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Synthetic apatites are widely used both in the dental and the orthopaedic fields due to their
similarity in composition with the inorganic phase of hard tissues. Biologic apatites are not pure
hydroxyapatite (HA), but are calcium-deficient apatites with magnesium and carbonate as minor but
important substituents. The aim of the present study was to produce a more soluble biomaterial through
the simultaneous substitution of magnesium and carbonate in the apatite structure to accelerate the
degradation time in the body. The physico-chemical and dissolution properties of unsintered magnesium
and carbonate-substituted apatite (MCAp) with similar Mg/Ca molar ratio (0.03) and varying C/P molar
ratio were evaluated. The resultant powders were characterised using several techniques, such as FTIR,
TGA, XRD, ICP and SEM, while the release of calcium ions in a pH 6 solution was monitored using
a Ca-ion selective electrode. The results showed a decrease of crystallite size and an increase in the
release of calcium to the medium as the carbonate content in the samples increased.
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1. Introduction

Synthetic apatites and related calcium phosphates are
biocompatible, bioactive, and osteoconductive compounds
and their similarity in composition to bone and tooth make
them the most commonly used ceramics for bone repair in
orthopaedics and dentistry'~.

The apatite structure, e.g. hydroxyapatite
(Ca,(PO,)(OH),), allows cationic (for Ca”*) and anionic
(for PO’ and/or OH~ groups) substitutions. Such
substitutions affect the crystallography (crystal size, lattice
parameters), physico-chemical properties (e.g., solubility)
and cell and tissue response'.

Magnesium (Mg*) and carbonate (CO,*) are two minor
but important elements associated with biological apatites,
which have an average concentration of 0.6 wt. (%) Mg**
and 7.5 wt. (%) CO,* in the case of bone apatite""*.

Magnesium incorporation in apatite lattice is very
limited and is directly dependent on Mg/Ca molar ratio,
temperature, pH and the presence of carbonate'’®. Even
the limited incorporation of magnesium causes disturbances
in the apatite lattice, decreasing its crystallinity and
consequently increasing the dissolution rates'’ .

Carbonate levels in the bone play an important role in
the biochemistry of hard tissues*®. The effect of the CO,*
substitution in the apatite lattice may be directly related to
the mechanism of dissolution—precipitation cycles that occur
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during bone tissue regeneration’. Two types of carbonate ion
substitutions can occur in two distinct atomic sites in the
apatite lattice, and have been described as A- or B-type'. The
A-type substitution occurs when CO,*" substitutes for the
hydroxyl (OH") ions'>!3, and the B-type substitution occurs
when CO,*> substitutes for the phosphate (PO,*) ions"'*.

Depending on the application of the bone graft material,
the in vitro solubility is one of the important parameters
in the evaluation of their biodegradability and in vivo
performance?®.

The implant degradation rate should occur simultaneously
with the formation of new bone matrix by the cells. This can
be positive, as regenerative medicine aims to use materials
more degradable and resorbable in order to be replaced
gradually by the new bone after implantation.

Evaluation of the dissolution-reprecipitation behaviour
of the substituted apatites can be monitored by the Ca and
P ions released with the soaking time in several buffer
solutions. Among them, the acetate buffer solution is free
of these ions, and its use in acid pH range try to simulate
an inflammatory process and at the same time reduce the
tests periods due to an accelerating dissolution reaction>'>.

Our aim was to study the effect of the simultaneous
incorporation of magnesium and carbonate ions into the
apatite lattice on the physico-chemical and dissolution
properties of unsintered apatites obtained by aqueous
precipitation.
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2. Experimental Methods

2.1. Synthesis of magnesium and carbonate-
substituted apatites (MCAp)

Magnesium carbonate-free apatites (Ap) and
magnesium carbonate-substituted apatites (MCAp)
with similar Mg/Ca molar ratio of 0.03 and different
carbonate contents [A (3Mg/0C/1P); B (3Mg/1C/1P);
C (3Mg/3C/1P) and D (3Mg/5C/1P)] were synthesised
by aqueous precipitation. Briefly, a solution containing
0.02 M calcium acetate (CaC,H,0,) and 0.02 M magnesium
acetate (MgC,H,O,) were added dropwise into a stirring
solution containing 0.01 M sodium phosphate (molar ratio
Na,HPO,/NaH,PO, = 1:1) solution and different volumes
of 0.1 M sodium bicarbonate solution (NaHCO,) at 95 °C
and unadjusted pH. The solutions were prepared by using
reagent grade chemicals (Merck, Darmstadt, Germany).
The powders were digested for 3 h at the same temperature,
filtered, washed with double distilled water and dried
overnight at 60 °C. Free magnesium and carbonate apatite
samples (Ap) were prepared as described above but in the
absence of Mg** and CO,> sources in the solution. Dry
powders of all samples were characterised in the as-prepared
condition.

