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Structural analysis of Si-substituted
hydroxyapatite: zeta potential and X-ray
photoelectron spectroscopy
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The aim of this study was to determine the effect of the incorporation of silicon on the surface
charge of hydroxyapatite (HA) and to assess surface structural changes of HA and Si-HA
induced by dissolution in both static and dynamic systems. X-ray photoelectron
spectroscopy (XPS) analysis showed that SiO7 ~ groups were substituted for PO3 ~ groups in
the silicon-hydroxyapatite (Si-HA) lattice according to a previously proposed substitution
mechanism without the formation of other crystalline phases, such as tricalcium phosphate
or calcium oxide. The substituted silicon induced a decrease in the net surface charge and the
isoelectric point of HA as determined by zeta potential (ZP) measurements. At physiological
pH = 7.4 the surface charge of Si-HA was significantly lowered compared to unmodified HA,
i.e. —b0 +5to —71 + 5eV, caused by the presence of silicate groups in the HA lattice, which
may account for a faster in vitro apatite formation using SBF testing. XPS results indicated
that silicon seems to be preferentially leached out from Si-HA surface compared to other

ionic species after dissolution studies in tris-buffer using a dynamic system.
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Introduction

In the 1970s several groups demonstrated that bone
mineralization requires a minimum concentration of
soluble silicon [1-4] and Voronkov suggested that gene
activation by silicon may be due to the presence of Si—O
bonds within the DNA and RNA and he concluded that
silicon is an inherent component of nucleic acids where it
substitutes P> © [5]. Hench reported that the deterioration
in the proliferation and function of osteoblasts due to
osteopenia and osteoporosis are related with the loss of
biologically available silicon [6] and according to
Keeting bone cells in culture proliferate more rapidly
in the presence of soluble silicon [7]. These studies
clearly demonstrate the enormous advantage of the
incorporation of silicon in the biomaterials lattice
aimed at regenerating bone tissue.

Specifically related to the biomaterials field, glasses,
and glass-ceramics with SiO,-based components have
been developed and are now being used in several
clinical applications [8]. When these materials are intro-
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duced in physiological solutions the reactions involving
the silicate groups are very rapid, which enhances the
bioactivity of materials [9] leading to the formation of an
apatite layer on the surface. In vivo a similar layer is also
observed at the bone/implant interface [10].

In order to take advantage of the positive biological
effect of silicon a new bioceramic has been developed,
Si-substituted hydroxyapatite (Si—-HA), using a chemical
precipitation route [11, 12]. Previous studies have shown
that the silicon substitution resulted in enhanced cell
activity in vitro [13] and increased bone apposition/
ingrowth in vivo [14] relative to stoichiometric hydro-
Xyapatite.

It is well known that surface charge plays an important
role in the cell adhesion process [15—17]. Cells adhere on
both positively and negatively charged surfaces but the
morphology of adhering cells may vary depending on the
sign of the electrical charge [17, 18]. Numerous studies
have demonstrated that the surface structure and
composition of bioceramics influence their cytocompat-
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ibility and affect the sequence of steps that lead to bone
bonding [19-24].

The aim of this study was to determine the effect of the
incorporation of silicon on the surface charge of HA and
to assess surface structural changes of HA and Si-HA
induced by dissolution testing performed in a SOTAX-
Flow through dissolution system. Surface charge was
calculated by electrophoretic mobility and surface
analysis by Fourier transform infra-red spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS).

Materials and methods

The preparation of the Si-HA was done using a
precipitation chemical route and is fully described
elsewhere [11, 12]. Sintered powders of the HA and Si—
HA materials were prepared by compacting the as-
precipitated powders and sintering them at 1300 °C and
then grinding/milling the sintered specimens to form a
fine powder. Powders with a specific granule size
(between 20 and 53 um) were selected for use in this
study by sieving in a variety of sieve sizes.

To determine the phase purity of the precipitated
material used in this study X-ray diffraction (XRD) was
performed using a Siemens D5000 X-ray diffractometer.
Data were collected between 25 and 40° 20 using a step
size of 0.02° and a count time of 2.5s. Phase
identification was carried out by comparing the peak
positions of the diffraction patterns with ICDD (JCPDS)
standards. The X-ray fluorescence confirmed the
incorporation of 0.8 wt % Si and 1.2 wt % Si in the HA
lattice using a Philips PW1606 spectrometer. Surface
charge was measured in 10 ~*M KNO; solution in a
Zeta meter 3.0+ System at different values of pH
ranging from 3 to 10, according to Smoluchowki’s
equation:

4mxn
D

where M, D, and EM are the viscosity (poise), the
dielectric constant of the suspending liquid, and the
electrophoretic mobility, respectively.

