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SILICON RELEASE FROM HYDROXYAPATITES
IN WATER AND SIMULATED BODY FLUID
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ABSTRACT. Nanostructured hydroxyapatite (HAP) and silicon substituted
hydroxyapatites (HAP-Si), with 0.47 and 2.34 wt% Si, were prepared by wet
precipitation method. Their structure was investigated by X rays diffraction
(XRD), FTIR spectroscopy, energy dispersive X ray (EDX) spectroscopy and
their images were obtained by TEM, SEM and AFM. Their behavior in water
and SBF was investigated by inductively coupled plasma optical emission
spectrometry (ICP-OES) for an immersion time from 1 to 90 days. While Ca
and P release from HAP is very low, the presence of Si enhances greatly
their release in water, along with a continuous and long lasting Si release. In
simulated body fluid, SBF, Ca, P and Mg are removed from the solution, by
the formation of a new HAP enriched in Mg, while silicon is released as in
water. Thus, Si doped HAP might have advantageous applications as bone
and tooth materials.
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INTRODUCTION

Silicon is shown to be an essential element in biological bone growth
and development [1]. Therefore, silicon substituted hydroxyapatites (HAP-Si)
are a promising biomaterial for bone grafting [2, 3], and different methods were
proposed in order to synthesize and characterize them from chemical, physical
and biological point of view [3-7]. The role of HAP-Si based biomaterials in bone
formation, mineralization and remodeling, by stimulation of human osteoblasts
bioactivity and promotion of bone regeneration is approached by numerous
investigations, both in vitro and in vivo [3, 7-13].

Silicon may enter in the hydroxyapatite, Ca1o(POa4)s(OH)2 (HAP) lattice
as silicate ions, SiO4*, substituting phosphate ions, PO4*, but for the conservation
of electroneutrality, some of the OH- ions should be eliminated, leading to the
formula Ca1o(POa)ex(SiO4)x (OH)2.« Obviously, x should remain less than 2;
for x = 2 the maximum theoretically possible Si content in HAP-Si would be
5.8 wt%. But because of lattice distortions, the real limit should be lower, e.g.
5 wt% (x = 1.7) [14, 15], 4.35 wt% (x = 1.5) [16], 4 wt% (x = 1.4) [17, 18],
3.1 wt% (x = 1.1) [19]. But silicon can also be present as SiO,, crystallized
as quartz or as amorphous silica. There are authors suggesting the optimal
bioctivity of HAP-Si to be attained for 0.8 wt% Si (x = 0.28) [13, 20, 21], but also
for 0.47% and 2.34% Si an enhanced adhesion and proliferation of osteoblasts
was observed [3].

In order to achieve its biological effect, HAP-Si has to release the
necessary elements in the biological medium. For osteoblast activity and new
bone tissue formation and development a continuous supply of elements is
essential [22]. This is why in the present article we investigate the behavior of
HAP-Si samples as compared with HAP in presence of water and simulated
body fluid for a long time (90 days).

RESULTS AND DISCUSSION

Two silicon containing hydroxyapatites (HAP-Si) were prepared and
compared with pure hydroxyapatite (HAP). Their composition is given in
Table 1. The theoretical formulas where calculated assuming the entire amount
of Si to be included in SiO4*, which partially substitutes PO4* ions.
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Table 1. Composition of HAP and HAP-Si

Name Composition (wt%) Theoretical formula
Ca P Si
HAP 39.89 18.50 0 Ca10(POa)s(OH)2

HAP-Si0.47 40.03 18.04 0.47 Ca10P04)s5.83(Si04)0.17(OH)1.83
HAP-Si2.34 40.56 16.22 2.34 Ca10P04)5.18(Si04)0.82(0OH)1.18

In order to identify the crystalline phosphate species present, the XRD
spectra of the three samples were compared with Powder Diffraction Files
(PDF) for pure hydroxyapatite (HAP) and pure B-calcium phosphate (TCP). As
an example, the spectrum of the sample containing 0.47% Si is compared
with the PDF no. 09-0432 for stoichiometric HAP in Fig. 1a. HAP was the only
phase identified in the pure hydroxyapatite sample and in HAP-Si0.47, while in
HAP-Si2.34 a content of 83.6% HAP and 16.4% B-TCP was estimated.
Thus, the increasing Si content favours the conversion of HAP to B-TCP, as
observed also in literature [4, 23-25]. No quartz phase was identified in the
XRD patterns, but this fact does not exclude the presence of amorphous silica
(SiOy).