2.2. Physico-chemical characterisation

Calcium, phosphorus, magnesium and sodium
concentrations of the unsintered powder samples were
determined using inductively coupled plasma atomic
emission spectroscopy (ICP), (Thermo Jarrel-Ash,
Trace Scan Advantage). A 10 mg quantity of the dried
precipitates was dissolved in 17.5% HCI and made up to
100 mL in a volumetric flask with double distilled water.
The solutions were pumped through argon plasma excited
by a 2 kW/27.12 MHz radiofrequency generator. The
concentration of the elements present in the samples was
determined by using their characteristic wavelengths (Ca,
317.9 A; P, 213.6 A; Mg, 279.6 A and Na, 588.9 A).

The carbonate content of the MCAp samples, evolved
as CO,, was evaluated by thermogravimetric analysis (TGA)
using a TA instruments SDT Q600. These analyses were
performed by using 10 mg of MCAp powders heated from
20-950 °C at a 20 °C/min heating rate and at 100 mL/min
nitrogen flow rate. The first weight loss, from 25-160 °C,
corresponds to the release of adsorbed H,O on the surface
of the crystals. In the second step (160-400 °C), the weight
loss is due to the structural water. The weight loss in the
third step (400-950 °C) represents the decomposition of
carbonate ion into CO,>'¢.

The absorption bands were characterised by
Fourier-transform infrared spectroscopy (FTIR) (Nicolet
Magna-IR 550 Spectrometer Series II), recorded in the range
of 4000-400 cm™'. The samples pellets were prepared by
mixing 10 mg of the sample with 250 mg KBr (IR grade).
The pellets were pressed at 10,000 psi using a hydraulic
press (Carver laboratory press, mode C, ser. N°. 33000-577,
Fred S. Carver, Inc.).
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The crystalline phases present in the Ap and MCAp
unsintered powders were identified by X-ray diffraction
analysis (XRD) using a Philips X’Pert diffractometer, with a
curved crystal monochromator and Cu Ko radiation (45 kV,
45 mA). Data were acquired from 10-60° (26), at a step size
of 0.02° (20) and 3 s per step. The lattice parameters of the
samples were calculated by using the correlation between
interplanar distances and the Miller indices of reflecting
plane A, k and ['". The a-axis and c-axis dimensions were
determined from [300] and [002] planes, respectively.

The morphological evaluation of the powder samples
was made using scanning electron microscopy (SEM) on
a JEOL JSM6460LV, working at 15 kV. The samples were
mounted on aluminium stubs with carbon tape and sputtered
with a thin gold layer to avoid electrical charging.

2.3. Dissolution experiments

Dissolution experiments were carried out by immersing
12.5 mg + 0.05 mg of each sample, sieved to particle sizes
from 63-90 um, in 25 mL of 0.1 M potassium acetate buffer
solution (KC,H,0,), pH 6, maintained at 37 °C and stirred at
aconstant speed (100 rpm). Release of the calcium ions with
time was measured at 30 s intervals using a Ca-ion selective
electrode attached to a pH system (Metrohm pH module
867) and analysed using Tiamo 2.2 software (Metrohm
AG, Switzerland). Duplicate analyses of each sample were
made and the results were expressed as means + standard
deviations and analysed by one-way analysis of variance
(ANOVA). Statistical significance was set at p < 0.05.

3. Results and Discussion

The chemical composition (in wt. (%)) of the powders,
as well as the (Ca+Mg)/P and Mg/Ca molar ratios, are
summarised in Table 1. The samples without carbonate
presented a Ca/Pratio of 1.57, comparable to calcium-deficient
apatites obtained from aqueous precipitation'. With the
carbonate incorporation, the (Ca+Mg)/P molar ratio
increased to the range 1.68-1.81. The magnesium content
in the MCAp samples was not significantly different and
therefore did not contribute to the (Ca+Mg)/P molar ratio.

