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ABSTRACT

Bioactive materials, able to induce hydroxyapatite precipitation in contact with body fluids, are of great
interest for their bone bonding capacity. . The aim of this paper is to compare bioactive materials with
different surface features to verify the mechanisms of action and the relationship with kinetics and type
of precipitated hydroxyapatite over time. Four different surface treatments for Ti/Ti6AI4V alloy and a
bioactive glass were selected and a different mechanism of bioactivity is supposed for each of them.
Apart from the conventional techniques (FESEM, XPS and EDX), less common characterizations (zeta po-
tential measurements on solid surfaces and FTIR chemical imaging) were applied. The results suggest that
the OH groups on the surface have several effects: the total number of the OH groups mainly affects hy-
drophilicity of surfaces, while the isoelectric points, surface charge and ions attraction mainly depend on
OH acidic/basic strength. Kinetics of hydroxyapatite precipitation is faster when it involves a mechanism
of ion exchange while it is slower when it is due to electrostatic effects . The electrostatic effect co-
operates with ion exchange and it speeds up kinetics of hydroxyapatite precipitation. Different bioactive
surfaces are able to differently induce precipitation of type A and B of hydroxyapatite, as well as different
degrees of crystallinity and carbonation.

Statement of significance

The bone is made of a ceramic phase (a specific type of hydroxyapatite), a network of collagen fibers
and the biological tissue. A strong bond of an orthopedic or dental implant with the bone is achieved by
bioactive materials where precipitation and growth of hydroxyapatite occurs on the implant surface start-
ing from the ions in the physiological fluids. Several bioactive materials are already known and used, but
their mechanism of action is not completely known and the type of precipitated hydroxyapatite not fully
investigated. In this work, bioactive titanium and bioglass surfaces are compared through conventional
and innovative methodologies. Different mechanisms of bioactivity are identified, with different kinet-
ics and the materials are able to induce precipitation of different types of hydroxyapatite, with different
degree of crystallinity and carbonation.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

as materials for bone regeneration. Their mechanism of bone bond-
ing is based on the formation of a surface layer of hydroxycar-

Bioactive materials, intended as able to induce hydroxyapatite bonate apatite (HCA), which mimics the chemical and crystallo-
precipitation in contact with body fluids, were widely investigated graphic characteristics of bone, which is almost two-thirds made
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by hydroxyapatite. Bioactivity, in terms of apatite formation ability,
is usually verified in vitro through immersion in Simulated Body
Fluid (SBF) [1] that means in absence of proteins and cells, while
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bone-bonding ability needs to be proved through in vivo models.
Zadpoor reviewed relationship between apatite formation in SBF
and in vivo bone bonding [2] and it appeared that about 3/4 of
the in vitro studies of apatite-forming ability successfully predicted
in vivo performance of the same materials. Adsorption of growth
factors and adhesion proteins (fibronectin, vitronectin etc.), which
concur to the formation of the hydroxyapatite layer, the biologi-
cal mechanism of bonding to bone. Besides this, the interaction of
a bioactive material with physiological fluids and tissues can re-
sult in several benefits, enhancing revascularization, osteoblast ad-
hesion, enzyme activity and differentiation of mesenchymal stem
cells [3]: this is why a great effort has been made in developing
bioactive glasses and titanium surfaces even through complex sur-
face treatments.

Currently, both bioactive glasses and surface-treated bioactive
titanium (or titanium alloys) are clinically used as bioactive bulk
materials or as fillers and coatings within composite structures.
Silicate bioactive glasses are based on the original glass devel-
oped by Larry Hench (Bioglass® [4]). Their bioactivity mechanism
consists of five steps observable in vitro. In the first step, cation
exchange from the glass network modifiers (Na* and Ca?t) and
H30*% from body fluid occurs, which leaves a poorly connected
silica rich layer (formation of silanol groups and silica gel layer
1-2 pum thick). This process results in an increase of the pH of
the solution due to the increasing number of the OH- ions that
is dependent on the glass composition. Then, amorphous calcium
hydroxyl phosphate precipitates on the silica rich layer (calcium
ions precipitation followed by incorporation of the OH"/PO,43" an-
ions from the supersaturated solution) and crystallizes to form
calcium-deficient HCA [5,6]. Hydroxyapatite formation is highly de-
pendent on the bioactive glass composition. The different compo-
sitions developed are able to release soluble ions (Si, Ca, P and Na)
to different extent from the glass surface and this affects bioac-
tivity mechanism, kinetics, intracellular and extracellular response.
Moreover, the properties of bioactive glasses have been modified
by doping with elements such as Cu, Zn, In, Ba, La, Y, Fe, Cr, and
Sr [7,8]. Currently, BonAlive® bioactive glass S53P4, TheraGlass),
45S5 Bioglass® (commercially developed under the trade name of
PerioGlas® by NovaBone), Cerabone®, Ceravital® are among the
most common bioactive glasses that reached commercial success
[9]. The bioactive glass selected for this work is a state-of-the-art
silica-based glass obtained by melt and quenching route. Its com-
position belongs to the class of 45S5 Bioglass®, modified for the
different proportion between the network former and modifier ox-
ides, as well as for the addition of small amount of B,03 and Al,03
to regulate reactivity, as reported in previous works [9,10,11].

Following the development of bioactive glasses, surface chemi-
cal treatments on Ti and Ti alloys were developed in order to in-
duce bioactive behavior on a metal surface. Several chemical and
heat treatments were applied to c.p. Ti and Ti-6Al-4V alloy and
described in the literature [12,13]. Bioactivity of some of these
materials ((NaOH-heat or NaOH-CaCl,-heat-water treatments) is
based on ion release and exchange with body fluids, while in other
cases (NaOH-HCl-heat and HF-H,0,) it is based on electrostatic ion
attraction.

Several properties of biological hydroxyapatite are of interest, as
comparison with HCA formed on bioactive materials [3]: the low
crystallinity, the crystal size smaller than 500 A, the calcium defi-
ciency structure, the non-stoichiometric phases, the large number
of lattice defects and the micro-stresses in the network due to the
presence of the carbonate groups. These stresses and defects play a
vital role in the solubility of hydroxyapatite. Biological hydroxyap-
atites are known as type B where carbonates substitute PO43" as a
result of dissolved CO, in the aqueous phosphate solution. On the
other side, synthetic hydroxyapatites are known as type A where
the carbonate ions substitute the OH- groups. Stoichiometry, acid-

ity and solubility of hydroxyapatites can be evaluated through the
Ca/P ratio. Higher Ca/P ratio yields lower acidity and solubility and
vice versa.

The aim of this research work is to compare the formation and
development over time of the HCA layer on a bioactive glass and
four different metal bioactive materials, which act through differ-
ent mechanisms, during in vitro soaking. The use of less common
investigation techniques, such as the bulk zeta potential measure-
ments (through electro-kinetic and electro-osmosis tests) and FTIR
chemical imaging were adopted in addition to the usual analyses.

