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Abstract: The viability of a new two-step method for ob-
taining bioactive microrough titanium surfaces for bone
replacing implants has been evaluated. The method con-
sists of (1) Grit blasting on titanium surface to roughen
it; and (2) Thermo-chemical treating to obtain a bioactive
surface with bone-bonding ability by means of nucleating
and growing an apatite layer on the treated surface of
the metal. The aim of this work is to evaluate the effect
of surface roughness and chemical composition of the
grit-blasting particles on the ability of the surfaces of
nucleating and growing a homogeneous apatite layer.
The determination and kinetics of the nucleation and
growing of the apatite layer on the surfaces has mainly
been studied with environmental scanning electron mi-
croscopy (ESEM) and grazing-incidence X-ray diffractom-
etry. The results show that Al,Oz-blasted and thermo-
chemically-treated titanium surfaces accelerates nucleation
of the apatite, whereas SiC-blasted and thermochemically-

treated titanium surfaces inhibits apatite nucleation, com-
pared with the well studied polished and thermochemi-
cally-treated titanium surfaces. The acceleration of the
apatite nucleation on the Al,Os-blasted microrough tita-
nium surfaces is because concave parts of the micro-
roughness that are obtained during grit blasting provides
to the rough and bioactive surfaces with a chemical- and
electrostatic-favored situation for apatite nucleation. This
consists of a high density of surface negative charges (also
assisted by the nanoroughness of the surface obtained
after the thermochemical treatment) and an increased
concentration of the Ca®'-ions of the fluid, which have
a limited mobility at the bottom of the concave parts.
© 2007 Wiley Periodicals, Inc. ] Biomed Mater Res 82A:
521-529, 2007
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INTRODUCTION

Titanium and some of its alloys are now dominant
biomaterials because of their good biocompatibility.
Commercially pure titanium (c.p. Ti) implants are
alloplastic materials used as the foundation for
replacing teeth in dentistry and are also used for
orthopaedics.' Clinical success of bone-replacing im-
plants, some of them made of c.p. Ti, is obtained
when osseointegration is achieved, that is, when the
surface of the implant is structurally and function-
ally joined to the newly-formed bone.” The improve-
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ment of the short- and long-term osseointegration is
a function of a series of factors.> Among them, sur-
face quality of the implant (physico-chemical and
topographical) is one of the most important. In fact,
the entire biological and mechanical interactions
between the implant and the surrounding tissues are
made at their interface.

In terms of physico—chemical surface quality, it is
known that c.p. Ti is biocompatible mainly because
of its excellent corrosion behavior in the physiologi-
cal environment. This is because of the extremely-
passive titanium-oxide that spontaneously covers
the metal.>* However, c.p. Ti is a bioinert material
without bone-bonding ability. The interaction be-
tween the metal and the hard tissue does not involve
a chemical bond.” The lack of ability to bond chemi-
cally and the lack of rapid favorable guided reac-
tions lead to an osseointegration process that takes
place at a slow rate. In this sense, the so call bio-
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active synthetic materials are materials that are able
to nucleate and grow on them a layer of apatite
(mineral phase of bone) in vivo. This allows the
bone-bonding ability of the material and its earlier
integration in the living tissue. However, these
materials are ceramics with inappropriate fracture
toughness.

Kokubo et al.*” have demonstrated that an alkali
etching (5M NaOH) followed by a heat treatment
process (600°C, 1 h) makes titanium bioactive by
means of the reaction of the NaOH with the TiO,
that naturally covers the metal. This reaction leads
to the formation of a dense sodium-titanate gel. An
in vitro chemically-deposited bone-like apatite layer
on c.p. Ti could be induced if the treated surfaces
are soaked in a simulated body fluid (SBF). The
formation of the apatitic layer is due to electrostatic
and ionic interactions between the sodium-titanate
surface and the surrounding fluid.”

