AperTO - Archivio Istituzionale Open Access dell'Università di Torino

Magnesium- and strontium-co-substituted hydroxyapatite: the effects of doped-ions on the
structure and chemico-physical properties
This is the author's manuscript
Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/124839

since 2016-01-05T13:05:26Z

Published version:
DOI:10.1007/s10856-012-4767-3
Terms of use:
Open Access
Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

09 January 2023

This is an author version of the contribution published on:
Questa è la versione dell’autore dell’opera:
[J Mater Sci: Mater Med, 23,12, 2012, DOI 10.1007/s10856-012-4767-3]
ovvero [V. Aina • G. Lusvardi • B. Annaz • I.. R. Gibson •F.E. Imrie • G. Malavasi • L. Menabue •
G. Cerrato • G. Martra, 23, Springer, 2012, pagg. 2867-2879]

The definitive version is available at:
La versione definitiva è disponibile alla URL:
[http://link.springer.com/article/10.1007/s10856-012-4767-3]

1

Magnesium- and strontium-co-substituted Hydroxyapatite: the effects of dopedions on the structure and chemico-physical properties

Authors
Valentina Aina1, Gigliola Lusvardi2*, Basil Annaz3, Iain R. Gibson3, Flora E. Imrie3, Gianluca
Malavasi2, Ledi Menabue2, Giuseppina Cerrato1, Gianmario Martra1
1

Department of Chemistry, University of Turin, Via P. Giuria 7, 10125 Torino, Italy; Centre of Excellence

NIS (Nanostructured Interfaces and Surfaces); INSTM (Italian National Consortium for Materials Science
and Technology), UdR University of Torino.
2

Department of Chemistry, University of Modena and Reggio Emilia, Via Campi 183, 41125 Modena, Italy.

3

School of Medical Sciences, Institute of Medical Sciences, University of Aberdeen, Foresterhill, Aberdeen,

AB25 2ZD, United Kingdom.

Keywords: Mg-Sr co-substituted apatites, BCP composites, chemico-physical characterization