2. Materials and methods
2.1. Sample preparation

1.1.1. Glass synthesis

A bioactive glass (BG) with the following molar composition:
48% Si0,, 18% Na,0, 30% Ca0O, 3% P,0s5, 0.43% B,03, 0.57% Al,03
was synthesized by means of the melt and quenching technique.
The preparation process of the glass has already been described
[10] and it is here briefly summarised. The reactants were mechan-
ically mixed and melted in a platinum crucible at 1450 °C for 1 h.
Afterward, the melt was cooled in a brass mould to obtain glass
bars, which were annealed at 500 °C for 13 h and cut in slices of
about 10x10x1,5 mm. Samples 13 x33 x 1 mm were prepared for
the electro-osmosis measurement of the zeta potential (see 2.3.3).
All the slices were then polished with SiC abrasive papers up to
1200 grit.

1.1.2. Surface Treatments of Ti and Ti-6Al-4V alloy

Pure Ti (ISO5832-2, Nilaco Co., Tokyo, Japan) and Ti-6Al-4V al-
loy (ASTM B348, Gr5Titanium Consulting and Trading, Buccinasco,
Italy) were cut into 10x 10 x 1 mm plates and abraded with #400
diamond plates, washed with acetone, 2-propanol and ultrapure
water in an ultrasonic cleaner for a period of 30 min, then dried
at 40 °C. The Ti and Ti-6Al-4V alloy samples were subjected to
the chemical and heat treatments according to previous reports
[13,14,15]. Briefly, Ti was soaked in a 5 M NaOH alkali solution at
60 °C, and subsequently in 50 mM HCI, then heat treated at 600
°C (denoted as Ti(A-HC-H). Some of Ti-6Al-4V alloy were soaked in
the same NaOH solution at 95°C, and subjected to the same heat
treatment (denoted as Ti64(A-H), or soaked in a 100 mM CaCl, so-
lution at 40 °C after the alkali treatment followed by the heat and
water treatment at 80 °C (denoted as Ti64(A-Ca-H-W). Other Ti-
6Al-4V alloy were as first surface etched in hydrofluoric acid to
remove the native oxide layer and then treated by controlled ox-
idation in hydrogen peroxide (denoted as Ti64(HF-H,0,). Samples
13 x33 x 1 mm were prepared for the electro-osmosis measure-
ment of the zeta potential (see 2.3.3); an increased volume of the
etching solutions was used proportionally to the surface area to be
treated.

2.2. Soaking in SBF

The samples (glass or titanium slices) were subjected to in vitro
bioactivity test by soaking them in 25 ml of simulated body fluid
(SBF-Kokubo [1]) maintained at 37 °C for 30 minutes, 1 and 3
days. The pH value of the solutions was monitored during SBF im-
mersion. In the case of the glass, the pH changes from 7.4 to 7.7
(£0.02) after 3 days. In the case of all the Ti and Ti6AI4V samples,
the pH remains in the 7.4-7.5 range for the whole soaking time.

After soaking, the samples were washed under a gentle flow of
ultrapure water (500 ml per sample) in order to remove the resid-
ual SBF compounds :
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2.3. Surface analysis

2.3.1. Scanning electron microscopy (FE-SEM) and energy dispersive
X-ray analysis (EDX)

The Ti and Ti alloy samples subjected to chemical and heat
treatments and the bioactive glass samples were observed both
through top and cross-sectional observations; the samples for
cross-sectional observation were broken by bending. The samples
were coated with a Pt-Pd thin film, then observed under field
emission scanning electron microscopy (FE-SEM: S-4300,Hitachi
Co., Tokyo, Japan) with a voltage of 15 kV. EDX analysis was per-
formed by an energy dispersive X-ray spectrometer (EDX: EMAX-
7000, Horiba Ltd., Kyoto, Japan) by using 9 kV with the resolution
of approximately 1 pm in spot size on the samples that have been
soaked in SBF for 3 days (in order to investigate nucleation and
evolution of hydroxyapatite) and subjected to carbon coating.

2.3.2. X-ray photoelectron spectroscopy (XPS)

The elemental surface chemical composition of the samples
(one per type) was analyzed by using X-ray photoelectron spec-
troscopy (XPS, PHI 5000 Versaprobe II, ULVAC-PHI, Inc., Kanagawa,
Japan). The XPS take-off angle was fixed at 45 degrees so that pho-
toelectrons to a depth of 1 to 5 nm from the surface are able to be
detected. An Al-K radiation line with energy resolution of below
0.5 eV was used as the X-ray source with step interval of 0.1 eV.
The calibration of the measured spectra was performed by refer-
ence to the C1s peak of the surfactant CH, groups on the substrate
occurring at 284.8 eV in binding energy.

2.3.3. Zeta potential measurements

An electro-kinetic analyzer (SurPASS, Anton Paar) has been em-
ployed for the zeta potential titration vs pH. The surface zeta po-
tential was determined in function of the pH in a 0.001 M KCI elec-
trolyte solution varying the solution pH by addition of 0.05M HCl
or 0.05M NaOH through the instrument automatic titration unit.
The acid and alkaline sides of the curve were obtained in two dif-
ferent steps on the same set of samples or on a different one, de-
pending on the surface reactivity, as discussed in the following. For
each pH value, 4 measurements were taken and an average value
reported with its standard deviation. The zeta potential was also
monitored as a function of time at the constant pH value of 7.4,
in this case diluted SBF (dropwise addition of SBF in water up to
the reaching of a pH value equal to 7.4 and at about 15 mS/m)
was used as electrolyte. 4 measurements were taken for each
time point and an average value was reported with its standard
deviation.

The zeta potential was also measured through an electro-
osmosis method. Samples were set in a glass cell of a zeta po-
tential and particle size analyzer (model ELS-Z1, Otsuka Electronics
Co., Japan). The glass cell was filled with a 1 ml of a 10 mM NaCl
solution dispersed with monitoring particles of polystyrene latex
(size = 500 nm) that are coated by hydroxyl propyl cellulose. The
zeta potentials of the samples were measured under an applied
voltage of 40 V. The measurement was repeated on five different
samples and the averaged values were used. The measurements on
Ti64 alloys were incapable because of high electrical conductive
feature of the surfaces formed on the alloys. The leak of electric
current was confirmed by comparing an electrical resistance of the
system (cell constant) with the alloy samples to that obtained with
a platinum plate which is an electrical conductive material due to
lack of a native oxides on its surface. The cell constants of the sys-
tem with the alloy samples were found to be around 30: this value
is close to 27 which is the value obtained with the platinum plate.
This indicates that the electric current leaked off through the alloy
substrates. In contrast, the cell constants of the system with the

treated cp-Ti and bioactive glass samples were 58 and 66, respec-
tively: this indicates a little or almost no leak of electric current
during the measurements. The high electrical conductivity of the
alloy surfaces is probably due to the alloying elements such as V.
It is well known that titanium oxides are electrical insulating, but
increase their electrical conductivity by the presence of traces of
metal ions [16,17].

