 4 weeks 6 weeks

SBF immersion time

1 week

Fig. 4 Ca/P ratios from EDX analyses. B: blasted titanium, AH:
Alkali and heat treated, AO: anodically oxidised, F: fluoridated, and
HA: HA coated. The staples are based on means, calculated from two
3 mm? large measurement areas of two different specimens

Fig. 5 SEM images of
specimens after two weeks of
SBF immersion. (A) blasted
(bar = 100 pm), (B) alkali and
heat treated (bar = 10 um), (C)
anodically oxidised surface
(bar = 10 pm)

Fig. 6 A SEM image of a fluoridated specimen immersed in SBF for
4 weeks (bar = 10 um)

specimens diverged by exhibiting a high Ca/P ratio at an
early stage.

Previously, the precipitation of calcium phosphates on
surfaces has been studied in vitro using a variety of solu-
tions, including SBF with varying compositions. In the
present study a revised SBF [53] was chosen with an
electrolyte concentration very similar to that of human
plasma [55]. Regardless of the buffer used, it should be
stressed that it is a simplified model for the conditions
in vivo. For example, human blood plasma contains other
components not included in the SBF, such as proteins, cells
and gases like carbon dioxide. However, a simplified
model can facilitate the understanding of the initial phase
of bone formation around titanium implants. It is also
possible to increase the complexity of the model, i.e. to
increase the similarity with bone formation. By doing so it
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Fig. 7 SEM images of
specimens after 6 weeks SBF
immersion. A) anodically
oxidised (bar = 10 um), B) HA
coated (bar = 10 pm)
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Fig. 8 XRD results of diffractograms of specimens immersed in SBF
for (A) 4 weeks and (B) 6 weeks. 1: blasted titanium, 2: anodically
oxidised, 3: fluoridated, 4: HA coated, and 5: alkali and heat treated.
The Bragg reflections for titanium and HA are indicated

is possible to gain more knowledge of the separate pro-
cesses. The qualitative and quantitative correlation of
apatite formation in SBF with in vivo bone bioactivity has
recently been discussed by Kokubo and Takadama [56].
After reviewing different studies on glasses, glass-ceram-
ics, sintered hydroxyapatite and composites they concluded
that there is a correlation: a material that apatite is formed
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on in SBF can bond to living bone through the apatite layer
formed on its surface in the living body, as long as the
material does not contain any substance that induces toxic
or antibody reactions [56]. However, there are fewer cor-
responding publications for titanium.

Furthermore, during bone formation in vivo there is a
circulation of blood. Studies have been performed com-
paring results from dynamic and static SBF models, and it
was found that less calcium phosphate material was formed
with the dynamic model than the static model [57]. Lu
et al. [57] also found that the surface topography influence
was larger in the dynamic model than in the static model.
In the present study a static SBF model was used. How-
ever, the buffer was changed every week to avoid ion
depletion and all specimens were treated in the same
manner.

The incubation times used in this study were selected to
cover the initial phase in wound healing around the implant
and additionally to follow the precipitation events. This
was to establish whether the crystal growth reaches a limit
within the model, and also to follow and evaluate the Ca/P
formation until a time point where it has been described in
the literature that bone is formed. Wound healing around
titanium implants is initiated by bleeding from the wound.
As blood comes in contact with an implant surface it ab-
sorbs ions and proteins [58]. After a few days a fluid phase
is built up around the implant, as shown by in vivo bone
remodelling studies. It has been reported that the initial
fluid phase decreases with time and is replaced by tissue
[59-61]. An in vivo model in rabbit bone [4, 17] demon-
strated that after 4—6 weeks bone growth occurs along the
upper and lower parts of the implant surface.

As a control surface, a blasted titanium surface proven
to have optimal surface roughness for bone response in
in vivo studies [33] was selected. Contact stylus profil-
ometry demonstrated that all the surface preparations pro-
duced similar S,, S4, and S35 mean values. This is
important when comparing different surface preparations,
since a difference in bone response may be related to
surface roughness. A study by Barrere et al. [29] indicated
that surface roughness does not influence the immediate
nucleation of calcium phosphate deposits onto Ti6Al4V
surfaces. However, the further growth and mechanical
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attachment of the final Ca—P deposit was favoured by a
rougher topography (Rp.x > 0.25 um) rather than a
smoother topography (R.x < 0.10 um). Here, the rough-
ness of the various surfaces initially decreased after the
SBF immersion; probably because the precipitate reduces
the roughness of the surface. After 6 weeks of SBF
immersion the roughness parameters increased due to fur-
ther precipitation.