The dissolution of HA and Si-HA in a static system
was assessed, whereby sintered samples were soaked in a
simulated body fluid (SBF K-9). In addition to studying
the dissolution in a static environment, this test would
distinguish between the ability of an apatite layer to form
on a HA and a Si—-HA surface. Polished dense (98% of
the theoretical density of HA) discs were placed into
20ml of SBF K-9 solution and incubated at 37 °C and
pH=7.4 for periods of time between 0 and 28 days.
After each time point, the Ca’t and POff ion
concentration of the SBF solution was measured using
inductively coupled plasma-emission spectrometry, ICP-
ES (Department of Geology, Imperial College, London).

As an alternative to the static dissolution experiment a
dynamic dissolution test was performed in a flow through
dissolution system (Sotax CE6, a fraction collector Sotax
C-160) in a Tris-hydroxymethyl amino-methane buffer
solution at 37 °C and pH = 7.4 using a flow rate of 5.0 ml/
min.

The HA and Si—HA powders were analyzed by XPS
and FTIR before and after the dynamic dissolution test.
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Figure 1 X-ray diffraction patterns for HA and Si—-HA.

In the XPS analyses Mg-Ko was used as the radiation
source and spectra referred to adventitious carbon at
285.0eV. A Gaussian—Lorentzian function was applied
for fitting the spectra using the XPSPEAK Version 4.0
software. FTIR spectra were obtained using a System
2000 FT-IR/NIR FT-Raman with a resolution of 4 cm !
and by averaging 100 scans.

Results

The XRD patterns of the HA and 1.2wt% Si-HA
sintered powders are presented in Fig. 1. The substitution
of silicon into the HA lattice did not affect the phase
composition, as no secondary phases, such as tricalcium
phosphate or calcium oxide, were formed.

Fig. 2 shows the FTIR spectra of HA and Si-HA. In
the spectrum of HA it is possible to observe the peaks
that correspond to POi_ groups: 1089, 1046, 958, 600,
and 569cm~! and to the OH™ group, 3570 and
630cm !, whose wavelengths are in accordance with
literature values [25]. For the 1.2wt% Si-HA, two
additional peaks were detected at 888 and 504 cm ~ ! that
can be assigned to the SiOi ~ group [26]. It is also worth
noting that the peak that corresponds to the OH ™ group
at 630 cm ~ ! underwent a significant decrease in intensity
with the introduction of silicon into the HA lattice.

The results in Fig. 3 show that the isoelectric point of
HA was at a pH ~ 5.5 and with the substitution of
0.8 wt % of silicon into the HA, a shift was observed
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Figure 2 FTIR spectra of HA, 0.8 wt % Si—HA and 1.2 wt % Si—-HA.
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Figure 3 Zeta potential values of HA and 0.8 wt % Si-HA.

toward a lower pH =~ 3.8. Another interesting observa-
tion was that at a physiological pH="7.4 + 0.1 the zeta
potential of HA was —50 + 5eV, whereas the zeta
potential for 0.8 wt % Si was — 71 + 5eV. Therefore, a
significant shift to more negative values as a result of
silicon substitution was observed.

Soaking HA and 12wt% Si-HA samples in a
simulated body fluid for periods of up to 28 days
showed two different results. First, at the first time point
(7 days) both the HA and the Si—-HA behaved similarly,
showing an increase in the calcium and phosphate ion
content of the SBF solution, which corresponded to
dissolution of these ions from the test specimens (Figs. 4
and 5). It should be noted that the increase in the Ca’>*
ion content (approximately 0.3 mmol/l) was significantly
greater than the increase in the PO~ ion content
(0.05 mmol/l). Second, the Si—-HA sample resulted in a
rapid decrease in the ion concentration of the SBF after 7
days, whereas the same behavior in the HA sample
appeared to be delayed by several days. This decrease in
the calcium and phosphate ion concentration corre-
sponded to the precipitation of an apatite phase from the
SBF solution on to the surface of the test specimens, as
confirmed by SEM (data not shown). Although the HA
sample initially resulted in the continued dissolution of
calcium ions after 7 days, it is interesting to note that
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Figure 5 Phosphorous ion concentration (mmol/l) in SBF soaking
solution solution.

when the behavior of both materials changed from
dissolution to precipitation/apatite layer formation, the
decrease in the calcium and phosphate ion contents was
approximately 1 and 0.6 mmol/l, respectively. The Ca/P
molar ratio of this decrease corresponds to approximately
1.66, which correlates to a hydroxyapatite-like phase
being formed from the solution.

Comparing the FTIR spectra of HA before and after
dissolution showed that no significant change occurred.
For Si—-HA, however, a decrease in the peak intensities
that correspond to the most important groups (SiOi’ ,
OH ™~ and PO; ~) was observed.

The FTIR results were complemented with XPS
analysis of the surface of samples before and after
dynamic dissolution testing, and although only small
changes in the atomic percentage of Ca’*, P°*, and
0’ could be quantified after dissolution (see Table I),
the Si°* showed a decrease after dissolution, indicating
preferential release. From Fig. 6, which shows the silicon
peak detected in the Si—-HA, the binding energy at 101 eV
corresponds to (Si—O) bonding [27].