The results show that as the carbonate amount increased,
so too did the (Ca+Mg)/P molar ratio. The decrease in the
Ca and P concentration accomplished by the increase in
the Na concentration are evidence for the COSZ’—for—PO 43’,
B-type substitution. The substitution of a trivalent anion,
PO,*, by a bivalent anion, CO,*, facilitates the incorporation
of a monovalent cation (Na*) in the place of a divalent
cation Ca** to maintain the charge balance'>'*. The source
of the Na* ions could be the sodium carbonate and sodium
phosphate reagents used in the reaction. The radius of the
monovalent Na* ion (0.97 A) is close to that of the divalent
Ca* ion (0.99 A), while the radius of the Mg?* ion is smaller
(0.66 A). The similarity in the radius of Na* and Ca* ions
facilitates the Na-for-Ca substitution without causing any
major changes in the lattice parameters of the apatite'. The
Na incorporation into the apatite lattice was limited to less
than 1 wt. (%), in spite of an excess of this ion being present
in the carbonate-free solution. However, in the presence of
CO,* ions, the incorporation of Na* ions increased up to
2 wt. (%).
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Table 1. Chemical composition (wt. (%)) and the (Ca+Mg)/P and Mg/Ca molar ratios of produced samples.
Compositions (wt. (%))
Apatite type
Mg Ca P Na co (Ca+Mg)/P Mg/Ca
3 molar ratio molar ratio
Ap 0.028 £0.000 38.47+0.07 18.99+0.04 0.242+0.075 negligible 1.57 £0.001  0.0012 +0.000
A ..
(3Mg/0C/1P) 0.646 £0.006 38.09+0.06 19.28+£0.00 0.551 +£0.025 negligible 1.57+0.003  0.028 +0.003
B
(3Mg/1C/1P) 0.783 +£0.005 38.78 +0.01 18.48 +0.16 0.965+0.015 3.14+0.04 1.68 +0.015  0.033 +0.003
C
(3Mg/3C/1P) 0.826 £0.003 3599+032 1653+0.06 1.193+0.040 4.74+0.33 1.75+0.022  0.038 £ 0.001
D
(3Me/5C/1P) 0.787 £0.000 35.63+0.14 1581+0.04 1.977+0.003 6.83+0.29 1.81 £0.003  0.036 + 0.000
Table 1 shows the carbonate concentration as determined Z
by TGA analysis. The MCAps with relatively constant Mg <}
content presented an increase in carbonate content with z
increasing CO,*" concentration. é’

The FTIR spectra of the apatites prepared in the absence
of CO,* ions in solution showed bands at 861 cm™ attributed
to HPO,* (v,P-O-H) and a hydroxyl (OH") absorption band
located at 637 cm™ (Figure 1 - Ap and A). Calcium-deficient
apatite can be partially attributed to the presence of HPO,*
ions, which may be adsorbed onto the apatite surface or
substitute for the PO,* site'. The intensity of this band
decreased as the CO,* contentincreased.

The incorporation of CO,> in the apatite lattice of
the unsintered samples was confirmed by FTIR analyses
(Figure 1 - B, C and D). The increase in the intensity of the
CO,> absorption bands at 1416 cm™, 1474 cm™' (v, C-0),
and 873 cm™' (v, C-0), is due to an increase in the amount
of carbonate incorporated in the apatite lattice. The decrease
in the intensity of the PO,* absorption bands with increasing
carbonate content confirms the B-type carbonate substitution
in the MCAp powders!'?. The increase in the carbonate
content also resulted in the disappearance of the PO,*" band
at474 cm™ (v, P-0), and in the loss of the resolution of the
PO,* absorption bands at 1030 and 1098 cm™" (v, P-O).

The incorporation of magnesium and carbonate
destabilises the apatite lattice, causing broadening of the
PO,* bands in the stretching regions (1030 cm™), the
bending (565 cm™) vibration mode and decreasing the
intensity of the v, PO,* band.

The decrease in crystallinity is indicated by a loss in the
resolution and in the broadening of the phosphate absorption
bands (v, P-O) (Figure 1 - B, C and D). Higher resolution
of the v, P-O bands indicates higher crystallinity (larger
crystal size and/or less strain) in the MCAp (Figure 1 - A)'.

Figure 2 shows the increasing ratio of the
[(v, COM)/(v, PO,»)] absorption bands with increasing
carbonate contents in the MCAp unsintered powders. The
increase of the ratio value confirmed a B-type carbonate
substitution.

In concordance with the FTIR results, the XRD pattern
(Figure 3) showed a slight broadening of the apatite
diffraction peaks for the MCAp samples with higher CO >
contents, suggesting a decrease in crystallinity, and reflecting
a reduction in crystal size or increase in strain'"’.
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Figure 1. FTIR spectra (from 1500-500 cm™) of Ap and MCAp
powders with similar Mg/Ca molar ratio and different CO
contents; 3Mg/0C/1P (A), 3Mg/1C/1P (B), 3Mg/3C/1P (C) and
3Mg/5C/1P (D).
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Figure 2. Graph showing increasing ratio of the CO,*” and PO *
absorption bands with increasing carbonate content of the unsintered
MCAp powders.
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Figure 3. XRD pattern (from 31.5 to 33.5°) of Ap and MCAp
powders with similar Mg/Ca molar ratios and different CO,*
content; 3Mg/0C/1P (A), 3Mg/1C/1P (B), 3Mg/3C/1P (C) and
3Mg/5C/1P (D).