In this study, all specimens were weighed before and
after SBF immersion, since it was assumed that calcium
phosphate formation would increase the weight of the
specimens. This would be an assessment of the amount of
precipitate. In general, the weight increased with increasing
immersion time, although blasted and anodically oxidised
specimens seemed to lose weight due to the SBF immer-
sion. Weight changes of alkali treated titanium immersed
in SBF have been previously reported [62], and it was
found that the weight increased the first 2 weeks, but was
lower after 20 days immersion than after 14 days. How-
ever, in the present study a variation was found between
different specimens of the same type and immersion time,
which emphasises the importance of working with parallel
specimens in this kind of study.

SEM showed that all surfaces were completely covered
by calcium phosphates after immersion for 4 weeks. This
agrees with earlier SBF studies on commercially pure
titanium [63] and micro-arc oxidised titanium [28]. Fur-
thermore, the globular structures on a compact layer with
cracks reported for alkali and heat treated titanium after
one month SBF immersion [27], were also seen in the
present study.

The amount of titanium accessible for EDX analysis, at
7 kV accelerating voltage was monitored. After 1 and
2 weeks of SBF immersion more titanium was accessible
on the blasted surfaces than the four bioactive surface
types. This may indicate that the different surface prepa-
rations have different ability to initiate crystal growth.
After 4 and 6 weeks of immersion, the titanium signals had
almost disappeared, which reflects almost complete cal-
cium phosphate coverage. Previously, EDX has also been
used for calculation of the Ca/P ratio in order to estimate
the relative prevalence of amorphous and crystalline cal-
cium phosphates [25, 26]. The stoichiometric Ca/P atomic
ratios of octacalcium phosphate (CagH,(POy4)¢ X SH,0),
tricalcium phosphate (Ca3(PO,),), and hydroxyapatite
(Cas(PO4);0OH) are 1.33, 1.5, and 1.67, respectively. Ta-
kadama et al. [25] used transmission electron microscopy
with energy dispersive X-ray spectroscopy (TEM/EDX)
and found a Ca/P ratio of 1.40 for alkali and heat treated
titanium immersed in SBF for 36 h, and an increase of the
Ca/P ratio to 1.65 after 72 h of immersion. Kim et al. [26]
reported similar results. In the present study the Ca/P mean
ratio of alkali and heat treated specimens immersed in SBF

for 1 week was 1.8. However, the Ca/P ratio varied be-
tween different areas within the same specimens.

XRD has earlier been used to study the crystallinity of
calcium phosphates formed on titanium specimens after
SBF immersion. Song and co-workers identified distinct
apatite peaks at micro-arc oxidised titania after 28 days of
SBF immersion [28]. Apatite peaks have been detected on
alkali and heat treated titanium after 1 week of SBF
immersion [34]. However, Lu and Leng [27] also investi-
gated the formation of calcium phosphates in SBF on alkali
and heat treated titanium. They interpreted their result as if
octacalcium phosphate and not hydroxyapatite directly
nucleates from amorphous calcium phosphate. They also
pointed out that the P-XRD patterns of hydroxyapatite and
octacalcium phosphate are alike in the 26 range of 20-40°.

Our XRD analyses indicated the presence of hydroxy-
apatite crystals after both 4 and 6 weeks SBF immersion.
However, after 4 weeks there was also amorphous material
present, as indicated by the slope at low degrees. Further-
more, after 6 weeks the peaks were narrower due to growth
of the hydroxyapatite crystals. No larger differences could
be detected with P-XRD between the different surface
types after 4 and 6 weeks SBF immersion.

In conclusion, differences appeared at the early SBF
immersion times of 1 and 2 weeks between controls and
bioactive surface types, as well as between different bio-
active surface types. However, the impact on bone binding
mechanisms is unclear until more studies demonstrate the
correlation between in vitro and in vivo results.
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