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ORIENTED GROWTH OF APATITE-LIKE CRYSTALS AT THE INTERFACE
BETWEEN A SILICATE NANOCOMPOSITE AND SIMULATED BODY FLUID
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Calcium pyrophosphate nanocrystals incorporated in an amorphous silica based matrix
were obtained by sol-gel process followed by heat treatment applied at 550 °C. The
resulted nanocomposite was characterized by X-ray diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS). The surface reactivity of the nanocomposite was
investigated in simulated body fluid (SBF) at 37°C up to 21 days. The results point out
that the calcium pyrophosphate nanocrystals induce the oriented growth of bioactive
apatite-like crystals on the surface of the investigated nanocomposite.
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1. Introduction

In the last decade glass-ceramics, composites and polymers have been used to repair or
reconstruct parts of the injured osseous tissue and several studies were reported about the
interaction of these materials with the surrounding tissue [1-5]. The apatite-like layer developed on
the surface of bioactive materials in simulated body fluid can promote chemical bond in contact
with living tissue [3]. The bioactive behaviour of materials depends on their chemical composition,
structure and surface chemistry. There are requirements imposed to materials considered for
medical applications in bone repair highly target their bioactivity [6-9]. In order to achieve such
bioactivity for glass-ceramics, largely used in scaffolds for tissue regeneration, [10], the sol-gel
method became preferred to the classical melt-quenching method of glasses [11-14] because of the
high purity and homogeneity control and the relatively low synthesis temperature.

This paper is focused on synthesis, structural and morphological characterization of a new
Si0,-Ca0-P,0s nanocomposite, and on its bioactivity proven in vitro.

2. Materials and methods

2. 1 Sample preparation

The sol-gel derived 60.6S10,-30.3Ca0-9.1P,0s (mol %) sample was prepared using
reagents in ratios given in Table 1.
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Table 1. The ratio of the reagents used in hydrolysis-condensation reactions.

HNO3; Ca(N03)2’4H20 (N H4)2H PO4
concentr. | TEOS/EtOH | H,O/HNOJEtOH |  /H,O/HNO; IHOIHNO,
(M)
1 1.02/2.04 0.22/0.17/0.31 0.51/1.02/0.085 0.43/0.86/0.085

Tetraethyl orthosilicate TEOS, (Si (OC,Hs)s, Merck), calcium nitrate (Ca (NOs), 4H,0,
VWR Prolabo) and di-ammonium hydrogen phosphate ((NH4),HPO4, VWR Prolabo), were the
reagents used in the synthesis process. The selected catalyst was the nitric acid (HNOs, Merck).
The solvent chosen for TEOS was its parent alcohol, the ethanol (C,HsO, EtOH) and the
polymerizing reactant was deionized water. All the reagents and solvents were analytical-grade
quality, purchased commercially and used without any further purification. Tetraethyl orthosilicate
(TEOS, (Si (OC 2H5) 4) was mixed with EtOH on a magnetic stirrer at 400 rpm during 30 minutes.

To trigger the reactions of TEOS another liquid media, H,O, was added. All the hydrolysis
reactions of the reagents were performed at room temperature. The calcium and phosphorus salts
were separately dissolved in deionised water and stirred for 30 minutes. The further addition of
phosphorus into calcium solution induced a white precipitate. Nitric acid was added to this white
precipitate. Afterwards the TEOS/EtOH/H,O/HNO; solution was added drop wise into Ca
(NO3),-4H,0/ (NH4),HPO4/ HNO; mixture under continuous stirring for 1 hour at 37 °C keeping
the pH constant at 1. The obtained gel was dried and thermal treated at 550 °C for 1 hour.

2. 2 Experimental techniques

The structural changes induced by heat treatment and SBF soaking were investigated by
X-ray diffraction using a Shimadzu XRD-6000 difractometer with a monochromator of graphite
for CuKa (A=1.54 A). The diffractograms were recorded in 260 range from 10° to 70° with a speed
of 2°/min.

-1
The FTIR spectra were recorded at room temperature in the 400 - 4000 cm  spectral range

in absorbance mode with a JASCO FT/IR-6200 spectrometer, with an instrumental resolution of 4
1

cm and averaging of 256 scans. An amount of 0.8 mg of powder sample was thoroughly mixed
with 150 mg of KBr and compressed under 100 N/mm? to form pellets.

FEI QUANTA 3D FEG dual beam scanning electron microscope with Everhart-Thornley
detector was used to analyze the microstructure and morphology of the vitroceramics before and
after SBF immersion. In order to amplify the secondary electrons signal a cover of 5 nm thickness
was performed with Pt-Pd into Agar Automatic Sputter Coater, in Ar atmosphere.

The bioactivity of the glass powder was evaluated under static conditions in simulated
body fluid (SBF), the Kokubo's balanced salt solution with ionic concentration nearly equal to the
human blood plasma [15]. Batches of 150 mg glass-ceramic powder were put in polyethylene
recipients with 15 mL of SBF and kept in incubator at 37°C. The recipients were then removed
from the incubator at different time periods: 1, 6, 24 hours and 21 days respectively. The samples
were removed from the fluid, rinsed with ultrapure water, dried at room temperature and
investigated by X-ray diffraction, FTIR spectroscopy and SEM.