2.3.4. Fourier Transform Infrared Spectroscopy

Spectral images were carried out by means of a Perkin Elmer
Spectrum Spotlight 300 FT-IR Imaging System, using the “point”
mode of the instrument. For each sample, an area of 1 mm x 1
mm was analysed and an IR image was produced using a liquid
nitrogen cooled, 16-pixel mercury cadmium telluride (MCT-A) line
detector. An absorbance spectrum was recorded for each pixel in
the pnATR mode. The specific areas of interest were identified by
means of the optical microscope, the ATR objective (Ge, less than
1 pm depth) was touched on the sample, the spectra generated
from the surface layers of the sample were collected, and IR spec-
tral images were produced. The spotlight software (PerkinElmer,
Norwalk, CT) used for the acquisition was also used to pre-process
the spectra. All spectra were recorded in the mid infrared region
(4000-750 cm™) at 16 scans per pixel; the spectral resolution was
4 cm!; the spatial resolution was 100 x 100 pm. The recorded
spectral maps were elaborated using the software of the instru-
ment to obtain a correlation map and a band absorbance ratio.
The acquired chemical map was used to obtain the average spec-
trum, which is the most representative spectrum of the chemical
map. Band ratio analysis is commonly used for quantification in
infrared spectroscopy. This involves the measurement of either the
peak absorbance or the band area of an internal reference, with
respect to the corresponding values of a band of interest. In the
present paper, ratio band between a carbonate contribution (nu-
merator, 1635-1335 cm™!) and a phosphate contribution (denomi-
nator, 1171-901 cm™!) was measured to evaluate the degree of car-
bonation by using an area-based method [18].

2.4. Statistical analysis

All the data from FE-SEM pictures, such as measurements of
pore sizes and thickness of the oxide layers, were performed by
averaging 15 measurements for each specimen.

Concerning FTIR chemical imaging, a statistical analysis was
performed by Principal Component Analysis (PCA). This is a power-
ful method for the analysis of large spectral data sets. It represents
the spectra in data groupings of similar multi-parameter variabil-
ity and allows the identification and differentiation of dissimilar
spectral groups, such as e.g. data sets corresponding to different
samples or regions of samples. The scatter plots were exploited to
identify the clusters of data more significantly associated to hy-
droxyapatite deposition. The Spotlight software was used to evalu-
ate the presence and distribution of the different components and
to obtain the chemical and correlation maps.

3. Results

The features of the as-prepared surfaces were characterized and
compared: the data are reported in Sections 3.1-3.4. The surface
features of the investigated materials are summarized in Table 1
for a better comparison and easier correlation to their properties.

Nucleation of hydroxyapatite was investigated during the first
30 min of soaking in SBF by measurement of the electro-kinetic
zeta potential vs time at the physiological pH in a diluted SBF so-
lution (Section 3.5) and after 30 min of soaking by FTIR chemical
imaging analysis (Section 3.6) and XPS (Section 3.7). The hydrox-
yapatite further evolution was analyzed after 1 day of soaking (the



S. Ferraris, S. Yamaguchi and N. Barbani et al./Acta Biomaterialia 102 (2020) 468-480

Table 1
Summary of the surface features of the investigated materials.

471

Morphology  Thickness of Characteristic ~ Surface chemistry IE Hydrophilicity
the oxide layer element(s) on
[micron] the surface 0% [%] (OH), (OH),
Ti(A-HC-H) Nanoporous  1.2-1.6 - 91 2% weak 7% strong 5.6 Affected by +
(larger than strong (OH),
200 nm)
Ti64(A-H) Na 85 11% Not specific 4% very weak 3.5 Limited effect of  +
(OH),
Ti64(A-Ca-H-W) Ca 77 20%  very weak 3% very weak 3.8 Not affected by ++ Affected by the
(OH), high total amount of
OH
Ti64(HF-H,0,)  Nanoporous 0.4 - 30 56% strong 14% weak 2 Affected by strong  ++ Affected by the
(100 nm) (OH), high total amount of
OH
BG Flat - Ca/Na 90 10% (strong acidic + weak basic) 3.1 Affected by +

strong (OH),

Ipm
I — 3

Ti(A-HC-H) Ti64(A-H)

FTIR and XPS data are reported in Sections 3.6-3.7) and 3 days of
soaking (the FE-SEM and EDX data are reported the in Section 3.8).

3.1. Morphology of the surface of the as prepared samples

All the Ti based treated surfaces are characterized by a surface
layer with a porous morphology on the nanoscale while the glass
has a smooth surface (Fig. 1a - top view of the samples). Poros-
ity of Ti64(HF-H,0,) is on a smaller scale than the other Ti based
treated surfaces, with an average pore diameter lower than 100 nm
instead of 100-200 nm in the case of Ti64(A-H) and higher than
200 nm in the case of Ti(A-HC-H) and Ti64(A-Ca-H-W)).

The thickness of the surface treated layer (Fig. 1b - cross-
sectional view of the samples) is below 500 nm in the case of
Ti64(HF-H,0,), which is only chemically treated, while it is above
1 micron for the other Ti samples which are both chemically and

Ti64(A-Ca-H-W)

j[ layer,
£400]nm|

DI mll lrlz y
Ti6A|4V On l.nbk
Ti64(HF-H,0,)

Fig. 1. FE-SEM top (a) and cross-sectional (b) view of the as-prepared samples.

BG

heat treated (Ti(A-HC-H) - Ti64(AH)-Ti64(A-Ca-H-W)). The mor-
phology of the surface layers across the thickness is highly porous
and shaped like filaments in the case of Ti64(A-H), Ti(A-HC-H) and
Ti64(A-Ca-H-W), while it is much more dense on Ti64(HF-H,0,).

3.2. XPS analysis of the as prepared samples

Fig. 2a shows the results of the XPS quantitative analysis on the
as-prepared samples.

As expected, the oxide layer of Ti(A-HC-H) and Ti64(HF-H,0,)
is only composed of Ti and O, whereas Ti64(A-H) and Ti64(A-Ca-
H-W) contain some amount of Na and Ca, respectively. It should be
noted that some amount of the alloying elements (Al and V) were
detected on Ti64(A-H) and Ti64(A-Ca-H-W) and a larger amount of
Al was detected on Ti64(HF-H,0,).
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or acidic Ti-OH in aqueous solution

Fig. 2. XPS data of the as-prepared surfaces. (a) surface composition from survey spectra; (b) fitting profile of the oxygen region; - means not measured.

In the case of BG, the elements are detected in a ratio matching
the nominal glass composition; B is present in the glass, but its
amount cannot be exactly evaluated by XPS and it is not reported.

The profile analysis of the O1s signals is shown in Fig. 2b.

In the case of the Ti based materials, the oxygen signal can be
decomposed into three contributions around 530, 531 and 532 eV
which are respectively attributed to Ti-O, the acidic Ti-OH groups
(denoted as (OH),) and the basic Ti-OH groups (denoted as (OH);,)
[19]. The (OH), groups are bridging and they become negatively
charged by releasing H* in basic aqueous solutions, while the
(OH),, are terminal groups and they become positively charged by
accepting H* in acidic aqueous solutions as shown in Fig. 2 (right
corner) [20].

On Ti(A-HC-H), the (OH),/Ti-O ratio is 0.019 and it is signifi-
cantly lower than the (OH),/Ti-O ratio (that is 0.075): a preva-
lence of the basic OH groups with respect to the acidic ones char-
acterizes this surface. In contrast, (OH),/Ti-O becomes greater on
Ti64(A-H), Ti64(A-Ca-H-W) and Ti64(HF-H,0,): respectively: 0.132,
0.263, 1.855.