The titanium-surface obtained after the thermo-
chemical treatment can release Na*-ions into the SBF
via an ion-exchange reaction with H;O%-ions, which
results in the formation of many Ti-OH™ groups
on its surface. These Ti-OH™ groups make a highly
negatively-charged surface that initially combine
with positive Ca*" ions to form amorphous calcium
titanate in the surface environment, and later the
calcium titanate combines with the negative phos-
phate ions to form amorphous calcium phosphate.
The amorphous calcium phosphate, at the SBF-pH,
eventually transforms into bone-like apatite. These
interactions have been also obtained in wvivo, and
smooth titanium implants are soon tightly bonded to
the surrounding living bone through the bone-like
apatite layer. Consequently, this smooth bioactive c.p.
Ti improves the short-term in vivo bone reactions.®

In terms of topographical quality of the cp. Ti
surface, it is known that an increased implant-
surface roughness significantly influence the osteo-
blastic response in vitro.”'° Moreover, a better long-
term in vivo response is achieved when the surface
roughness increases since the percentage of implant
in direct contact with bone increases as well as loads
and torques for extracting implant from bone.'!

Grit blasting, which consists of bombarding a
surface with a myriad of small abrasive biologically-
inert ceramic particles, is one of the most frequently
used treatments for obtaining a rough surface of a
metal implant.'* The surface treatment forces differ-
ent surface roughness mainly depending on the size
of the particles used. In previous works, a biologically-
beneficial cell response has been determined when
blasting with a 600-um particle-size that results in a
surface roughness of R, (4-5 pm)."> However, the
adhesion of parts of the particles on the implant
surface because of the high-velocity impact may
change physico-chemical surface quality.'*"” This
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fact can influence on all the reactions and interac-
tions at the surface of the metal. The particles that
remain adhered on the surface can not be removed,
even after ultrasonical cleaning.

In this study, the viability of a new two-step method
for obtaining bioactive microrough titanium surfaces
has been evaluated to get a metal surface with an
excellent long-term osseointegration (because of the
microroughness) and a rapid short-term osseointe-
gration (because of its bioactive properties). This
new treatment consists of: (1) grit blasting the tita-
nium surface to roughen it; and (2) thermo-chemical
treatment, developed by Kokubo et al.® to obtain a
bioactive surface with bone-bonding ability.

An interference of grit blasting in the electrostatic
and ionic interactions that leads to the formation of
the apatite layer on the c.p. Ti after the thermochem-
ical treatment can be expected. This interference
can be due to the microroughness as well as to the
surface chemical heterogeneities produced by the
parts of the grit particles that remain adhered.

The aim of this work is to evaluate the in vitro
bioactivity of rough and bioactive titanium surfaces
obtained by a blasting + thermochemical-treatment
method, that is, to study the effect of surface rough-
ness and chemical composition of the grit blasting
particles on the ability of the surfaces of nucleating
and growing a homogeneous apatite layer.

MATERIALS AND METHODS

Materials and surface treatments

10 X 10-mm? c.p. Ti Grade III plaques were treated with
six different surface treatments:

Ti: 1 pm-alumina polishing.

ALG6: grit blasting with Al,Os-particles of 425-600 pm in
size. Grit blasting was done at 2.5 MPa of pressure.

Sl6: grit blasting with SiC-particles of 425-600 pm in
size. Grit blasting was done at 2.5 MPa of pressure.

Ti-Bio: Ti + thermochemical treatment. The thermo-
chemical treatment was done according to Kokubo et al.®
This treatment consists of: (1) Introducing the plaque into
a vial containing 10 ml of 5M-NaOH. The vial is placed in
an oven at 60°C during 24 h. (2) Careful rinsing during 30
min in 100 mL of distilled water. (3) Drying at 40°C in an
oven during 24 h. (4) Thermal treating in a tubular furnace
in air up to 600°C with a 5°C/min heating-rate, and main-
tenance during 1 h. (5) Cooling inside the furnace down to
room temperature.

AL6-Bio: AL6 + thermochemical treatment.

SI6-Bio: SI6 + thermochemical treatment.