3. Results and discussion

The XRD patterns of the vitroceramic sample before and after SBF immersion up to 21
days (Fig. 1) show a calcium pyrophosphate Ca,P,0; (PDF card 73-0440, JCPDS) nanocrystalline
phase after the 550 °C heat treatment. The crystallites size determined according to Scherrer
formula [16] is around 13 nm. The X-ray diffractograms recorded from samples soaked in SBF
reveal the presence of the new peaks at 20 close to 26° and 32°. These new peaks correspond to
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(002) and (211) reflections of hydroxyapatite phase (PDF card 09-0432, JCPDS). In order to
clearly distinguish the hydroxyapatite phase, the standard pattern of HA was inserted in Fig. 1.
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Fig. 1. XRD patterns of 550 °C heat treated sample before and after soaking in SBF.

The depolymerisation of the silicate network due to SBF immersion was investigated by
FTIR analysis. The FT-IR spectra (Fig. 2) are dominated by strong absorption bands, associated to
vibrational modes of SiO4 and PO, tetrahedras, which are overlapped.
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Fig. 2. FTIR spectra of the sample annealed at 550°C before and after incubation in SBF.

The shoulder at 1205 cm™ is ascribed to the longitudinal optical Si-O-Si stretching mode
and the band near 1100 cm™ is attributed to the stretching vibration of Si-O” bonds [17]. The
absorption bands near 1040 cm™ and 575 cm™ are assigned to the vibration mode of the tetrahedral
PO,> present in hydroxyapatite [18] gradually increases by increasing the immersion period.
Further, the vibration at 960 cm™ ascribed to Si-OH groups [19] was overlapped on the bands
corresponding to Si-O'groups, became larger after 21 days of SBF immersion pointing out the
gradual depolymerisation of silica matrix [20]. A weak band which arise at about 800 cm™ can be
associated to the bending motion of oxygen atoms along the bisector of the Si-O-Si bridging group
[21]. Another strong band was also observed at 466 cm™ ascribed to rocking motion of the
bridging oxygen atoms perpendicularly to the Si-O-Si plane [22]. FTIR analysis of studied
samples showed the slight decrease in absorbance of Si-O while the vibration bands due to
phosphates steadily increased. In addition, stretching vibration mode due to carbonates and
hydroxyl groups [19] were observed close to 1400 and 1600 cm™, respectively. The band due to
carbonates groups disappears once with the increase of immersion period.

The presence of apatite-like nanocrystalline phase confirmed by XRD analysis is in good
agreement with the SEM images (Fig.3). From these images one can observe the gradual surface
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changes by increasing the immersion time. The thermal treated sample presents large calcium
pyrophosphate crystals (Fig. 3(A)).

|

Fig. 3. SEM images recorded before (A) and after different periods of SBF incubation: (B)
1 hour, (C) 6 hour, (D) 24 hour, (E) 21 days.

It should be noticed that after 1 hour of SBF incubation first of all the calcium amount on
the sample surface increases (Fig. 4).
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EDS elemental composition
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Fig. 4. EDS elemental concentrations of the silicate-calcium-phosphate nanocomposite
before and after immersion in SBF from 1 hour to 21 days.

Considering that the functional groups for apatite nucleation are negatively charged in
physiological solutions, calcium incorporation in the initial stage is very important for apatite
nucleation [23-24].

The dependence of the elemental composition, estimated by EDS, function on SBF
immersion time is given in Fig. 5.
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Fig. 5. The elemental concentrations determined by EDS after different SBF immersion time.

One can observe that the silicon content in the first hour of incubation decreases and
afterwards up to 21 days (506 hours) presents a slight increase. The calcium and phosphorus
concentrations have an opposite evolution to the silicon, with changes more pronounced from 1
hour to 6 hours.
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The Ca/P ratio increases with the immersion time inducing the development of spherical
islands of crystallites on the sample surface (Fig. 3). The presence of silanol (Si-OH) groups on
material surface as well the increase of Ca/P ratio up to 21 days of immersion produce
heterogeneous nucleation of apatite-like crystals. These results indicate that not only the numbers
of functional groups revealed by FTIR analysis but also their arrangement are important factors
that govern apatite formation. Further, the SEM images after 21 days of SBF immersion display a
preferential orientation of the crystals growing (Fig. 3(E)). The apatite-like crystals, around 200-
500 nm in size, present a spectacular, needle morphology.

4. Conclusions

The composite obtained by 550 °C heat treatment of 60.6Si0,-30.3Ca0-9.1P,0;5 sol-gel
derived bioactive glass consists of a nanocrystalline calcium pyrophosphate phase developed in the
amorphous silica rich matrix. The incubation of the composite in simulated body fluid lead to
gradual appearance of the phosphate groups as proved by both FTIR and EDS analysis. A
spectacular result is the growth of preferentially orientated apatite-like crystals at the interface of
the studied nanocomposite with the simulated body fluid. The presence of calcium pyrophosphate
nanocrystalline phase appears as an excellent support for development of bioactive apatite-like
nanocrystals that could enhance oriented growth of regenerated mineral bone phase.
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