In the case of BG, three contributions to the oxygen peak are
found according to the literature [21]: two related to the oxide and
one to the OH groups. The ratio of Si-OH to oxide (Si-O and SiO")
was found to be 0.105 on BG.

These data are summarized as percentage values in Table 1.

3.3. Electro-kinetic titration curves of the as prepared surface layers

The titration curves (Fig. 3) are obtained by testing as first the
basic range and then the acidic one, starting in both cases from pH
5.5. The point of boundary between the basic and acidic ranges of
each curve (that is the starting point of the two measurements) is
marked on the figure: a significant step of the curve at this point

(higher than 15 mV), as well as high standard deviation of the zeta
potential in the curve (higher than 0.5-1 mV as usually registered)
evidence that the material is not stable during the measurement
and some reactions occurred. No relevant step and unusual stan-
dard deviation was observed in the case of the Ti based treated
surfaces: the oxide layer has in all cases a passive behavior and
good resistance to corrosion. On the other side, it was observed in
the case of BG and untreated Ti6Al4V an increased standard devi-
ation (3-4 mV) in the basic range due to the reactivity of these
materials in the basic environment. In these cases, the reported
curves were obtained by using different sets of specimens for the
acidic and basic ranges in order to test in both the ranges the as-
prepared surface. The reported curve of BG evidences the reactivity
of the material at a pH higher than 8 with a change in the slope
of the curve.

The isoelectric point of a surface is related to the balance be-
tween the functional groups with acidic and/or basic behavior in
contact with a solution; it is around 3.7-4.1 for the untreated Ti
and Ti6Al4V alloy, which is what expected for surfaces almost free
from charged functional groups or with a balanced effect of them.

The isoelectric point moves to a higher pH value in the case
of the Ti(A-HC-H) sample (IE = 5.6), proving the prevalence of ba-
sic functional groups on this treated surface; this is in agreement
with XPS data where a prevalence of the basic OH groups on the
acidic ones was detected. The effect of the relative number of
the OH groups with respect to the 02" specie will be discussed in
the following.

On the contrary, the isoelectric point is shifted toward a lower
pH value in the case of Ti64(HF-H,0,) (IE~2), revealing the preva-
lence of the acidic groups on this surface, in agreement with the
XPS data. In this case, the IE value must be obtained by interpo-
lation because the instrument cannot reach such a low pH value.
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20
g — Ti untreated
10 N S --=Ti6Al4V untreated
PSS N ® boundary of basic-acid curves
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--BG

10 @ boundary of basic-acid curves

pH

-50
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Fig. 3. Electro-kinetic zeta potential titration curves of the as-prepared surfaces; the curves of the un-treated Ti and Ti6Al4V alloy are reported as reference.

Similarly, BG has a low value of IP (IE = 3.1) revealing the acidic
character of the OH groups detected by XPS. As last, a similar ef-
fect, occurs on Ti64(A-H), but the shift toward the acid values of
the IE is lower (IE = 3.5).

The isoelectric point of the Ti64(A-Ca-H-W) sample does not
significantly change with respect to the un-treated substrate
(IE = 3.8), even if a significant number of OH groups (mainly
acidic) was detected by XPS on these samples: the explanation of
this effect will be discussed later.

Looking at the shape of the titration curves, Ti64(HF-H,0,)
clearly has a plateau in the basic range with onset at pH 4.5. This
phenomenon reveals that all the acidic OH groups on this material
act like an acid with a specific acidic strength; considering that the
onset of the plateau is the minimum pH value at which they are
completely deprotonated, that is a significantly low value in this
case, the acidic OH groups on this surface act as a strong acid.

Similarly, BG has a plateau with onset at pH = 5.5. It can be
deduced that even if these groups are in low number on the sur-
face (XPS data) they have a great effect on the surface charge of
the material (according to the significant shift of the IE) because
of their strong acidic strength. BG and Ti64(HF-H,0,) show also a
plateau at the very low pH values: this is related to the presence
of the basic OH groups with a weak basic strength (detectable only
at very low pH).

The curve of the sample Ti64(A-H) has a change of slope around
pH 5.5, but in this case a real plateau with a constant zeta poten-
tial value is not reached. It can be supposed that some OH groups
with high acidic strength are present, but actually they have not
a specific acidic strength, so they are not completely deprotonated
at the same pH value. This explanation is in agreement with the
previously reported low effect on IE.

Ti(A-HC-H) clearly evidences the presence of a single type of
basic functional groups with an evident plateau in the acidic range:
the surface has a positive surface charge at a pH lower than 5.6
and all the basic functional groups are completely protonated at a
pH lower than 3.5, with a strong basic behavior. Again, the strong
chemical behavior of these basic groups can explain the shift of the
IE of this surface even if they are in a low number (XPS data). This
behavior is in agreement with the consistent presence of anatase
on this surface [14]: pure anatase, in fact, has an IE point higher
than rutile (6.2 with respect to 5.3) with a prevalence of the basic
OH groups [22]. On the other side, no effective plateau is observed
in the acidic range, even if a change of slope is observed, proba-
bly because the acidic OH groups are weak and without a single
specific acidic strength on this surface.

The curve of Ti64(A-Ca-H-W) shows and almost linear trend
without any evident plateau: it means that even if the functional
groups are exposed on the surface (as evidenced by XPS), they are
too weak to react within the explored pH range and this explain
the absence of an effect on the IE value.

It can be observed that Ti64(HF-H,0,) and Ti64(A-Ca-H-W)
have a lower slope of the curves than the other materials: this ef-
fect is related to surface hydrophilicity as discussed in Section 4.

3.4. Electro-osmosis zeta potential measurements of the as prepared
surface layers

The electro-osmosis zeta potential measurements were per-
formed in order to get complementary information at the physi-
ological pH. In fact, the electro-kinetic technique makes measure-
ments with a consistent flux of fluid (600 ml), while electro-
osmosis measurement is made in presence of a fluid micro-
environment (1 ml) at the physiological pH (7.0-7.4).

Ti(A-HC-H) showed positive surface charge under this condition
(+8.5 mV).

The zeta potential of BG was measured as -17.8 mV that is a
less negative value than that of the electro-kinetic zeta potential
measurement confirming that this type of measurement is affected
by local release of ions and the results of these two techniques
cannot be directly compared.

As explained in the Materials section, the measurements on
Ti64 alloys were incapable, but in these cases no specific surface
charge difference was expected in a microenvironment, as dis-
cussed in section 4.

3.5. Electro-kinetic zeta potential vs time at the physiological pH
(diluted SBF solution)

Nucleation of hydroxyapatite can be monitored by following the
change in surface charge during the first minutes of soaking in SBF,
this is the reason why the electro-kinetic zeta potential was mea-
sured vs time in a diluted SBF solution for 30 min (Fig. 4). A con-
stant lowering of the zeta potential of about 5 mV with respect to
the values registered at pH 7.4 in diluted KCI is observed for all
the curves. This effect was observed also on a Ti sample coated
by a thin Pt film used as a model of an inert surface (un-reported
data) and is related to the different ionic strength of the solutions.