*Corresponding Author: Prof. Gigliola Lusvardi
gigliola.lusvardi@unimore.it

tel +39 059 2055044
fax +39 059 373543

2

Abstract
The present study is aimed at investigating the contribution of two biologically important cations,
Mg2+ and Sr2+, when substituted into the structure of hydroxyapatite (Ca10(PO4)6(OH)2, HA). The
substituted samples were synthesized by an aqueous precipitation method that involved the addition
of Mg2+- and Sr2+-containing precursors to partially replace Ca2+ ions in the apatite structure. Eight
substituted HA samples with different concentrations of single (only Mg2+) or combined (Mg2+ and
Sr2+) substitution of cations have been investigated and the results compared with those of pure HA.
The obtained materials were characterized by X-ray Powder Diffraction, Specific Surface Area and
Porosity Measurements (N2 adsorption at 77K), FT-IR and Raman spectroscopies and Scanning
Electron Microscopy (SEM). The results indicate that the co-substitution gives rise to the formation
of HA and β-TCP structure types, with a variation of their cell parameters and of the crystallinity
degree of HA with varying levels of substitution. An evaluation of the amount of substituents
allows us to design and prepare BCP composite materials with a desired HA/β-TCP ratio.
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1. Introduction
Hydroxyapatite (Ca10(PO4)6(OH)2, HA) [1] is widely used in production of osteoconductive ceramic
materials for orthopedic and dental applications.[2-8] In order to improve some features of the
apatitic bone substitutes, such as osteointegration, mechanical properties and implantation efficacy,
HA ceramics can be doped with small amounts of ions that are found in natural bone mineral.[9-13]
Many studies have focused on the effect of single ionic substitutions in the HA structure which have
proven to be easier in terms of synthesis and structural characterization.[9, 14-16] From a materials
science viewpoint, the structural characterization of ionic substituted HA is essential, given the
trace levels of ionic substitutions found both in natural bone and tooth mineral. There are a general
lack of studies that investigate coupled ionic substitutions in the HA structure. Co-substituting two
different ions, by balancing contrasting ionic radii and/or valence, offers the possibility of
substituting ions that are difficult to substitute alone, such as magnesium ions,[17] or of substituting
a greater level of an ionic substituent, such as silicate ions.[18]
The present study is an attempt to develop a coupled ionic substitution HA involving two important
trace elements, namely magnesium (Mg2+) and strontium (Sr2+).
Magnesium is a fundamental element and prevents possible risk factors for osteoporosis in
humans.[1] Magnesium also has its own significance in the calcification process, bone fragility and
an indirect influence on mineral metabolism.[16, 19, 20]
Strontium is considered as a bone-seeking element that presents a beneficial effect on bone
growth.[21] Its ability to decrease bone resorption and to enhance bone formation in vivo has also
been proved.[22, 23]
Although several articles have already been published on the chemico-physical properties of
apatites and substituted apatites, only a few works were devoted to careful investigation of Mg2+doped HA [10, 14, 24-26] and no paper reports the study of co-substitution of Sr2+ - and Mg2+ in
HA. The paper of Kannan et al.[19] recently reported the synthesis and structural characterization
of Sr2+- and Mg2+-co-substituted β-tricalcium phosphate (β-Ca3(PO4)2, β-TCP). Considering the
importance of Sr and Mg as essential elements, we report here the synthesis and characterization of
Sr2+- and Mg2+-co-substitution in HA.
The synthesis of substituted hydroxyapatite can be performed either by a solid state route or by an
aqueous precipitation method; in this paper, an aqueous precipitation route to form both Mgsubstituted HA and Sr2+- and Mg2+-co-substituted HA is reported. This method is based on the
addition of Mg2+ and Sr2+ containing precursors to partially replace Ca2+ in the HA composition.
Eight HA derived samples with different concentrations of single or combined substituting elements
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were prepared in the present investigation and structural information on the influence of these ions
on co-substituted HA was gained using different experimental techniques.
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2. Materials and Methods
2.1 Synthesis
Non-substituted and substituted hydroxyapatites were prepared by aqueous precipitation.
To synthesize 0.01 mol of hydroxyapatite, 0.10 mol of calcium hydroxide (Ca(OH)2, Sigma) and
0.06 mol of phosphoric acid (H3PO4, Sigma) were combined in a 10:6 molar ratio. Calcium
hydroxide was stirred magnetically in 200 mL of distilled water for 20 min until a homogeneous
suspension was obtained. Phosphoric acid (diluted with 200 mL of distilled water) was added
dropwise to this solution over 45 min, with continuous stirring, with the pH maintained above 10.5
by addition of ammonia solution, as necessary. The solution was stirred for a further 2 h, and then
allowed to stand overnight, after which the product was filtered under suction and dried in ambient
conditions. All the reaction steps were carried out at room temperature (RT).
Magnesium-substituted hydroxyapatites were prepared by an analogous method, but with a
reduction of the amount of Ca2+ and an addition of an equimolar amount of Mg2+ in the form of
magnesium chloride hexahydrate (MgCl2⋅6H2O, Sigma).
Similarly for Sr2+- and Mg2+-co-substituted hydroxyapatites, the amount of Ca2+ was reduced with
addition of an equimolar amount of bivalent cations in the form of strontium nitrate (Sr(NO3)2,
Sigma) and MgCl2⋅6H2O.
Landi et al. reported the effectiveness of MgCl2 as a reactant in the synthesis by aqueous
precipitation of biomimetic Mg-substituted hydroxyapatite, and did not indicate any unwanted cosubstitution of the product MgHA structure by chloride ions. These results supported our choice of
MgCl2 over MgNO3 as the Mg2+ source in our synthesis method. [27].
As in the preparation of pure hydroxyapatite, the pH was continuously monitored throughout the
synthesis.
For all compositions the design composition was a (Ca+X)/P molar ratio of 1.667, where X = Mg +
Sr.
Desired compositions of the synthesized samples and molar concentrations of reactants used are
given in Table 1.
The powders were heated in a high temperature furnace (Carbolite). Samples were heated from 200
to 1100˚C at 10˚C/min, holding at 1100˚C for 16 hours, followed by cooling the products from
1100 to 200˚C at 10˚C/min and then air-cooling to room temperature.