From the breadth of the peaks as compared to the XRD pattern of
crystalline HAP taken as etalon, it is evident that all samples present a
nanocrystalline structure. The average size of crystallites was calculated
from the Debye-Scherrer relation. The estimated size of the crystallites in the
samples is about 47 nm for HAP, 23 nm for HAP-Si0.47 and 25 nm for HAP-
Si2.34. The crystallinity degree of the samples, also estimated from the XRD
patterns, was about 40-50% for all the samples.

3%
3

Figure 1. XRD patterns (a) for HAP-Si(.47 and the PDF no. 09-0432 file for
stoichiometric HAP. (b) TEM image of a HAP-Si2.34 sample; bar length is 100 nm.
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As an example, a TEM image for HAP-Si 2.34 is given in Fig. 1b.
From TEM images the sizes of several hundreds of particles were measured,
and the mean particle diameter was found to be about 26.5 + 5.2 nm, with
sizes between 16 and 42 nm. The mean value is in substantial agreement with
the particle diameter estimated from X-ray diffraction.
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Figure 2. AFM images 2D-topography (ac) and cross section profile (b, d) along the
arrows in pannel (a) and (c) respectively, for HAP-Si 0.47 (a, b) and HAP--Si2.34;
scanned areas: 1 ym x 1 ym; surface roughness, RMS, on area 1.00 nm (a)
and 0.90 nm (c); RMS profile 0.34 nm (b), 0.24 nm (d).

AFM images (Figure 2) also confirmed for HAP-Si powders the
average size of particles in the nanoscale range, as following 42 + 3 nm for
HAP-Si 0.47, and 45 + 4 nm for HAP-Si2.34. Thus, AFM images indicated
that the nano suspensions of HAP-Si powders are formed of particles of
almost identical size in good agreement with TEM values.
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Figure 3. SEM image (a) and EDX spectrum (b) of HAP-Si0.47; SEM image (c)
and EDX spectrum (d) of HAP-Si2.34. Bar length: 100 nm (a), and 500 nm (c)
Examples of SEM images are given in Fig.3 for the HAP-Si0.47 and HAP-Si2.34,
along with EDX spectra, which confirm the presence of Si,
together with Ca and P in both samples.

The FTIR spectrum of the HAP-Si0.47 sample is presented in Fig. 4a.
The IR spectra of the HAP-Si samples are very similar to each other. Like
the HAP sample, they present the characteristic peaks of the PO4 group:
stretching vibrations: vs at 1032-1033 and 1089-1091 cm-"; v4 at 962 cm™;
bending vibrations: v4 at 565 and 602-603 cm™; v, at 473 cm™ and of the
structural OH (stretching at 3571-3572 cm™' and libration at 633 cm-'. The
last reduced to a shoulder in HAP-Si2.34 (Fig. 4b) as a consequence of the
diminution of the OH groups in HAP by the substitution of phosphate by
silicate ions. Peaks for absorbed water are visible at 3420 - 3440 and 1637 cm-".
Peaks for the SiO4 group have their frequencies very near to those of POy,
and are therefore not observable. Nor can be detected vibrations characteristic
for Si-O-Si bridges from silica [27, 28], and this could be an argument against
the presence of free SiO; in the HAP-Si samples.
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Figure 4. FTIR spectrum for HAP-Si0.47 (a) and comparison between FTIR
spectra for HAP-_Si samples (detail) (b).

The Ca, P, and Si contents in the solution resulted after contact of the
samples with ultrapure water, for 1, 3, 7, 14. 21, 30, 60, and 90 days are
presented graphically in Fig. 5 a, b and c respectively.