TABLE I Relative atomic percentages of Ca, P, O, and Si elements
before (b) and after (a) dynamic dissolution testing
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Figure 4 Calcium ion concentration (mmol/l) in SBF soaking solution.

Ca P (0] Si

HA-b 23.31 16.60 60.09 —

HA -a 23.03 17.58 59.39 —
1.2wt% Si-HA - b 23.46 15.98 59.28 1.28
1.2wt% Si-HA — a 22.71 15.85 60.42 1.02
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Figure 6 XPS spectra of 1.2 wt % Si-HA.
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Discussion and conclusion

Analysis of the HA and Si-HA compositions produced
for this study using XRD and FTIR confirmed the
proposed mechanism of silicon (or silicate) substituting
for phosphorus (or phosphate), in accordance with the
results reported previously [12]. The analysis by XPS,
however, has been able to confirm conclusively that
the silicon does exist as a tetrahedral silicate, SiO,
group, rather than in a polymeric or SiO, form. This
important finding supports the analogy between silicon,
or silicate substitution with the well-characterized
carbonate substitution of phosphate groups in hydroxy-
apatite [10].

The displacement observed in the zeta potential curves
is attributed to the substitution of some PO?[ groups by
SiOi_ groups that occurred in the Si—-HA material,
which can be explained by the mechanism of substitution
showed in Equation 2.

10Ca’* + (6 — x) PO; ~ + SiO} "x + (2 —x) OH ~
— Cayy(POy) _ (Si0y4),(OH), _ (2)

In fact, it is known that POZ_ groups are preferentially
located at HA surfaces [28] and therefore the substitution
of these ions for SiOj ~ groups should result in a decrease
in surface charge, as indicated by zeta potential
measurements. The decrease in intensity of the peak in
the FTIR spectra that corresponds to the OH™ group on
the Si-HA was expected since according to the
mechanism of Equation 2 the substitution of the
phosphate group for the silicate group leads to some
OH ™ loss in order to maintain the charge balance.

FTIR and XPS results clearly support the substitution
mechanism of Equation 2 for Si—-HA. Vibrational
wavelength of 888 and 504 cm ~! indicate the presence
of SiO, and the binding energy of silicon at 101eV
corresponds to (Si—O) bonding [27].

To complement the above-mentioned interpretation,
zeta potential results indicate the shifting of the zeta
potential of Si-HA towards negative values compared to
unmodified HA. Literature reveals that PO;~ seem to be
preferentially located at surface of HA [28], which may
somehow contribute to the lower Ca/P ~ 1.4 observed
under XPS analysis when compared to the stoichiometric
value of Ca/P =~ 1.67 since under this technique only
around the first nanometers are analyzed.

Soaking the HA and the 1.2 wt % Si—-HA samples in a
simulated body fluid produced comparable trends, but
differed in the time scale of the events. In particular, the
Si-HA changed from a dissolution behavior (increased
ion concentration in the SBF solution) to a surface
precipitation behavior (a decrease in ion concentration in
the SBF solution) in less time than the HA sample. This
result may be due to a greater solubility of the Si-HA
material, leading to a faster super-saturation of the SBF
solution and therefore a faster precipitation of an apatite
layer from the super-saturated SBF. The data in Figs. 4
and 5 do, however, suggest that the Ca>* and POi ~ ion
concentrations of the SBF solutions from the HA and Si—
HA samples were comparable at 7 days, which is the
measured time point before apatite layer formation
occurred with the Si-HA. The surface properties of the
HA and Si-HA ceramics may therefore have controlled
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the time scale for the change from dissolution to apatite
precipitation. The results in this study show that the
surface charge/zeta potential of the two materials were
significantly different at pH=7.4. The more electro-
negative Si—-HA surface may provide a preferential site
for the nucleation of an amorphous calcium phosphate
apatite layer than the HA surface. This could occur via
the adsorption of Ca>™ ions on to the electronegative
surface, resulting in an increase in surface charge and the
attraction of phosphate groups. The effect of the real-
time formation of an apatite layer on the surface charge
of Si-HA and HA will be studied in the future.

Due to the low dissolution rate of the materials under
study, a higher amount of silicon was incorporated in the
material to be analyzed (1.2 wt % Si) in the dissolution
testing. No compositional modification was detected for
HA before and after dissolution, as shown in Table I.
However, preferential ionic release of silicon was
observed for Si-HA. Previous results showed that the
silicon substitution caused a substantial increase in
distortion index of the phosphate groups in HA and a
decrease in the number OH ™ groups [29]. It is possible
that these lattice disturbances/distortions by silicon
incorporation may lead to a higher susceptibility of
SiOf ™ release from the HA structure.
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