2.2 Methods
6

All analysis was performed on samples (in the powder form) heated at 1100˚C, unless otherwise
stated.
2.2.1 X-ray Powder Diffraction (XRPD). XRPD analysis was performed on powder samples using a
Bragg-Brentano diffractometer (PANalytical X’Pert Pro, Ni-filtered Cu Kα source), a 3-110° 2θ
range and a counting time of 50s for each 0.03° (2θ step). Diffraction patterns were compared to
ICDD database PDF patterns [28] of Ca10(PO4)6(OH)2 (HA, JCPDS n° 09-432) and β-Ca3(PO4)2 (βTCP, JCPDS n° 09-0169).
The degree of crystallinity of the HA phase, corresponding to the fraction of crystalline phase (Xc)
in the HA powders, was evaluated by the following equation (1) [29]
Xc ≈ 1−

V112 / 300
I 300 (1)

where I300 is the intensity of (300) hkl reflection and V112/300 is the background intensity of the space
between (112) hkl and (300) hkl reflections.
Rietveld refinements were performed with GSAS [30] and EXPGUI programs [31]. Initial atomic
coordinates and unit cell dimensions were taken from previously published data; the structural
models are from the ICSD database: card numbers 026205 for HA and 6191 for β-Ca3(PO4)2.[32,
33] Parameters varied in the refinement were atomic coordinates (x, y and z), unit cell parameters (a
and c), displacement parameters (Uiso), peak intensity scaling and peak profile parameters related
to particle size.
2.2.2 Scanning electron microscopy - Energy dispersive spectroscopy (SEM/EDS). The composition
of synthesized materials was determined by means of SEM (FEI Quanta 200, FEI Company),
equipped with an EDS instrument (INCA 350, Oxford Instruments). For each composition, three
different samples were analyzed, and the EDS analysis was performed over 20 different sample
areas (σ = 0.5%). Results were validated by comparison with reference standards.
2.2.3 Specific surface area (SSA) and porosity measurements: SSA of unheated powders was
evaluated using a Micromeritics ASAP 2020 porosimeter, by adsorption of an inert gas (N2) at 77
K. Before measurements, all samples were activated in vacuo (residual pressure < 10-3 Torr) at
room temperature for 12 h in order to remove physisorbed atmospheric contaminants. For SSA
determination, data were analyzed with the BET model. The accuracy of the conventional BET
method/model for SSA determination is known to be relatively low (±5% divergence from the
7

actual area), even if the instrumental accuracy and reproducibility of data obtained with modern
automatic gas-volumetric instrumentation is quite high (±0.2%). The BJH (Barrett-Joyner-Halenda)
model was used to analyze mesopores, and the “t-plot” (statistical thickness) method was employed
to evaluate the presence of micropores.[34]
2.2.4 Raman spectroscopy: Raman spectra were recorded using a Renishaw inVia Raman
Microscope spectrometer. A diode laser emitting at 785 nm was used, which had an output power of
65mW at the sample. Photons scattered by the sample were dispersed by a 1200 lines/mm grating
monochromator, and simultaneously collected on a CCD camera; the collection optic was set at 20
d ULWD objective (5 µm diameter laser spot). The spectra collection setup of ten acquisitions, each
taking 10 s, was adopted.