Each plaque was introduced into a vial containing
40 mL of SBE,' and placed in an oven at 37°C during
11 days to perform the in vitro testing of their bioactivity.
Every three days the solution was renewed. Ten plaques
per each surface treatment were analysed.
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Environmental scanning electron microscopy

The observation of the evolution of the species that
grew on the c.p. Ti surfaces was performed by means of
an environmental scanning electron microscope (ESEM)
(2020©, Electroscan).

The ESEM does not need to operate neither under
vacuum nor with electron-conductor surfaces. These prop-
erties allow following the evolution of the same sample
throughout the 11 days of immersion in SBF, as demon-
strated in a previous work."”

Different samples of every surface treatment were
observed during all of the 1-5 days of immersion in SBF,
and at the end of the study (day 11).

Grazing-incidence X-ray diffraction

The chemical species nucleated and grown on the c.p. Ti
surfaces were analyzed by grazing-incidence X-ray diffrac-
tion (GI-XRD) in an automatic diffractometer (X'Pert
MPDO©, Philips, The Netherlands) equipped with a thin
film attachment, using Cu-K,, radiation.

A range of 26 = 20-50° was studied in continuous mode,
under a fixed incidence angle of 8 = 0.5°. A step size of
0.02° was used in all scans, with a 2 s-time per step. To
improve the signal to noise ratio, the AL6-Bio surfaces
were also analyzed in step mode with a time per step of
10 s all along the period of immersion in SBF.

Samples before being immersed in SBF, and after 3, 5,
and 11 days of immersion were analyzed.

Profilometry

Quantitative surface-roughness of the surfaces was
determined before and after the immersion into the SBF.

Surface profiles (P) were obtained with a contact 2D-
profilometer (Surftest SV5000, Mitutoyo, Japan) and rough-
ness profiles (R) were calculated by filtering P-profiles with
a Gaussian filter. A 0.8-mm “cut-off” value was applied for
filtering.

R, and P, a vertical and a horizontal surface-roughness
parameter, respectively, were calculated from the R-pro-
files with appropriate software (Surfpack™ v3.00, Mitutoy-
o, Japan), according to international standards (ISO4287:
1997).

Streaming potential

A streaming potential instrument (Electrokinetic Analyzer-
EKA©, Anton Paar, Austria) with an asymmetric clamping
cell was used to determine apparent Z-potential of the flat
surfaces ().

The “titration unit” allowed automatically-performed
series of measurements at a varied-pH solution. A 1-mM
KCI solution was used as electrolyte. The pressure ramp
was run up to a maximum pressure of 600-mbar. The elec-
trolyte solution was adjusted to a starting pH = 9.0, using
0.1M NaOH. The automatic titration was performed down
to pH = 3.0, adding 0.1M HCL

Statistics

t-Student tests were done with an appropriate software
(MinitabTM Release 13.1, Minitab) to evaluate the statisti-
cally significance of the differences between the roughness
mean-values obtained.

RESULTS
Bioactivity

Figure 1 shows the morphology of the different c.p.
Ti surfaces, before being immersed in SBF, without
and with thermochemical treatment (Ti, SI6, ALS6;
Ti-Bio; SI6-Bio, AL6-Bio).

The grit-blasted surfaces that were not thermo-
chemically treated (AL6, SI6) show a random non-
texturized roughness with parts of the grit particles
adhered on them (Fig. 1, centre- and right-up). Plastic
deformation produced during polishing can be seen
on Ti-surfaces (Fig. 1, left-up).

All the thermochemically-treated surfaces (Ti-Bio,
AL6-Bio, and SI6-Bio) show a skeletal nanoporous
structure that is superimposed on the microrough-
ness obtained with the previous treatment (blasting
or polishing) (Fig. 1, down). The parts of the grit
particles that remain on the blasted surfaces are also
totally, on SI6-Bio surfaces (Fig. 1, centre-down), or
partially, on AL6-Bio surfaces (Fig. 1, right-down),
covered by the nanoporous structure.