An evident shift of the zeta potential toward less negative val-
ues (+17 mV) occurs during the test on BG, evidencing the high
reactivity and fast ion exchange of this material. The increment
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of the surface charge can be explained by considering the release
of Na* ions and adsorption of Ca?* jons from SBF. In this case,
a slight increment of the pH (+0.4) was also observed during
the measurements according to adsorption of H30* ions on the
surface.

The Ti based treated surfaces show a higher surface charge with
respect to the untreated substrate according to the formation of
an oxide layer during the surface treatments, but no evident incre-
ment is observed during the measurement. Only, Ti64(A-H) shows
a slight increment (+3 mV) of the zeta potential according to the
ion exchange mechanism close to that of BG (release of Na*).

3.6. FTIR chemical imaging analysis

FTIR Chemical Imaging analysis was performed on the different
materials in order to investigate the nucleation (after 30 min of
soaking in SBF) and first evolution (after 1 day of soaking in SBF)
of apatite. The as-prepared surfaces for all samples were analyzed
as reference and all data are reported in this section for a better
comparison (Fig. 5 a-k).

The spectra acquired from the surfaces of the Ti-based materi-
als showed a band at 1190 cm™! assigned to the Ti-O bonds [23].
The as-prepared Ti(A-HC-H), Ti64(A-Ca-H-W) and Ti64(HF-H,0,)
samples showed a chemical image characterized by a broad band
in the range 3500-3300 cm™! associated to the OH stretching vi-
bration frequency [24]. This band appeared particularly intense in
the Ti64(HF-H,0,) sample indicating the presence of the hydroxyl
groups and water molecules on the surface. The presence of wa-
ter was also confirmed by the peak at 1630-1640 cm™! that can be
assigned to the H-O-H bending vibrations of water as well as of
Ti-OH.

Concerning the as-prepared BG sample, the characteristic peak
of the chemical map showed a band at 896 cm™! with a shoulder
at 993 cm! due to Si-O bonds and two weak absorption bands at
1605 cm™! and 1423 cm'! attributable to the presence of an amor-
phous phase (Fig. 5e).

In the spectra of the Ti64(A-H) (Fig. 5a) and BG (Fig. 5e) sam-
ples, it is evident a small peak at about 900 cm™! due to the
stretching vibration of the Ti-O bonds involving a non-bridging
oxygen coordinated with the sodium ions (results in agreement
with XPS analysis [25].

The optical image of Ti64(A-H) soaked for 30 min showed the
presence of an amorphous material which covered only partially

the surface (Fig. 5b), the spectra acquired on this surface showed
the deposition of a thin layer of carbonate (1420 cm™!) and acidic
phosphate (1136 cm™!) (Fig. 5¢). The correlation map gave values
close to 1 only in some areas of the analyzed surface confirming
the result of the optical image (Fig. 5d).

The optical image of BG soaked for 30 min pointed out the
presence of an amorphous material on the surface (Fig. 5f). Two
kinds of spectra were acquired on different points of the surface
that differed in the intensity of the broad peak in the range 3000-
3600 cm™!; all spectra showed the presence of carbonates at 1560-
1430 cm!, acidic phosphates at 1180 cm!, phosphate at 1040 cm!
and silica at 895 cm™! (Fig. 5g). The values of correlation map con-
firmed a good homogeneity of the amorphous material on the sur-
face (Fig. 5h).

The spectra acquired from the chemical maps of Ti(A-HC-H) and
Ti64(A-Ca-H-W) soaked for 30 min did not detect the presence
of hydroxyapatite precursors to the titanium surface (Fig. 5i-j).
Ti64(HF-H,0,) showed a small absorption at 1425 cm! that could
indicate an early deposition of the carbonate species (Fig. 5k).
These results seem to indicate that BG surface favors the deposi-
tion of HA lattice already after the first minutes of soaking in SBF,
if compared to the Ti-based samples, independently from the sur-
face treatment.

In Fig. 6 a-o, the spectra acquired from the chemical maps of
the samples Ti(A-HC-H), Ti64(A-H), Ti64(A-Ca-H-W) and BG soaked
for 1 day showed the characteristic bands related to adsorbed wa-
ter, the phosphate and carbonate species. The correlation maps, ob-
tained from the chemical maps, showed values close to 1 for all
the surfaces analyzed indicating a good chemical homogeneity.

After 1 day of soaking, Ti(A-HC-H) appears to be covered by a
homogeneous layer of apatite. The statistical analysis carried out
by PCA shows a spectral variability mainly characterized by two
zones that differ in the intensity of the spectra. The FI-IR spectra
obtained from the chemical map showed a broad peak in the range
3000-3600 cm! corresponding to water and a peak at 1640 cm!
attributed to water associated with HA. It is also present a small
band at around 3700 cm™! due to the OH- ions. The bands related
to the carbonate species were identified at 1480 cm™!, 1455 cm!
and 1413 cm™! and 873 cm!. In the spectra, the typical band at
about 1020 cm! due to v5 stretching vibration of PO43- was also
evident (Fig. 6k).

Analogously, on Ti64(A-H) soaked for 1 day, a homogeneous
layer of hydroxyapatite covered the surface. The statistical analysis
carried out by PCA showed a coated surface (98%), with a material
having the same spectral characteristics of the Ti(A-HC-H) sample
(Fig. 6g).

Also, on Ti64(A-Ca-H-W) soaked for 1 day, a layer of hydrox-
yapatite covered the surface. The PCA showed a spectral variabil-
ity mainly characterized by two zones that differ for the spectral
intensity. In this sample, it was observed the carbonate bands at
1570 cm!, 1480 cm!, 1455 cm™' and 1416 cm™! and also a de-
crease of the band at 873 cm™'. The presence of an absorption
band at 1480 cm™! could indicate the presence of carbonate in the
amorphous phase. Spectral data showed a shift of the phosphate
band towards higher frequencies (1025 cm™) indicating a higher
degree of crystallinity of the material (Fig. 6m). The surface of the
BG sample appeared covered of hydroxyapatite. The PCA analysis
allowed the identification of two areas characterized by spectral
variability. The red zone (42%) showed absorption bands, related
to the carbonate vibrations, at 1564-1420 cm™! with two shoul-
ders at 1480 cm™! and at 1455 cm™!, a small band at 873 cm !
and an absorption band due to the phosphates at 1017 cm™!. The
green zone (57%) was characterized by a significant reduction both
of the carbonate bands and of the broad band at 3000-3600 cm™!.
In these spectra it was observed a shift of phosphate absorption to-
wards 1030 cm™! indicating a greater crystallinity of hydroxyapatite