2.2.5 Attenuated Total Reflectance (ATR) spectroscopy: IR spectra were recorded on a Nicolet 5700
FTIR spectrometer, equipped with a Smart Orbit diamond attenuated total reflectance (ATR)
accessory and a DTGS detector; the spectral resolution was 4 cm-1 and the number of scans for each
spectrum was 128.
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3. Results and Discussion
3.1 X-Ray Powder Diffraction. The results derived from the collected diffraction patterns and from
Rietveld refinements of these data are reported in Table 2; diffraction patterns of all samples are
reported in Figure 1 and in particular, some representative patterns showing more detail are
reported in Figure 2.
In the case of the Ca10(PO4)6(OH)2 and Ca9.9Mg0.1(PO4)6(OH)2 samples, peak positions and relative
intensities correspond very well to those of the ICDD PDF pattern for stoichiometric HA. A slight
reduction of peak intensity counts for Mg2+-containing apatite is in agreement with a similar
behaviour of the crystallinity (96 and 94% for Ca10(PO4)6(OH)2 and Ca9.9Mg0.1(PO4)6(OH)2,
respectively); however, the small molar amount (0.1 mol) of Mg2+ does not influence significantly
the cell parameter values. At increasing amounts of Mg2+ (0.5 and 1 mol), in addition to the peaks
of an HA phase, other peaks were identified that were characteristic of a β-TCP phase.
Counts of the peak intensities related to the β-TCP structure type increased with the content of Mg2+
and at the same time the quantity of the HA phase diminished, as confirmed from the changing ratio
between the phases HA and β-TCP; the HA/β-TCP ratio varied from ~3 (approximately 75/25%) to
~1 (approximately 50/50%), respectively for 0.5 and 1 mol of Mg2+.
A reduction in the crystallinity degree of the HA phase was also observed at the highest amount of
Mg2+: 89% for Ca9Mg1(PO4)6(OH)2 compared to 96% for pure Ca10(PO4)6(OH)2.
The smaller dimension of Mg2+ (72 pm) compared to Ca2+ (100 pm) also influences the cell
parameters in terms of a contraction of their values; this was especially evident in the β-TCP phase,
with a reduction of both a and c axes. These results are in agreement with the well-documented
behaviour of Mg2+ towards apatites [35]; the presence of Mg2+ strongly influences the crystallinity,
morphology, crystal size and thermal stability of HA and also favours the formation and
stabilization of β-TCP. However, in the present study the unit cell dimensions of the HA phase do
not show a significant reduction with increasing Mg substitution, as observed in other studies of
non-heated Mg-substituted apatites.[18, 36] .
In relation to Sr2+- and Mg2+-co-substitution, in all cases it is possible to recognize characteristic
peaks of HA and β-TCP phases; the combined effect of Mg2+ and Sr2+ ions influences the
crystallinity degree of HA, the HA/β-TCP ratio, and the cell parameters. In particular, if we
compare the results at a fixed Ca2+ amount, starting with the Ca9Mg0.1Sr0.9(PO4)6(OH)2 and
Ca9Mg0.5Sr0.5(PO4)6(OH)2 samples, the higher amount of Mg2+ and correspondingly the lower
amount of Sr2+ decreases the crystallinity degree of the HA phase (from 91% to 80%, respectively)
and increases the HA/β-TCP ratio (from approximately 81 to 94%, respectively).
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In the first sample (Ca9Mg0.1Sr0.9(PO4)6(OH)2), looking at the cell parameter values, it is assumed
that the higher amount of Sr2+ influences the HA structure in particular, with an expansion of cell
parameters, especially evident for the a axis, from 9.501 Å compared to 9.424 Å for pure HA; this
is consistent with the slightly larger ionic radius of Sr2+ compared to Ca2+ (118 and 100 pm,
respectively). Moreover, Mg2+ may be more associated with the β-TCP phase, as indicated by a
decrease of its cell parameters: a and c axes being 10.377Å and 37.167Å, respectively, compared to
10.429Å and 37.380 Å for pure β-TCP. In the second sample (Ca9Mg0.5Sr0.5(PO4)6(OH)2), a higher
amount of Mg2+ also influences the HA structure in terms of contraction of cell parameters
compared to the previous values (especially evident for the a axis, 9.463Å compared to the previous
9.501Å) and, opposite to the behaviour of Sr2+, reduces the crystallinity degree of HA (80%);
however, the effect of Sr2+ again cannot be neglected, with both HA and β-TCP phases showing
increased values of the cell parameters.
For Ca8Mg0.1Sr1.9(PO4)6(OH)2, Ca8Mg0.5Sr1.5(PO4)6(OH)2 and Ca8Mg1Sr1(PO4)6(OH)2, a higher Sr2+
amount influences both HA and β-TCP structures with an expansion of cell parameters.
Specifically, this is evident when looking at the a axes of both phases, namely 9.493Å compared to
9.424Å for pure HA and 10.495 Å compared to 10.429Å for pure β-TCP. In the case of equimolar
amounts of Sr2+ and Mg2+ and consequently Mg2+ at its highest value, the β-TCP structure is
especially influenced, with a greater contraction of the cell parameters with respect to the previous
values (a=10.409Å). An increase of Mg2+ also gives rise to a reduction in the degree of crystallinity
of HA (80%, 73% and 68% respectively for the above mentioned samples) and a decrease of the
HA/β-TCP ratio.
The co-substitution of Sr2+ did have a stabilising effect for the Mg2+ substitution level of 0.5 mol;
without Sr2+ substitution, the composition Ca9.5Mg0.5(PO4)6(OH)2 contained approximately 26% βTCP whereas Ca9Mg0.5Sr0.5(PO4)6(OH)2 composition contained only ~6% β-TCP (XRD patterns
shown in Figure 1,2). For these two compositions, which have the same level of Mg2+ substitution,
the unit cell parameters of both phases showed an increase when Sr2+ was co-substituted. These cosubstitution levels may correspond to values that are close to optimum for enabling appreciable
Mg2+ substitution in the HA phase without the formation of β-TCP as a second phase. For the other
two cases where the level of Mg2+ substitution can be considered as being constant (either 0.1 or 1
mol), and considering the phase compositions with or without Sr2+ co-substitution, there is either a
destabilising effect of co-substitution (in the case of 0.1 mol Mg2+ substitution) or little effect (in
the case of 1 mol Mg2+ substitution); for all these cases the degree of crystallinity of the HA phase
decreases with Sr2+co-substitution.
10