A shift in the diffraction peaks (211 and 300) to a
higher 20 angle with increasing CO* content in the MCAp
samples indicates decreasing a-axis dimensions. The
contraction in the a-axis dimensions (compared to that of the
magnesium- and carbonate-free apatites) can be attributed to
the combined partial substitution of Mg*—for—Ca*" 16 and
CO,>—for—PO * . The shorter O-O distance in the CO
group, when compared to that in the tetrahedral PO,* group,
and the substitution of smaller planar CO,> groups for the
larger tetrahedral PO,* group, contribute to these effects
on the lattice parameters''*. Some authors related that the
incorporation of Mg** and CO,™ in the apatite lattice causes a
reduction of crystal size, contraction in the a-axis dimension
and expansion in the c-axis dimension, as well as increased
solubility when compared to carbonate-free apatites®'s!.

The combined effects on the lattice parameters (a- and
c-axis dimensions) of the simultaneous substitution of Mg>*
and CO,* in the apatite can be seen in Figure 4.

The crystal morphology of the magnesium- and
carbonate-free synthetic apatite is shown in Figure 5.
Incorporation of magnesium caused a significant decrease
in crystal size (Figure 6a), and the combined incorporation
of magnesium and carbonate caused a further decrease
in crystal size and change in crystal shape (Figure 6b-d).
The crystal shape changed from large needle-like crystals
(Figure 6a, b) to considerably smaller rods (Figure 6c, d)
as the a/c ratio decreases.

The Ca ion release in acidic buffer from synthethic
MCAUp is shown in Figure 7. All solutions reached calcium
saturation within 60 minutes.

The amount of Ca** ions released in 60 minutes
from apatites containing Mg>* ions and free of carbonate
(3Mg/0C/1P) and the MCAp with lower CO,* content
(3Mg/1C/1P) was not significantly different.
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Figure 4. Graph showing the combined effects on the lattice
parameters (a- and c-axis dimensions) of the simultaneous
substitution of Mg** and CO,*" in the apatite powders.
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Figure 5. SEM images of magnesium- and carbonate-free apatite
powder.

The amount of Ca ions released in the same period in
acidic buffer from MCAp containing higher CO,* contents
increased as carbonate content increased.

The incorporation of CO,* in the apatite lattice caused
a decrease in the crystal shape, as seen in SEM images
showing significant differences in the specific area which
contributed to the release of Ca* in the dissolution kinetics.

The separate and combined effects of carbonate and
magnesium on increasing the solubility of apatites are
consistent with earlier reports'*2*2!, Since the magnesium
concentration is similar in the MCAp samples, the increase
in dissolution rate is due only to an increase in the carbonate
incorporation in these samples. This behaviour was also
observed in A-type carbonate apatites (CO,>—for-OH")*.

Carbonate apatites present higher solubility when
compared to carbonate-free apatite due to the fact that
Ca-PO, bonds are stronger than Ca-CO, bonds, making
the carbonate apatite more susceptible to acid dissolution?.
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Figure 6. SEM images of the of MCAp powders with similar Mg/Ca molar ratios and different CO,* content; 3Mg/0C/1P (a), 3Mg/1C/1P (b),

3Mg/3C/1P (c) and 3Mg/5C/1P (d).
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Figure 7. The amount of Ca ions released after 60 minutes in acidic
buffer solution from MCAp samples with similar Mg/Ca molar

ratios and different CO,> content; 3Mg/0C/1P (A), 3Mg/1C/1P (B),
3Mg/3C/1P (C) and 3Mg/5C/1P (D).

Magnesium and carbonate incorporation, individually or
in combination, induce crystallinity reduction and a higher
number of structural defects within the apatite lattice. The
disorder caused by the ion substitutions within the crystal
weakens the apatite bonds, which increases chemical

reactivity. The increase in apatite solubility caused by
carbonate incorporation is further increased when Mg+ ions
were also incorporated’”*?>%,

4. Conclusions

The unsintered MCAp samples showed a B-type
carbonate substitution (CO,*—for-PO,*). The simultaneous
incorporation of Mg** and CO,* ions in the MCAp samples
combined the individual effects of these ions on the
properties of apatite. In samples with similar Mg/Ca molar
ratio, increasing the carbonate content resulted in a decrease
in crystallite size and an increase in the release of calcium
in a pH 6 solution.
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