Figure 1-up also shows an example of GI-XRD for
each of the surfaces that were not thermochemically
treated. The three main maxima of these surfaces
correspond to titanium (JCPDS no. 44-1294). Rutile
maxima (JCPDS no. 21-1276) are also present in
some of these surfaces. Diffraction maxima corre-
sponding to either Al,O; or SiC were not detected at
the grit-blasted surfaces.

The GI-XRD of a Ti-Bio surface shows titanium and
rutile maxima as well as three more maxima that
correspond to two different sodium-titanate stoichio-
metries, Na,Ti50;; (JCPDS no. 11-0289) and NaTiO,
(JCPDS no. 16-0251) (Fig. 1, left-down). Sodium-
titanate and rutile maxima where not observed
when the X-ray diffraction patterns were performed
under Bragg-Brentano (theta-2 theta) conditions (not
shown), which confirms the superficial character of
these species. The GI-XRD patterns of AL6-Bio and
Sl6-Bio surfaces are also shown in Figure 1-down
(centre and right). The sodium-titanate maxima do
not appear so clearly as in Ti-Bio surfaces because
the significant roughness of these surfaces leads to a
pattern with a higher background.

During the 2-first days of immersion in SBF none
of the studied c.p. Ti surfaces show any crystalline
or cover growing on them. However, at day 3 some
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Figure 1. ESEM pictures and GI-XRD of Ti (left-up), SI6 (centre-up), AL6 (right-up), Ti-Bio (left-down), SI6-Bio (centre-
down), and AL6-Bio (right-down) surfaces. Ti, titanium; R, TiO,-rutile; N, Na,TisO;1; Ny, NaTiO,; SiC, SiC.

crystalline nuclei were detected by ESEM on the
AL6-Bio surfaces (Fig. 2). The nuclei were spherical-
like with 2-5 pm in diameter, formed by agglo-
merates of nanometric crystals. None of the other
surfaces showed this crystalline nucleation at day 3.
At day 4, the AL6-Bio surfaces were homoge-
nously covered with a continuous layer of crystalline
agglomerates (Fig. 3) of the type shown in Figure 2.

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

According to the GI- XRD of the Al,Os-blasted
and thermochemically treated surfaces (Fig. 3, right-
down), the wide and weak maxima around 26 =
30.5-33° and 26° are compatible with a poorly crys-
talline apatite (JCPDS no. 09-0432). Other relevant
result is that the layer of apatitic agglomerates re-
produces the original topography of the surface, pre-
serving the roughness at the micrometer level. A
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Figure 2. ESEM pictures showing crystalline (apatite) nuclei on the AL6-Bio surfaces after 3 days of immersion in SBF.

maximum corresponding to the remaining Al,O3-
particles (JCPDS no. 46-1212), that was not detected
in the patterns shown in Figure 1, could be detected
because of the higher number of counts obtained in
this GI-XRD pattern. Among all the other surfaces
neither crystalline nucleation nor covering after 4
days of immersion in SBF were observed.

At day 5, the Ti-Bio surfaces were also completely
covered by the apatitic layer (Fig. 4); whereas all the
other c.p. Ti surfaces, including the SI6-Bio, did not
have this covering.

9 pm
g S I P

Finally, at day 11 (Fig. 5), there were no changes
in all the different surfaces compared with day 5.
Consequently, the SI6-Bio surfaces, that is, SiC-
blasted and thermochemically-treated, inhibits the
growing of the apatite layer (Fig. 5, right). The GI-
XRD of these surfaces after 11 days in SBF is analo-
gous to that obtained before immersing them in SBF.

The GI- XRD patterns of Ti-Bio (Fig. 5, left) and
AL6-Bio surfaces (Fig. 5, centre), after 11 days in SBF
show maxima at 20 = 30.5-33° and 25.9°, which
confirms the apatitic nature of the layer.

T
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Figure 3. ESEM pictures showing a continuous and homogeneous crystalline (apatite) layer on the AL6-Bio surfaces after
4 days of immersion in SBF, including GI-XRD of these surfaces. Ti, titanium; A, apatite; Al,O3;, ALOs.
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Figure 4. ESEM picture showing a continuous and homo-
geneous crystalline (apatite) layer on a Ti-Bio surface after
5 days of immersion in SBF.