These results indicate that Mg2+ and Sr2+, when simultaneously present, interact with both HA and
β-TCP phases in terms of variation of cell parameters and the degree of crystallinity of the HA
phase; the previous careful evaluation of the different molar ratios of the cations would allow
biphasic materials with selected ratios of HA and β-TCP and also with controlled crystallinity
degrees of HA to be obtained.

3.2 ESEM/EDS. In Figure 3, areas of the investigated samples are shown. In all cases the
morphology is quite irregular in term of dimensions (5-40 µm) and shape (generally, rectangular
and very sharp). The samples with a lower degree of crystallinity of HA showed more irregularities
in the shape and outlines of the aggregates. The compositions determined by semi-quantitative EDS
analysis, performed by an accurate evaluation of different areas, indicate a non-homogeneous
distribution of the elements that is consistent with the presence of two phases with HA and β-TCP
structure and substituted with Mg2+ or with Mg2+ and Sr2+ simultaneously. However, it is possible to
identify, always from a semi-quantitative approach, some areas with molar ratios similar to those of
the nominal compositions given in Table 1. The experimental EDS molar ratios showed a good
correspondence to their theoretical values in some cases. The formation of solid solutions with the
nominal compositions of Table 1 cannot be excluded; unfortunately the simultaneous presence of
several phases inhibits a correct and unambiguous identification of them. There was no evidence of
the presence of chlorine in the analyzed samples.