S. Ferraris, S. Yamaguchi and N. Barbani et al./Acta Biomaterialia 102 (2020) 468-480

475

a Ti64(A'H) b ~ C 1.000
ke 1420 -y =
1630
1136 400 .
\\/\’\/\,Vw- \ 1 0.745
‘\/J | e 200 1 0.657
\ o
‘\L"" T g 0572
= ‘ L N 8 9
X & \ U,!\ o v o | 0.487
\ = 200 0.406
i 1 \ 1 0.317
\I -400 0232
- [ oo . — 4000 1500 7\52 0 _5021110 0 550.0 .
2000 1500 752.0 2000 - -250. . .
Wavenumber Micrometers Wavenumber Micrometers
e BG f 500 %00
P— T ’ e — @ 0.906
e i 400
. 896 0817
4 200 4 0731
5]
Q 0637
E ke S o) S
L S =4 0.548
) e @ ‘
E 0.450
o .
\ 0.372
993 \ ( -400 0.279
I
un-soaked U 500,0 0 500,0 -500 0.189
2000 1500 752.0 4000 2000 1500 wep 20D 550.0 | .0,
Wavenumber Micrometers Wavenumber Micrometers
aa I | k
Ti(A-HC-H) %! Tie4(A-Ca-HW) L, Ti64(HF-H,0,)
1630 1190 1190
74 1630 q190 A 2630
\\ 1425
e — 70 -
° R \\/ = 75 3\
70 o /\'u l\\ N
K,\\_\" (\
64 \ 2
66 . /s
! "\
62.2 57.9 58.9 , : —
4000 2000 1500 752.0 4000 2000 1500 752.0 4000 2000 1500 752.0
Wavenumber Wavenumber Wavenumber

Fig. 5. FTIR Chemical Imaging. Ti64(A-H) sample (a) as-prepared (spectrum), (b-d)
i

soaked for 30 min (optical image, spectrum, correlation map); BG sample (e) as-prepared,

(f-h) soaked for 30 min (optical image, spectrum, correlation map); Ti(A-HC-H), Ti64(A-Ca-H-W) and Ti64(HF-H,0,) samples soaked for 30 min (i-k) (spectrum).

(Fig. 60). In the literature, the carbonate bands, at about 1546 cm!
(asymmetric stretch v3) and 880 (v3 CO32") cm™!, can be used to
identify the type A carbonate replacement (COs substituting OH)
while the presence of the peaks at 1415-1460 (v3 CO32" ) and 873
(v, CO3% ) showed the formation of type B hydroxyapatite (CO3
substituting POy4) [26].

The spectra obtained from the chemical image of Ti64(HF-
H,0,) soaked for 1 day showed no significant changes compared to
those obtained for the other samples soaked for 30 min, except for
two small absorption at 1425 cm™! and 1065 cm!. This indicates a
slowdown in the deposition of HA for this sample (Fig. 6n). On the
basis of the carbonate band, the hydroxyapatite lattice on the sur-
face of Ti(A-HC-H) and Ti64(A-H) can be identified as carbonated
non-stoichiometric HA with prevalent replacement of type B [27].
In the samples Ti64(A-Ca-H-W) and BG, the material deposited on

the surface can be identified as carbonated non-stoichiometric hy-
droxyapatite with replacement of type A-B.

The chemical map as a function of the band ratio was car-
ried out in view of the carbonation quantification for the samples
soaked for 1 day. The chemical maps, as a function of the band
ratio, showed variability in the R values. In Table 2, R values and
wt.% of carbonate for all the samples were reported.

All the maps show variability in the band ratio indicating a
non-homogeneous carbonation degree at level of the sample sur-
face. In addition, where the R value is lowest and consequently
the carbonation degree is decreased, the crystallinity of HA ma-
terial tends to increase, as reported in the literature [26]. The wt%
of carbonate in the analyzed samples resulted from 2.4-5.8 wt%,
in accordance with the values reported in the literature in a range
of 3 to 8 wt% which corresponds to the carbonate content of the
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Table 2

Band ratio values between carbonates (1600-1335 cm™') and phosphates (1171-901 cm') and weight percent-
age of carbonate on the samples soaked for 1 day.

Samples soaked Ratio band v3; CO3/ v3 PO4 and percentage of carbonate
for 1
or 1 day Rinax Wt % CO5 Vs PO, R wt % CO; Vs PO,
Ti(A-HC-H) 0.13 3.8 1020 cm™! 0.12 35 1020 cm™
Ti64(A-H) 0.19 5.5 1020 cm™! 0.14 4.1 1020 cm™
Ti64(A-Ca-H-W) 0.16 4.7 1020 cm™! 0.10 2.9 1025 cm™!
BG 0.20 5.8 1020 cm™! 0.08 2.4 1030 cm™!
Table 3
XPS data of the samples after soaking. surface composition from survey spectra (soaking for 30 min and 1 day).
Sample Element/at. %
o] Ti Na Ca P Al v Si
Ti(A-HC-H) 30min SBF 65.9 33.6 - 0.0 0.5 - - -
Ti(A-HC-H) 1day SBF 66.0 0.5 - 19.6 139 - - -
Ti64(A-H) 30min SBF 59.6 26.5 12.7 1.2 0.0 0.0 0.0 -
Ti64(A-H) 1day SBF 64.3 0.3 0.5 20.2 14.7 0.0 0.0 -
Ti64(A-Ca-H-W) 30min SBF 65.3 29.9 - 4.8 0.0 0.0 0.0 -
Ti64(A-Ca-H-W) 1day SBF 65.4 6.3 - 17.0 11.3 0.0 0.0 -
Ti64(HF-H,0,) 30min SBF 74.0 21.6 - 1.6 0.1 2.7 - -
Ti64(HF-H,0,) 1day SBF 73.9 20.1 - 2.1 1.4 2.5 - -
BG 30min SBF 69.0 - 5.0 14 0.3 1.5 - 22.8
BG 1day SBF 67.0 - 0.4 18.1 12.6 0.0 - 1.9

biological hydroxyapatite of most human hard tissues, with a nucleation) and 1 day (for investigation of hydroxyapatite first

prevalent type B substitution as well as a mixed Type A-B sub- evolution).

stitution [18]. It can be seen that phosphorous is initially enriched on the sur-
face of Ti(A-HC-H) during the soaking (30 min), as the result of a

3.7. XPS analysis of the soaked samples competition with the calcium ions.

In contrast, the calcium ions were initially adsorbed on the
Table 3 shows the XPS quantitative analysis on the samples surfaces of Ti64(A-H), Ti64(A-Ca-H-W), Ti64(HF-H,0,) and BG (30
soaked in SBF for 30 min (for investigation of hydroxyapatite min). In the case of Ti64(A-H), a progressive reduction of Na on the
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IS CAT
Ti64(A-H) Ti64 Ti64 BG
(A-Ca-H-W) (HF-H,0,)
Element/at. %

Sample K K

o Ti Na Mg Ca P Al vV Si

Ti(A-HC-H) 71.39 394 035 0.65 13.1010.57 - - -

Ti64(A-H) 67.38 6.66 1.32 0.57 13.3210.21 0.29 0.25 -

Ti64(A-Ca-H-W) 76.36 0.26 0.38 0.56 12.49 9.92 0.00 0.04 -
Ti64(HF-H202) 63.27 30.51 0.11 0.12 0.55 0.44 4.27 0.74 -
BG 77.01 - 0.52 0.41 12.03 8.89 0.01 0.06 1.07
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Fig. 7. (a) Cross-sectional view of the different samples after soaking in SBF for 3 days; (b) EDX analysis of the point marked with an asterisk of the different samples after

soaking in SBF for 3 days.

surface is observed moving from the as-prepared sample (Fig. 2a)
to the soaked ones for 30 min and 1 day (Table 3).