Pure HAP has a very low solubility in water; its solubility product
Ksp = [Ca?*]"[PO4*[OH)?

is very difficult to assess, and values in literature vary between 10-"'* and
10-120[29]; an interational standard [30] recommends the value (4.12+0.16)-10-"8,
Therefore, the Ca and P content in the aqueous solution in contact with the
HAP sample is very low and nearly constant in time (Fig 5a, b). The Ca/P ratio in
the solution is different from that in the solid because of the incongruent
(nonstoichiometrical) solubility of HAP in water [29, 31, 32]. There is not a
simple dissolution process, but a series of complex chemical reactions, with
the formation of different calcium phosphate phases as surface coats [33, 34].
In the solution, P appears mainly as HPO.? ions, the predominant form at
nearly neutral pH.
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Figure 5. Ca (a), P (b) and Si (c) release from HAP and HAP-Si samples in water

The presence of Si dramatically enhances both the Ca and P release,
therefore it increases the solubility of the calcium phosphate, and the amount
released increases continuously in time. Such an augmentation of the HAP
solubility due to the presence of Si was observed both in vivo [12], and in
vitro [9, 22, 25, 26]. This ion release over a long period of time is important
for the biomedical applications of substituted apatites, since this continuous
supply of elements is essential for osteoblast activity and new bone tissue
formation and development [22]. Based on HR-TEM results, it was suggested
that an increased number of defects in the HAP-Si lattice causes the increase of
calcium, phosphate and silicate ions release in the solution [12] The Si release
also is increasing in time, especially for the HAP-Si2.34 sample. The values
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of Si/Ca and Si/P ratios in the solution are much higher than in the solid, thus
there is much more Si in the solution than expected from a congruent
dissolution of HAP-Si. Probably not only the silicate ions in the crystals are
released, but also Si from amorphous silica in the sample.

The elements contents (Ca, P, Mg) in pure SBF are compared with
those in SBF in presence of the samples for immersion times from 1 to 90
days in Fig. 6 a-c, while the variation in time of the Si content in the solution
in contact with HAP-Si samples is shown in Fig. 6 d.
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Figure.6. Ca (a), P (b), Mg (c) and Si (d) content in SBF in absence and in presence
of the HAP and HAP-Si samples.
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In SBF the Ca?* concentration in presence of HAP is decreasing in
time from its initial value in SBF (96.5+0.5 mg/L) as seen in Fig. 6a. The
diminution is rapid in the first 30 days, then it is much slower, and even a
slight increase is observed. It can be explained by uptake of Ca?* along with
PQO4* ions from SBF for the building of new sold HAP and/or the sorption of
Ca?*in the HAP lattice, which are partially counterbalanced by the release of
Ca?* ions from the HAP lattice and/or the ion exchange with Mg?* ions from
the SBF solution, leading to new HAP enriched in Mg.

The decrease of the P content in the SBF, from the initial value
(31.2+1.3 mg/L) is more pronounced, and continues down to its near
consumption from the solution (Fig. 6b). In the HAP-Si samples, this P uptake is
compensated by the increased release of P due to the enhanced dissolution
of the HAP-Si.

There is also a decrease in the Mg?* content (Fig. 6¢) of the SBF,
from its initial value (35.1£3.6 mg/L), probably due to the ion exchange with
Ca?* from HAP and formation of Mg substituted HAP.

The Si release in SBF shows the same trends as in water, but the
released amount is somewhat diminished. It was signalled in literature that
the simultaneous presence of Mg and Si diminishes the elements release
[22]. This could suggest the formation of complexes containing these two
ions, more strongly bound to the HA crystal structure or to its amorphous part
[22]. The excess of Ca?* ions in SBF could also downgrade the dissolution
equilibrium of HAP-Si. The Si content in the solution was larger for higher Si
content in the HAP-Si.

In histological studies, an increase in the rate of bone apposition to
HAPs implants by the substitution of silicate ions into HAP has been observed
[12]. This higher bioactivity of HAP-Si was assigned to the effect of the
accelerated dissolution caused by the silicate ions.

CONCLUSIONS

HAP and silicon substituted HAPs (0.47 and 2.34 wt% Si) were
prepared by wet precipitation method. XRD investigations showed the presence
of the HAP lattice as single phase present in HAP and HAP-Si0.47, and as
majoritary phase in HAP-Si2.34. They possess nanostructure and a medium
crystallinity degree. The HAP structure was confirmed by FTIR spectroscopy
and the particles were visualized by TEM, AFM and SEM imaging. The
elements release in water was much higher in HAP-Si than in pure HAP and
continued till the end of the experiments. This long lasting elements release
is an important premise for biomedical use of HAP-Si based biomaterials.
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The behavior of the samples in SBF could be explained in terms of Ca, P and
Mg uptake in the new HAP lattice and/or ion exchange, with a precipitation of
HAP enriched in magnesium. The Si release showed a similar responsive
behavior of HAP-Si, both in water and in SBF. Also, the increased Si
concentration in HAP-Si significantly influenced the Si release in both media.
Therefore, silicate ions have an important role in the structure of HAP-Si and
might simultaneously bring physiological effects as a result of Si release.

