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Abstract

Bredigite (Ca;MgSi4O16), with suitable bioactivity, biodegradation, biocompatibility
and mechanical properties, is a promising candidate for the repair and regeneration of
damaged bone tissues. In this research, for the first time, bredigite was synthesized by a facile
and inexpensive coprecipitation method using inorganic salt precursors, followed by
calcination at 1200° C. Additionally, 0.5 mol% fluoride was successfully doped into the
structure without the formation of any second phases. X-ray diffraction and Fourier-transform
infrared spectroscopy confirmed the formation of single-phase orthorhombic bredigite in the
samples and the incorporation of fluoride in the doped sample, respectively. Both the
undoped and doped samples exhibited apatite-formation ability in terms of the precipitation
of hydroxycarbonate apatite when exposed to a simulated physiochemical medium, with an
increase in this characteristic as a result of fluoride doping. The addition of fluoride also
lowered and buffered the pH value of the medium, where the enhancement of this parameter
is due to the fast bioresorption of bredigite affecting disadvantageously biocompatibility.
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1. Introduction

Bioactive and biodegradable ceramic powders, granulates, microspheres, scaffolds and
blocks are promising candidates for the repair and regeneration of damaged hard tissues. In
this regard, the different types of glass, glass-ceramic and crystalline silicates and calcium
phosphates (apatites) are noticeable. Among them, bredigite with the chemical composition
of CazMg8SisO16, orthorhombic crystalline structure and the density of almost 3.4 g/cm? offers
considerable bioactivity, biodegradation and more importantly mechanical properties due to
its composition and structure [1-3]. Nonetheless, the further development of bredigite as a
typical Ca-Mg silicate ceramic in regenerative medicine demands two major considerations
from synthesis and biocompatibility viewpoints.

Different chemical and mechanical techniques, including sol-gel [3-5], combustion [6]
and ball milling [7-9] have been previously reported to synthesize bredigite. The mechanical
activation route leaves a level of contamination in the product, which is deteriorous for
medical applications. The wet-chemical synthesis methods reported in the literature are
involved with the obligatory use of catalysts, some expensive precursors and time-consuming
steps to obtain a single-phase bredigite structure [3-6]. On the other hand, the low
concentration of silicon and thereby bridging oxygens provide a higher degradation rate for
bredigite in physiological media, compared to other members of Mg-Ca silicates like
diopside and akermanite. This results in an excessive enhancement of pH in the media and
thereby an inhibiting influence on cell proliferation and metabolism [10], despite a beneficial
antibacterial contribution [11-13].

In order to overcome the aforementioned challenges related to production, a
straightforward coprecipitation process using inexpensive inorganic salt precursors was

introduced to synthesize bredigite in this work. The undesirable increase of pH of the
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physiological media due to the degradation of bredigite was also controlled by fluoride

doping, for the first time, while improving the apatite-formation ability of bredigite.

2. Materials and methods

A coprecipitation route, similar to that successfully used for diopside synthesis [14, 15],
was employed to prepare pure and fluoride-doped bredigite. Based on the bredigite
stoichiometry, an equimolar content of calcium chloride (CaCl,, Merck, >98%) and
magnesium chloride (MgCl», Merck, >98%) was dissolved in ethanol (C:HsOH, Merck,
>99.9%). For fluoride-doping at 0.5 and 1 mol% into the bredigite structure, 7 and 14 mol%
of MgCl, were replaced with magnesium fluoride (MgF», Alfa Aesar, >99%). The proper
amount of silicon tetrachloride (SiCls, Merck, >99%) was then added to the solution, while
keeping the temperature at 0 °C using an ice-water bath. Then, ammonia solution (NH4OH,
Merck, 25%) was dropwise added to the solution to increase pH until 10. The obtained
precipitates were several times washed with distilled water, dried at 120 °C and then calcined
at 550, 750, 1000 and 1200 °C.