3.3 Specific surface area (SSA) and porosity data. SSA and porosity data for all synthesized
samples (prior to heating at 1100˚C) are reported in Table 3. The specific surface areas of all
materials are in the range between 70–125 m2/g. The synthesis by an aqueous precipitation method
gives rise to materials with a high SSA; SSA values of the Mg-substituted materials are higher with
respect to those of pure HA, and increase with the amount of Mg2+. Measured mesopore volumes
and areas were negligible for all materials and are not reported. All the studied materials showed a
small amount of microporosity (see micropore area data reported in Table 3, third column). In the
Mg2+-only substituted HA there is a slight decrease in the micropore area values (not related to the
Mg2+ content) in comparison with the pure HA.
Concerning the co-substitution, SSA values are higher with respect to the pure HA and there is a
double effect: on one hand, the presence of Mg2+ causes an increase of SSA with respect to HA, and
on the other hand, Sr2+ is responsible for a SSA decrease. The latter can be observed in both series
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with a constant Mg2+ content but varying Ca2+ and Sr2+ contents, and in the series with a fixed Ca2+
content and varying Mg2+ and Sr2+ contents. Comparing Ca9Mg0.1Sr0.9(PO4)6(OH)2 and
Ca9Mg0.5Sr0.5(PO4)6(OH)2 samples with the same Ca2+ content, it is possible to single out that with
an increase in Mg2+ content and a decrease in Sr2+ content the SSA becomes greater. Examining the
Ca8Mg0.1Sr1.9(PO4)6(OH)2, Ca8Mg0.5Sr1.5(PO4)6(OH)2 and Ca8Mg1Sr1(PO4)6(OH)2 samples, at fixed
Ca amount, with the increase of Mg2+ and the reduction of Sr2+ content there is also an increase of
SSA. The microporosity decreases in all samples with respect to HA but without a specific trend;
due to the low amount of micropores in all the materials the changes in the microporosity are not
significant.
Generally, a decrease of the HA/β-TCP ratio (see XRPD data) shows some correlation with an
increase in SSA. This is the first paper in which the influence on the SSA data of ions co-substituted
in the HA structure is evaluated and reported.

3.4 Raman spectroscopy. In Figure 4, Section A, Raman spectra collected from Mg-substituted
samples, with comparison to non-substituted samples, are reported. In all the spectra it is possible to
single out the presence of an intense band at ~ 910 cm-1 originating from symmetric stretching
vibrations of O-P-O bonds. Additionally, bands at ~ 390 cm-1 (ν2), 534 cm-1 (ν4), and 1000 cm-1 (ν3)
correspond to characteristic vibrations of PO43- groups in HA.[37, 38] The band at about 1030 cm-1
can be assigned to CO32- stretching vibration modes (ν1) in a β-type carbonate apatite.[39] In Table
4 the main Raman band positions and assignments of hydroxyapatite are reported. In the case of the
compositions modified with only Mg2+ ions it is possible to single out that the intensities of the full
width at half maximum (FWHM) of the characteristic bands for HA at 910 cm-1 change. As the
amount of Mg2+ increases (compare spectra of Ca9.5Mg0.5(PO4)6(OH)2 and Ca9Mg1(PO4)6(OH)2 with
the reference spectra of α-TCP and β-TCP) more evidence is provided of the formation of a TCP
phase with the appearance of a shoulder in the band located at ~924 cm-1.
Moreover, in order to better clarify the formation of a TCP phase, spectral deconvolutions in the
spectral range between 940-880 cm-1 are reported in Figure 4, Section B. Inspection of this figure
shows that in the case of Ca9.5Mg0.5(PO4)6(OH)2 and Ca9Mg1(PO4)6(OH)2 the presence of two
components (909 and 924 cm-1) in the band centred at 910 cm-1 is clearly evident. This proves that
the bands of the phosphate ions derive from a different apatite structure and are characteristic of a
tricalcium phosphate structure, which also gives rise to a loss of crystallinity; the component at 924
cm-1 is typical of the β-TCP phase.
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In Figure 5, Section A the Raman spectra obtained from the co-substituted samples are shown. All
spectra presented the main bands typical of an apatite structure described above. With the
introduction of Sr2+ into the HA structure a shift of the main phosphate band toward low
wavenumber (910 vs 906 cm-1) was clearly evident (see Figure 5 Section B); this has previously
been reported for the substitution of Sr2+ alone in HA by O'Donnell et al.[39]. This shift could be
used to determine the change in Sr2+ in apatite compositions for in vitro and in vivo studies.[39] The
Ca8Mg0.1Sr1.9(PO4)6(OH)2 composition, which is the sample with the highest Sr2+ content studied
here, shows the greatest shift of the main phosphate band; moreover, comparing the samples with
the same Ca2+ content (Spectrum (b) vs. Spectrum (c)) and Spectrum (d) vs Spectrum (e) vs
Spectrum (f)), the increase of the amount of Mg2+ results in a broadening of the phosphate band.
This feature is an index of a less crystalline sample and confirmed that the introduction of Mg2+
gives rise to the conversion to a TCP phase (see spectra in Figure 4 carried out on the Mg2+substituted samples).
The stabilising effect on the HA phase of co-substitution of Sr2+ (for a Mg2+ substitution level of 0.5
mol) as observed by comparison of the HA/β-TCP content in Table 1, was also evident from the
corresponding