After 1 day of soaking, P and Ca are detected on Ti(A-HC-H),
Ti64(A-H), Ti64(A-Ca-H-W) and BG in a comparable amount and
ratio (Ca/P = 1.4-1.5), while the elements of the substrates (Ti or
Si) are hardly detected. A higher elemental contribution related to
the substrate is detected only in the case of Ti64(A-Ca-H-W). In the
case of Ti64(HF-H,0,), the development of calcium phosphate on
the surface after 1 day of soaking is quite lower than on the other
surfaces: Ca and P are present in a low amount, even if their ratio
is analogous to the other surfaces, while the amount of Ti is high.

3.8. Cross-sectional observation and EDX analysis after 3 days of
soaking

The further evolution of the hydroxyapatite formation on the
different samples was investigated after 3 days of soaking in SBF
by a cross-sectional observation of the samples and EDX analy-
sis of their top-surface. This type of analysis was selected because
XPS has not an adequate penetration depth when a thick layer of
hydroxyapatite (about 1 micron) is on the surface; on the other
side, EDX is not effective in order to analyze nucleation and first
evolution of hydroxyapatite (such as after 1 day of soaking) be-
cause of its high penetration depth (around 1 micron below the
surface). The results are reported in Fig. 7. A continuous layer of
apatite, about 1 micron thick, is formed on the samples Ti(A-HC-
H), Ti64(A-H),Ti64(A-Ca-H-W) and BG; the contribution to the sur-
face elemental composition from the substrate is quite limited in
all these cases. On the other side, Ca and P are detected by EDX on
Ti64(HF-H,0,), but a layer of hydroxyapatite cannot be observed.
On BG, a layer of silica gel about 10 pm thick is also observed be-
low apatite, as expected.

4. Discussion

Different bioactive materials are investigated in this research
work in order to compare the hydroxyapatite nucleation and evo-
lution on materials with different surface features and to verify the
supposed mechanisms of bioactivity.

Ti was used as a substrate in the case of Ti(A-HC-H) while
Ti6Al4V was used for Ti64(A-H), Ti64(A-Ca-H-W) and Ti64(HF-

H,0,) according to the literature [13-15]. The use of different sub-
strates is due to their different corrosion resistance which affects
the ability to form titanium oxide layers through the different
chemical etching procedures. Once the titanium oxide layers are
formed, the mechanism of hydroxyapatite precipitation is not re-
lated to the type of substrate and this difference does not affect
the comparison.

In the case of Ti(A-HC-H) and Ti64(HF-H,0,), the bioactivity
mechanism is supposed to be based on the presence of a specific
surface charge (that is respectively positive and negative), while in
the case of Ti64(A-H), Ti64(A-Ca-H-W) and BG the ion exchange
between the materials and the soaking solution is expected (that
is of Na* in the first material, of Ca™ in the second one and of
both Na* and Ca2* in the third one).

Less common investigation techniques are used in this research
to complement the traditional ones for a better understanding of
the supposed mechanisms and for a comparison of the kinetics
of in vitro hydroxyapatite precipitation. For instance, much infor-
mation can be derived from the titration curves obtained by the
electro-kinetic measurements of the zeta potential: the isoelec-
tric point, presence and reactivity of surface functional groups, hy-
drophilicity, the zeta potential at the physiological pH and the na-
ture of the surface charges in contact with a solution.

If we consider in a complementary way the data obtained from
the zeta potential titration curves and XPS on the analyzed sam-
ples, it can be concluded that the IE point is not strictly related
to abundance of functional groups on a surface, but is mainly
due to the strength of their basic/acidic reactivity. It can be con-
cluded that Ti(A-HC-H) has OH surface groups with strong basic
bahaviour, while Ti64(HF-H,0,), BG and Ti64(A-H) have OH sur-
face groups with an acidic behavior and strength in descending
order.

On the other hand, the slope of the titration curve around the
IE point, before reaching any eventual plateau, is related to surface
hydrophilicity: if the material is hydrophobic, the water molecules
adsorbed on it are weakly attracted by the surface and they are
easily replaced by the hydroxyl (in the basic range) or hydronium
ions (in the acidic range). The surface acquires a progressive higher
absolute value of the zeta potential (high slope of the curve) by
changing the pH. On the contrary, if the surface is hydrophilic,
the water molecules are strongly adsorbed on the polar groups
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Fig. 8. Summary of the reactions and mechanisms involved in bioactivity of the investigated surface treated Ti based materials and bioactive glass.

and the OH™ and H3;O" ions are not adsorbed from the solution,
even if they are in great concentration in the solution. In these
conditions, the absolute value of the zeta potential slowly changes
with the pH of the solution (slow slope of the curve). According
to the explained mechanism, this technique allows the measure-
ment of hydrophilicity as related to a “pure” chemical contribu-
tion, without the influence of any other effect such as, for instance,
roughness. It can be observed that Ti64(HF-H,0,) and Ti64(A-Ca-
H-W) are much more hydrophilic (lower slope of the curves) than
the other materials: this effect is related to the total number of the
OH groups on these surfaces, as confirmed by XPS and FTIR. In fact,
the hydroxyl groups have a higher degree of electron bond polar-
ization with respect to oxygen ions within the oxide. This is why
they have a significant chemical shift, compared to the oxygen ions
within the titanium dioxide, in the XPS signal and this is why they

affect hydrophilicity: it is reasonable to assume that hydrophilicity
is related to the total number of the OH groups, while their strong
or weak acidic or basic strength has not an influence in this case.
All the investigated materials have a negative zeta potential
at the physiological pH in the experimental conditions of the
electro-kinetic test (high fluid flux, diluted KCl solution), but
the chemical nature of the surface charge is different case by
case, according to the obtained results. Ti64(HF-H,0,) and BG
have a negative surface charge due to the completely dissociated
OH groups with strong acidic behaviour. Ti64(A-H) has acidic
OH groups of different strength, only partially dissociated at the
physiological pH, while Ti64(A-Ca-H-W) has only a low number
of adsorbed hydroxyl groups coming from the solution and no net
surface charge due to the surface functional groups. The case of
Ti(A-HC-H) is much more complex and will be discussed later.
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On Ti(A-HC-H), a positive zeta potential was detected through
the electro-osmosis technique, which is a measurement in a static
chemical microenvironment at the physiological pH (7.0-7.4). This
is because Cl ions that had been adsorbed on the metal sur-
face during the HCl treatment [14] were desorbed from the sur-
face and subsequently induced an acid environment at the vicinity
of the surface. By considering the electro-kinetic and the electro-
osmosis zeta potential measurements in a complementary way, it
is assumed that the pH of the micro-environment become less
than 5.6 (that is the IE point of this sample). The presence of a
nanoporous morphology of the surface layer with a filamentous
shape could contribute to the occurrence of a specific chemical
micro-environment.