The structure of the undoped and doped powder samples was characterized by X-ray
diffraction (XRD, PANalytical X'Pert PRO MPD), Fourier-transform infrared spectroscopy
(FTIR, Spectrum 400, Perkin Elmer) and field-emission scanning electron microscopy
(FESEM, MIRA3TESCAN-XMU, 15 kV). To study the apatite-formation ability of the
samples, the powders were exposed to the simulated body fluid (SBF) at 37 °C. Then, the
soaked powders were again investigated by FESEM coupled with energy dispersive X-ray
spectroscopy (EDS) and FTIR. In addition, the pH value of the SBF in contact with the

synthesized powders was daily measured.
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3. Results and discussion

Fig. 1(a) to (d) shows the XRD pattern of the undoped powders after calcination at the
different temperatures. The calcination temperatures of 550 and 750 °C form low-crystallinity
structures, as inferred from the low intensity of the XRD peaks. The powder calcined at 1000
°C, however, exhibits a considerable level of crystallinity, albeit with some impurity phases
(akermanite-CaxMgSi,0O7- and calcium silicate-Ca>SiO4-) apart from bredigite. Desirably, the
calcination temperature of 1200 °C develops a single-phase structure of bredigite with no
secondary phases. In this sample, the mean crystallite size of bredigite is estimated to be
about 42 nm, based on the Scherrer equation [16], due to the fact that crystals are formed
from an amorphous coprecipitation-derived matrix in a bottom-up approach during
calcination.

The XRD pattern of the samples doped with the various amounts of fluoride after
calcination at 1200 °C is also indicated in Fig. 1(e) and (f). According to the analysis by
PANalytical X'Pert software, doping for 0.5 mol% does not change the phase singularity of
bredigite, but somewhat increases the intensity and sharpness of the main diffraction peak
(26=33.5 °) due to the increase in crystallinity and crystallite size (almost 55 nm). This is
attributed to a decrease of melting point which equals 1372 °C [1] as a result of the partial
substitution of fluoride for oxygen [17-20] and thereby an increase in the homologous
temperature of calcination at 1200 °C. However, 1 mol% fluoride incorporation dominates
the akermanite and diopside (MgCaSi2Og) phases rather than bredigite. Thus, only 0.5 mol%
fluoride-doped sample is hereafter considered to study the effect of fluoride on the structural
and biological characteristics of bredigite.

Fig. 2 demonstrates the FTIR spectra of the pure and fluoride-doped samples calcined

at 1200 °C. For the undoped sample, the detection of O-Ca-O, O-Mg-O and Si-O vibrations,
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compatible with Refs. [3, 10, 21], is indicative of Ca-Mg silicate (bredigite). Fluoride doping
reflects three characteristic differences in the FTIR spectrum of bredigite. First, a new broad
peak is created in the FTIR spectrum of the doped sample, which is assigned to Si-F. Second,
the peak intensity of the functional groups of bredigite, i.e. O-Ca-O, O-Mg-O and Si-O,
exhibits a decrease after fluoride doping. Third, the doping process shifts the functional group
peaks to higher wavenumbers. The evolution of the peak intensities and positions after
doping is due to the partial replacement of oxygen with fluoride, converting a number of O-
Ca-0, O-Mg-O and Si-O to O-Ca-F, O-Mg-F and Si-F, respectively. These variations with
fluoride doping are in agreement with other fluoride-doped ceramics reports [22-25].

The FESEM micrograph of the powders calcined at 750 °C is depicted in Fig. 3. As can
be seen, the undoped and doped powder samples are composed of well-dispersed
nanoparticles of about 60 and 140 nm in mean size, respectively. After calcination at 1200 °C
to obtain the homogeneous bredigite structures characterized by the XRD analysis, the
powder particles are coarsened to 1-2 pm, agglomerated and even sintered (Fig. 4). The
development of sintering necks is more evidently observed for the doped sample, since the
fluoride incorporation is expected to decrease the melting point of silicates [17-20] and
thereby to increase sinterability at a given calcination/sintering temperature. These variations
are compatible with fluoride-doped diopside as another typical member of Mg-Ca silicates
[18, 26].

Fig. 5 represents the FESEM micrograph and EDS spectrum of the powders after
immersion in the SBF. As a criterion of bioactivity, apatite-like precipitates can be observed
on the powder surfaces, where the level of the precipitates on the doped sample is more than
the pure sample. Also, the peak intensity of phosphorous in the EDS profiles for the doped

sample is higher than that for the undoped sample. That is, both the FESEM and EDS
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analyses confirm that the apatite-formation ability of bredigite is enhanced by fluoride
doping. The well-established ion-exchange mechanism of Ca-Mg silicates [27-29] explains
the bioactivity of bredigite.