Roughness

Table I summarizes the results of surface rough-
ness. There are no statistically significant differences
between the values for c.p. Ti with or without ther-
mochemical treatment and the same previous surface
treatment.

APARICIO ET AL.

Moreover, there are no statistically significant
differences between the mean roughness parameters
of the different c.p. Ti surfaces before and after
11 days of immersion in SBF, except for the Ti-Bio
samples. Ti-Bio surfaces have a significantly higher
R, and a lower P. after 11 days in SBF.

Zeta-potential

Figure 6 shows the evolution of {-values depend-
ing on pH for Ti-Bio and AL6-Bio surfaces. The
higher the pH, the lower the {. The values and evo-
lution of ¢ is very similar for Ti-Bio and AL6-Bio up
to pH = 4. At higher pH, ( is significantly lower for
Ti-Bio than for AL6-Bio surfaces.

DISCUSSION

The thermochemical treatment produces a homoge-
neous skeletal nanoporous structure on the polished
as well as on the grit-blasted surfaces (Fig. 1, down).
According to the GI-XRD patterns, the nanoporous
structure is a sodium titanate in all the thermo-
chemically-treated surfaces (Fig. 1, down). Two
different stoichiometries of the titanate were detected;
Na,Ti50;1, which has been previously referenced by
Kokubo et al.® and NaTiO,, which has other rele-
vant maxima overlapped with some maxima of

T
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Figure 5. ESEM pictures and GI-XRD of Ti-Bio (left), AL6-Bio (centre), and SI6-Bio (right) surfaces after 11 days of
immersion in SBF. Note that the circled particle on the SI6-Bio surface is the same as in Figure 3 (down-left). Ti, titanium;

A, apatite; Al,O3, Al,O3; R, TiO,-rutile; SiC, SIC.
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TABLE I
Mean-Roughness Values of the Different c.p. Ti Surfaces, Before and After Being Immersed in SBF During 11 Days

Before Immersing in SBF

After 11 Days Immersed in SBF

R, += S.D. [um] P.*SD.[em™}] R, = S.D. [um] P.* SD.[em™}]
Ti 0.07 + 0.02 154.6 + 77.9 0.08 = 0.02 212.9 + 789
Ti-Bio 0.09 =+ 0.01 190.9 = 56.2 0.38 = 0.16 139.9 *+ 56.2
AL6 415 + 0.26 76.1 = 215 422 +0.31 81.1 + 125
AL6-Bio 423 +0.21 92.1 + 337 454 +0.33 753 = 224
Sl6 359 * 0.21 87.3 + 11.5 3.84 + 0.24 78.8 + 26.3
SI6-Bio 3.62 = 0.16 99.6 + 214 3.55 * 0.22 82.8 + 19.8

S.D., Standard deviation.

titanium and rutile. The intensity of the maxima of
the titanate is significantly lower in the blasted
surfaces because the roughness, in the range of R,
~ 4-5 pm (Table I), induces a higher background.
This is despite the GI- XRD of AL6-Bio and SI6-Bio
surfaces were obtained with a higher number of
counts per time-step, which confirms the superficial
character of the titanate.

After being immersed in SBF, the different c.p. Ti
surfaces have shown different responses. Whereas
most of the surfaces (Ti, AL6, SI6, and SI6-Bio) did
not show any change during the eleven days of the
study, the Ti-Bio and AL6-Bio have led to the
growing of a crystalline-apatite layer on them. How-
ever, the kinetics of the nucleation of the layer was
also different. The nucleation of the apatite on
AL6-Bio surfaces was detected after 3 days of
immersion in SBF (Fig. 2), and after 4 days the surfa-
ces were completely covered by the crystalline ag-
glomerates (Fig. 3), which are apatite, as confirmed
by GI-XRD (Fig. 3). The Ti-Bio surfaces were com-
pletely covered by the layer one day after, that is, at
day 5 (Fig. 4). The nucleation stage was not detected
in Ti-Bio surfaces, despite the use of ESEM, which
indicates that once the nucleation occurs the subse-
quent growing of the layer proceeds spontaneously
and rapidly. The crystals obtained are nanometric, as
confirmed and quantified by means of TEM by other
authors.'®"