Raman

spectra;

comparing

spectra

of

Ca9.5Mg0.5(PO4)6(OH)2

and

of

Ca9Mg0.5Sr0.5(PO4)6(OH)2, (see Figures 4B and 5B)shows, in the first case, a more pronounced
shoulder at 924 cm-1 with respect to that of co-substituted sample, which showed only a small
shoulder at 920 cm-1.
The formation of a TCP phase in the co-substituted samples is less evident (Spectra (c) and (f ),
Figure 5, Section B) than in the Mg2+-substituted samples (Spectra (c) and (d), Figure 4, Section
B), but nevertheless a β-TCP phase is present in the co-substituted samples.

3.5 ATR spectroscopy. In Figure 6 the ATR spectra for Ca10(PO4)6(OH)2 and Mg-substituted HA
are reported. In the Ca10(PO4)6(OH)2 spectrum (Figure 6 Section A), the intense bands originating
from vibrations of PO43- groups are seen. The most intense bands are 1090 and 1045 cm-1, assigned
to triply degenerate antisymmetric vibrations (ν3) of P-O bonds. Other bands at 628, 602 and 563
cm-1 are due to triply degenerate bending vibrations (ν4) of O-P-O groups, typically well defined
and sharp in the spectrum of a pure HA; the 963 cm-1 component is assigned to non-degenerate
symmetric vibrations (ν1) of P-O bonds. The splitting of the ν4 vibrational band indicates the low
site symmetry of the molecules, as three observed bands confirm the presence of more than one
distinctive site for phosphate groups. Analysis of the spectra corresponding to the samples doped
with Mg2+ showed a decrease in the intensity with the increase of Mg2+ content, of the 1090, 953
and 628 cm-1 bands. The ν4 band changed from three peaks to two peaks in the sample with the
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highest Mg content; these spectral changes can be related to a decrease in the relative amount of HA
phase as more β-TCP forms.
Moreover, in the case of the sample with the highest Mg2+ content, a band of low intensity at 1120
cm-1 appears.
In Figure 6, Section B the spectral deconvolutions in the spectral range of 650-525 cm-1 carried out
on Ca10(PO4)6(OH)2 and Ca9Mg1(PO4)6(OH)2 are reported; in the presence of Mg2+ two other
components appear at 572 and 545 cm-1, that are also evident in the deconvolutions carried out on
the reference system β-TCP. So, in agreement with previous results, the presence of Mg2+ in the HA
structure causes the formation of a β-TCP phase in addition to HA.
ATR spectra for Ca10(PO4)6(OH)2 and of co-substituted samples are shown in Figure 7.
In all samples, it is possible to single out the main bands typical of HA structure. It is possible to
notice that the presence of both Sr2+ and Mg2+ causes a decrease of sample crystallinity; the
phosphate bands appear broad and not well resolved (see in detail the bands at 1090 and 628 cm-1).
In Figure 7 Section B the spectral deconvolutions in the spectral range of 650-525 cm-1 carried out
on samples Ca10(PO4)6(OH)2, Ca9Mg0.5Sr0.5(PO4)6(OH)2 and Ca8Mg1Sr1(PO4)6(OH)2 are reported; in
the presence of Mg2+ and Sr2+ the band located at 628 cm-1 disappears whereas two other
components at 570 and 545 cm-1 are observed. These two components are also evident in the
deconvolutions carried out on the reference system β-TCP.
These sentences are in agreement with results obtained from XRD analysis: the presence of Mg2+
and Sr2+ in the HA structure cause the formation of a TCP phase in addition to HA phase and a
decrease of the sample crystallinity.
To summarize the ATR results, Table 5 reports the changes occurring in the phosphate bands in the
Mg2+-HA and Mg2+-Sr2+ HA substituted samples. The presence or absence (denoted by  or x,
respectively) of the different phosphate groups typical of HA and TCP phases are reported.
With the introduction of only Mg2+, the band at 953 cm-1 characteristic of the ν1 phosphate
vibrational mode becomes broader even at the lowest Mg2+ content; the pure β-TCP sample shows
the same behaviour. Moreover, changes in the ν4 phosphate vibrational modes are detectable at the
highest Mg2+ content. Concerning the co-substituted HA, in all the samples it is evident that the ν4
band changes from three peaks to two peaks. Moreover the OH stretching band located at ~ 3570
cm-1 (spectral region not shown for the sake of brevity) decreases with increasing substitution.
Concerning the ν3 PO43- bands in the samples with the higher Mg2+ content (i.e.
Ca8Mg1Sr1(PO4)6(OH)2, Ca8Mg0.5Sr1.5(PO4)6(OH)2, and Ca9Mg1(PO4)6(OH)2) the 1090 cm-1
component becomes broad according to the spectral features of TCP; this is further evidence of
TCP formation in the presence of increasing amounts of Mg2+.
14