The FTIR spectra of the samples after soaking in the SBF are displayed in Fig. 6. The
detection of PO4>" and COs* vibrations, in agreement with Refs. [3, 30, 31], suggests that the
precipitations deposited on the powder samples are hydroxycarbonate apatite. The higher
number of the PO4>~ vibrations for the doped powder confirms the higher apatite-formation
ability of this sample than the undoped sample, as concluded from the FESEM-EDS analyses.
It is also detected that fluoride doping slightly shifts the peaks of the functional groups to
higher wavenumbers for about 3-5 cm™. This infers the partial incorporation of fluoride into
the precipitated apatite phase, which enhances the chemical stability of apatite against
dissolution towards the medium and explains the bioactivity improvement with fluoride
doping. Albeit at high levels of fluoride incorporation, the formation of fluorite (CakF>)
consumes calcium and accordingly limits the deposition of apatite [30, 32, 33].

Fig. 7 presents the pH value of the SBF after exposure to the synthesized powder
samples. For both the samples in comparison to the reference (the SBF in contact with no
samples), pH exhibits a sharp increase to 1°* day, followed by a slow enhancement to 4™ day
of soaking. From 4" day to 14" day, however, pH presents the relatively constant values of
9.5 and 8.7 for the undoped and doped samples, respectively. The first increase in pH is
attributed to the fast release of Ca’>" and Mg?* from the bioceramics towards the SBF and in
return the adsorption of H" and H3O" of the SBF on the sample surface to balance the
electrical charge. This ion exchange reaction decreases the concentration of H* in the SBF
and hence increases pH. The constant value of pH after 4™ day is because of a balance

between the ceramic dissolution and apatite deposition, where the former increases pH and
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the latter decreases it due to the adsorption of hydroxyl group (OH") of the SBF to form
hydroxycarbonate apatite. It is also noticeable that over the entire range of the pH
measurements, pH for the doped sample is lower than that for the pure bredigite powder. This
is attributed to the exchange of F~ of the bioceramic with OH™ of the SBF, thereby decreasing
the concentration of hydroxyl in the SBF. This pH buffering effect as a result of doping is
remarkable because one of the important challenges to further develop bredigite for

biomedical applications is the excessive enhancement of physiological pH [10].

4. Conclusions

In this work, bredigite was successfully synthesized by a novel coprecipitation
technique using inorganic precursors, followed by calcination. With the target of obtaining
the phase singularity, 0.5 mol% fluoride was also doped successfully into bredigite, whereas
1 mol% incorporation did not develop a single-phase structure. Fluoride doping at 0.5 mol%
level enhanced the apatite-formation ability of bredigite, in terms of the precipitation of
hydroxycarbonate apatite when exposed to the SBF. The pH value of the SBF in contact with
the synthesized powders was increased to almost 9, where fluoride doping somewhat
buffered this parameter. It is finally concluded that fluoride doing of bredigite can be used to

modify the biological performance of this bioceramic.
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Fig. 1. XRD patterns of the undoped powders after calcination at 550 (a), 750 (b), 1000 (c)
and 1200 (d) °C, and of the powders doped with 0.5 (e) and 1 (f) mol% fluoride after

calcination at 1200 °C.

Si-F

-3

< (b)
<

=

-4

E 0-Ca-0

.Ca-

g

=

g

F

450 550 650 750 850 950 1050 1150 1250

Wavenumber (em!)

Fig. 2. FTIR spectra of the pure (a) and fluoride-doped (b) samples calcined at 1200 °C.
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Fig. 3. FESEM micrographs of the pure (a) and fluoride-doped (b) samples calcined at 750

°C.
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Fig. 4. FESEM micrographs of the pure (a, b, ¢) and fluoride-doped (d, e, f) samples calcined

at 1200 °C.
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Fig. 5. FESEM micrographs and EDS spectra of the pure (a, b) and fluoride-doped (c, d)

samples calcined at 1200 °C after soaking in the SBF.
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Fig. 6. FTIR spectra of the pure (a) and fluoride-doped (b) samples calcined at 1200 °C after

immersion in the SBF.
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Fig. 7. pH variations of the SBF in contact with no (a), undoped (b) and doped (c) samples

calcined at 1200 °C.
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