Figure 5-left shows that the maximum at 26 =
25.9°, corresponding to the (00.2)-planes of apatite, is
the main one for Ti-Bio surfaces. However, apatites
have the main maxima at 20 = 31.8°, which corre-
sponds to their (21.1)-planes. Consequently, a (00.2)
preferential structural growing is obtained on Ti-Bio
surfaces. In the case of Al6-Bio there is also a clear
indication of the favored orientation of growing for
the (00.2)-planes because the ratio of the relative
strength of the apatite (0.02)-planes to the apatite
(21.1)-planes is about 0.9, whereas that of the stand-
ard apatite is 0.4 (JCPDS no. 09-0432) (Fig. 5, centre).
This can be done because of an epitaxial growing of
the apatite on the c.p. Ti by means of the matching

of the structure of crystal planes in c.p. Ti and the
apatite formed.?® It has been proposed that the struc-
ture of rutile (101) is matching to the structure of
apatite (00.4), which is parallel to the (00.2) crystal
plane structure.*!

The acceleration of the nucleation of the apatite
layer on the AL6-Bio surfaces can have different
causes, that is, because of (1) the particles, (2) the
roughness, or (3) the particles and the roughness. An
~15% of titanium surface covered by the remaining
alumina particles was previously determined."
Alumina, unlike titania, is positively charged when
immersed in SBF* because its isoelectric point
(IEP = 7.8) is higher than the pH of SBF (pH = 7.4).
Consequently, the alumina particles attached to the
AL6-Bio surfaces (Fig. 1, right-down) make these
surfaces less negatively charged in the SBF. This is
confirmed by the results of apparent zeta-potential
(Fig. 6), where, at pH = 7.4, { is approximately
—5 mV for AL6-Bio surfaces and —13 mV for Ti-Bio
surfaces. The negative charge on the thermochemi-
cally-treated surfaces is provided by the formation
of Ti-OH™ groups. These hydroxyl groups, according
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Figure 6. Apparent zeta-potential (§) versus pH for
Ti-Bio ([J) and AL6-Bio (A) surfaces.
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to Kokubo et al,* are needed in abundance to get
the formation on the treated surfaces of an amor-
phous calcium-titanate that eventually will combine
with phosphates to, finally, crystallize as apatite.
Consequently, the presence of the Al,Os-particles on
the surface is far from accelerating the nucleation of
the aptatite (bioactivity) on AL6-Bio surfaces.

However, the increased roughness at the microme-
ter level can explain this acceleration. It is known
that nanometric spaces of the organic matrix with
distributions of highly-negative charges are needed
for the nucleation of the biologic minerals, such as
apatite.** According to this, the skeletal nanoporous
structure of the sodium-titanate gives and ideal elec-
trostatic situation for the nucleation of the apatite.
Moreover, Wang et al.*> concluded that apatite nu-
cleation is favored in that parts of the surface where,
as a consequence of macroscopic geometric features,
ionic concentration on titanium surface is higher. All
these studies confirm that surface topography and
charge as well as the ionic concentration in the
solution nearest the metal surface influence apatite
nucleation. The AL6-Bio surfaces have a real surface
increased by both micro- and nano-roughness. The
nanoroughness provides the thermochemical-treated
surfaces with a signitificative amount of hydroxyl
groups, which are essential for apatite nucleation, as
explained before. Despite the roughness at the
micrometer level also should increase the amount of
hydroxyl groups because of the increased real sur-
face area, it is not enough to compensate the effect
of the attached Al,Os-particles on the net charge of
the surface (Fig. 6). However, ESEM pictures show
that the apatite nucleation on AL6-Bio was preferen-
tially at the concave parts of the microtopography
(Fig. 2). Concave parts not only are more reactive
(residual stresses are higher because these parts
directly receive the particle impacts) but also favor
the concentration of more negative surface-charges
and more ions from the solution because of their
morphology (V-shape). The mobility of the ions in
the SBF at the concave parts of the rough surfaces is
restricted because these parts provoke a well-effect,
and the V-shape of the concave parts significantly
concentrates the negative charges on the surround-
ings of their bottoms.