EXPERIMENTAL SECTION

The nanostructured phosphates were prepared by the precipitation
method previously developed by us for the synthesis of HAP and substituted
HAPs [3, 35-38]. Briefly, HAP was obtained by rapidly mixing, at room
temperature, equal volumes of 0.15 M calcium nitrate solution [Ca(NOs).:4H,O
from Merck] and 0.09 M diammonium phosphate solution [(NH4);HPO4 from
Sigma-Aldrich] at pH 11.5 (settled by adding a 25% ammonia solution). The
maturation of the obtained suspension was achieved by maintaining it for 24
h at 22 °C, and for another 24h at 70°C, in a reactor, under intermittent
stirring. The so obtained precipitate was filtered and washed repeatedly with
ultrapure water until nitrate free. It was dried by lyophilization, then calcined
at 300°C for one hour and disintegrated in a ball mill.

For the preparation of HAP-Si samples [3], in each solution nonylphenol
was added (this surfactant helping to control nucleation and growth of nuclei).
Sodium silicate (Na20:SiO. = 1:3.2) was introduced in the phosphate solution
in amounts calculated for the respective Si content in the final product. The pH of
both solutions was adjusted to 11, using ammonia solution. The solutions were
fast mixed.at 60°, and the maturation was achieved at 80 °C for 48 h. After
filtration, washing and lyophilisation the samples were calcined at 650 °C for
6-8 h.

The X-rays diffraction (XRD) patterns were investigated with a DRON-
3 diffractometer, in Bragg-Brentano geometry, using a X-ray tube with cobalt
target (Kq line, wavelength 1.79030 A).

FTIR spectra were measured on KBr pellets, containing the samples
powders with a spectrometer JASCO 6100 in the 4000-400 cm™' range of
wave numbers, with a 2 cm™ resolution.

Transmission electron microscope: TEM JEOL —JEM 1010 was used
to determine the shape and the size of the phosphates nanoparticles. The
samples were dispersed in deionized water, and the resulted colloidal dispersion
was adsorbed on the TEM grids.
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For the examination with the scanning electron microscope SEM JEOL
5600 LV (backscattered-electron imaging technique, BSE), the samples were
deposited as an uniform layer an adhesive graphitized tape. For local elemental
analysis of different samples the energy-dispersive X-ray (EDX) spectroscopy
was used coupled with SEM imaging.

Atomic force microscopy (AFM) images were obtained using the AFM
JEOL 4210 equipment, operated in tapping mode [39-48], using standard
cantilevers with silicon nitride tips (resonant frequency in the range of 200-300
kHz, and spring constant 17.5 N/m). The particles were adsorbed from their
aqueous dispersion for 20 s on optically polished glass support.

Elements release tests: The Ca, P, Si and Mg amounts were measured
in the solutions after immersion of 0.15 g of each sample in 15 mL ultrapure
water, respectively Kokubo simulated body fluid (SBF) and incubation 37°C in
separated closed flasks for each sample/day. SBF solutions were prepared
according to Kokubo's SBF solution [49], containing the following ions (mmol/dm3):
Na* (142.0); K* (5.0); Mg?* (1.5); Ca?* (2.5); CI (147.8); HCOs (4.2); HPO4* (1.0);
S04 (0.5), and buffered at the physiologic pH 7.40 at 37 °C, with
tris(hydroxymethyl)amino methane and hydrochloric acid.

After 1, 3, 7, 14, 21, 30, 60, and 90 days, the supernatant (after
centrifugation) was filtered through 0.45 ym paper filter Ca, Mg, P and Si
contents were determined using an inductively coupled plasma optical
emission spectrometer (ICP-OES) OPTIMA 3500 DV (Perkin-Elmer, USA) .
For calibration, multi-element standard solutions were prepared by the
dilution of stock multi-element 1000 mg/L solutions Merck IV (0, 0.1, 0.5, 1, 2,
4,6, 8 and 10 mg/L).

All the experiments were performed in triplicate and the results were
calculated as average values. The elements content in SBF solution without
samples was also measured in the same days, and the average value was
calculated.
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