As described in Section 3.1, it is not surprising that a chem-
ical microenvironment effect occurs only on Ti(A-HC-H) because
on this surface there is combination of a highly porous and fila-
mentous surface (absent on Ti64(HF-H,0,) and BG) together with
the presence of OH groups with strong basic behavior [absent on
Ti64(A-H) and Ti64(A-Ca-H-W)].

The XPS results on Ti(A-HC-H) after 30 min of soaking in SBF
are well consistent with this conclusion: because of the pres-
ence of a positive surface charge locally developed during soak-
ing in SBF, phosphate adsorption occurs in the first minutes of the
soaking.

In contrast, the calcium ions are initially adsorbed on the sur-
faces of Ti64(A-H), Ti64(A-Ca-H-W), Ti64(HF-H,0,) and BG in the
first 30 minutes of the soaking. In the case of Ti64(A-H), a pro-
gressive reduction of Na on the surface is observed moving from
the as-prepared sample to the soaked one for 30 min according
to a nucleation mechanism based on the ion exchange between
the surface and the solution (as confirmed by FTIR). In the case
of Ti64(A-Ca-H-W) and BG, an increasing trend of Ca is observed
that is probably due to the competition between release of this
ion from the surface and adsorption from the solution.

The evaluation of the kinetics of nucleation of hydroxyapatite
can be performed by complementary considering the measurement
of the electro-kinetic zeta potential vs time at the physiological
pH during the first 30 min of the soaking, as well as XPS and
FTIR chemical imaging after 30 min. Ca adsorption is much faster
on BG, with formation of a continuous layer of amorphous pre-
cipitates (precursors of hydroxyapatite) and fast changing of sur-
face charge, while it is slower on Ti64(A-H). Hydroxyapatite pre-
cursors cannot be detected after 30 min of soaking on the other
samples.

Concerning the mechanism of hydroxyapatite nucleation, a
significant contribution due to the protonated/deprotonated OH
groups is not expected on Ti64(A-Ca-H-W): it has not basic or
acidic OH groups with high strength. A contribution from the par-
tially deprotonated OH groups can occur in the case of Ti64(A-H)
and it is expected to be higher in the case of BG. On the other side,
in the case of Ti64(HF-H,0,), the adsorption of Ca™ ions detected
by XPS after 30 min of soaking in SBF is ascribed only to the neg-
ative charge of the surface because of deprotonation of the acidic
OH groups with high strength at the physiological pH.

After nucleation, the first evolution of hydroxyapatite formation
on the different surfaces can be evaluated by XPS and FTIR chemi-
cal imaging data after 1 day of soaking. On Ti(A-HC-H), Ti64(A-H),
Ti64(A-Ca-H-W) and BG precipitates of calcium phosphate cover
the surfaces almost completely and, as expected for the bioactive
materials, hydroxyapatite is calcium deficient (theoretical Ca/P ra-
tio = 1.67). Among these surfaces, Ti64(A-Ca-H-W) has probably
slower kinetics of hydroxyapatite precipitation (FTIR and XPS data).
In the case of Ti64(HF-H,0,), the development of calcium phos-
phate on the surface after 1 day of soaking is quite lower than on
the other surfaces: this surface has slower kinetics of hydroxyap-
atite precipitation.

It can be concluded that when the precipitation mechanism
is mainly based on the ion exchange with a contribution of the
electrostatic mechanism (presence of OH groups with high acidic
strength), it results in very fast kinetics of hydroxyapatite precip-
itation (the fastest is BG, with exchange of both Na*t and Ca?*,
followed by Ti64(A-H), with exchange of Na*, according to the
FTIR and XPS data). Ti64(A-Ca-H-W) results to have slower kinet-
ics of hydroxyapatite precipitation (comparison at 1 day, FTIR and
XPS data) because the mechanism is based on the ion exchange of
Ca%* and no contribution comes from the deprotonated surface OH
groups.

On the other side, the mechanism based only on the surface
charge effect, such as in the case of Ti64(HF-H,0,), is the slow-
est even if abundant and strongly reactive functional groups are
present on the surface. The occurrence of a micro-environment ef-
fect, in the case of Ti(A-HC-H), is able to enhance kinetics of hy-
droxyapatite precipitation based on a net surface charge up to be
comparable with Ti64(A-Ca-H-W) (FTIR, XPS data).

Concerning the type of hydroxyapatite deposition, the presence
of hydroxyapatite much closer to the biological one (type B, less
crystalline and with highly carbonate degree) is earlier developed
on Ti(A-HC-H) and Ti64(A-H), while Ti64(A-Ca-H-W) and BG in-
duce precipitation of hydroxyapatite of type A-B, with higher de-
gree of crystallinity and lower of carbonation.

After 3 days of soaking, Ti(A-HC-H), Ti64(A-H)Ti64(A-Ca-H-
W) and BG show a similar thick layer of hydroxyapatite, while
Ti64(HF-H,0,) is still at the nucleation stage.

A summary of the reactions and mechanisms involved in the
hydroxyapatite precipitation on the selected materials ,as deduced
from the present work, is reported in Fig. 8.

5. Conclusions

A comparison among bioactive materials with different surface
features (chemistry, charge, morphology) has been performed in
order to verify case by case the mechanism of nucleation and evo-
lution of hydroxyapatite during the first 3 days of soaking.

The results suggest that the OH groups on the surface have sev-
eral effects on the surface chemical behavior: a detailed descrip-
tion of their abundance and chemical acidic/basic reactivity can be
helpful for a better understanding of surface chemistry. Abundance
of OH groups mainly affects hydrophilicity of surfaces, while the
isoelectric point, surface charge and ions adsorption from the so-
lution mainly depends on the OH acidic/basic strength. Ti64(HF-
H,0,) and BG have acidic OH groups with high strength deproto-
nated at the physiological pH, while Ti64(A-H) has acidic groups
with a variety of different strengths (only partially deprotonated
at the physiological pH) and Ti64(A-Ca-H-W) does not have a net
surface charge due to the surface functional groups. Ti(A-HC-H) has
basic OH groups with high strength, which are able to create, with
the concurrence of a highly porous surface, a local acidic micro-
environment (pH below 5.6) on the surface during soaking in SBF
and a positive surface charge.

The kinetics of hydroxyapatite precipitation is faster when it
is due to the ion exchange between the surface and SBF, such as
in the case of Ti64(A-H), Ti64(A-Ca-H-W) and BG, with respect to
a mechanism based only on electrostatic effects due to protona-
tion/deprotonation of the surface OH groups, such as in the case of
Ti64(HF-H,0,). In the case of Ti64(A-H) and BG, the electrostatic
effect can cooperate with the ion exchange speeding up the bioac-
tivity process. The occurrence of an acidic local environment can
significantly speed up the process based on an electrostatic mech-
anism, such as in the case of Ti(A-HC-H).

The use of less common investigation techniques, such as the
bulk zeta potential measurements (by electro-kinetic and electro-
osmosis) and FTIR chemical imaging analysis, in addition to the
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usual ones (FE-SEM, EDX, XPS) is useful for a more in depth com-
prehension of the surface chemistry and hydroxyapatite precipita-
tion mechanism.
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