As a consequence of all these comments, the
acceleration of the nucleation of the apatite on the
AL6-Bio surfaces is attributed to the surface topo-
graphical changes at the micrometer level of these
blasted-rough c.p. Ti materials.

Not only the roughness but also the chemical
nature of the grit blasting particles can influence the
bioactivity of the blasted c.p. Ti surfaces because SI6-
Bio surfaces inhibits the growing of the apatite layer.
Taking into consideration that the only significant
difference between AL6-Bio and SI6-Bio surfaces

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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is the different surface chemical heterogeneity—
topography is quantitatively and qualitatively equiv-
alent (Fig. 1 and Table I)—the inhibition of the bio-
active behavior of the SiC-blasted surfaces may be a
consequence of the reaction of the particles with the
atmosphere of the furnace. As a result of this ex-
pected reaction, carbonates may form, which may
interfere or modify the electrostatic equilibriums
needed for the apatite nucleation. However, to
confirm it further studies should be performed.

It is important to note that others have studied the
mechanical properties of the titanate gel®® and the c.p.
Ti*” after the thermochemical treatment is performed.
Despite the atmosphere inside the furnace was not
controlled, the adherence of the titanate gel was
improved and the fatigue resistance of the metal,
which is the main mechanical property for its adequate
long-term performance, was not negatively affected.

Figure 5-left shows a new stage of nucleation on
an already-formed apatite layer. Moreover, the inten-
sity of the apatite maxima in the GI-XRD pattern of
AL6-Bio after 11 days of immersion in SBF (Fig. 5,
centre) is significantly higher than after 4 days in
SBF (Fig. 3). These two results confirm that the layer
of apatite both on Ti-Bio and on AL6-Bio increased
its thickness throughout the time of immersion in SBF.

This growing of the apatite layer has not modified
the original roughness of the rough and bioactive
surfaces. R, and P. have no statistically significant
differences before and after the growing of the
apatite layer (Table I). This result is important in
terms of the clinical goal of the surface treatment
applied on the c.p. Ti surfaces because the surface is
bioactive, as demonstrated here, and the surface also
have the microroughness for an optimal biological
response.'’ Consequently, these rough and bioactive
surfaces can get an adequate long-term osseointegra-
tion and a significantly enhanced short-term integra-
tion in the surrounding hard-tissues.

CONCLUSIONS

Grit blasting influences the bioactivity of the
thermochemically-treated c.p. Ti surfaces. The rough
and thermochemically treated Al,Os-blasted surfaces
(AL6-Bio) accelerate the bioactive apatite-layer for-
mation, whereas the rough and thermochemically-
treated SiC-blasted surfaces (SI6-Bio) inhibited the
bioactivity, compared with the well-studied polished
and thermochemically-treated c.p. Ti surfaces (Ti-Bio).

The concave parts of the microroughness that are
obtained during grit blasting provides to the rough
and bioactive surfaces with a chemical- and electro-
static-favored situation for apatite nucleation. As a
consequence, an earlier apatite nucleation is obtained
on these surfaces.



ACCELERATION OF APATITE NUCLEATION ON ROUGH BIOACTIVE Ti

This earlier nucleation may be related with a

significantly enhanced short-term integration in the
surrounding hard-tissues because the in vivo apatite-
layer formation will be accelerated and, consequently,
the osseointegration process will also be accelerated.

The authors acknowledge Dr. Ana Cordeiro and Prof.

Mario Barbosa from the Instituto Nacional de Engenharia
Biomédica in Porto, Portugal, for their help in the zeta-
potential measurements.
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