Data derived from FT-IR spectra were found to be consistent with Raman data; clearly, some of the
changes in the FTIR and Raman spectra correspond to the identified phases and their structural
transformation observed by XRPD.

The combined use of XRPD, FTIR and Raman spectroscopies provides complementary data and
indicates clearly phase formation and transformation as well as related structural changes resulting
from the ions substituted in the HA structure. Our data suggests that the substitution of Sr2+ and
Mg2+ ions into synthetic HA modifies some properties of HA (i.e. degree of crystallinity), and a cosubstitution of 0.5 mol of both Mg and Sr (Ca9Mg0.5Sr0.5(PO4)6(OH)2) appears to stabilize the HA
phase compared to a Mg-only substituted HA containing 0.5 mol Mg (Ca9.5Mg0.5(PO4)6(OH)2).
Synthetic bone graft materials are an alternative to autologous bone, and currently hydroxyapatitebased ceramics represent the first choice in orthopaedic surgery, because they provide an
osteoconductive scaffold to which mesenchymal stem cells can migrate and adhere, and can
differentiate into functional osteoblasts.[40] Biphasic HA/β-TCP composite ceramics are widely
used because of their biodegradable, biocompatible, and osteoconductive characteristics.[41, 42]
The mixtures of these two phases, also known as biphasic calcium phosphates (BCPs), are usually
favoured for clinical applications because their resorption rate can be tuned to match the bone
healing rate allowing to obtain a suitable balance between implant degradation and bone
regeneration.[43] A recent study has also shown that BCP scaffolds can demonstrate osteoinductive
properties.[44]
In the present study, starting from a pure HA material and then systematically substituting either
Mg2+ alone or Mg2+ and Sr2+ together in the structure we obtained BCP composite materials with a
variable HA/β-TCP ratio.
In order to evaluate the behaviour towards osteoblast and osteoclast cells, biocompatibility and
cytotoxicity studies will be carried out. The effects of both chemical composition and different
HA/β-TCP phase ratios on cell behaviour requires evaluation, using Mg and Sr-free HA/β-TCP
compositions with matching relative ratios of the two phases as controls. Based on these results, in
vivo experiments will be performed in order to evaluate both the influence of the different phases
(HA and/or β-TCP) and the effects of the element concentrations.
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4. Conclusions
Magnesium ions are known to destabilise the HA structure, whereas strontium ions are known to
substitute readily into the HA structure, retaining a single HA phase when heated to form a ceramic.
In this study, a multi-technique approach was applied to HA derived samples and was used to
investigate the effect of magnesium and strontium co-substitution in the HA structure and to
identify clearly phase transformation and structural changes.
In all substituted samples, except that with the lowest amount of magnesium, formation of two
phases with HA and β-TCP structure types was observed; the effects of the cations are correlated to
the variation of cell parameters of both structures (expansion or contraction if the prevalent effect is
due to strontium or magnesium, respectively). Other effects include the decrease of the crystallinity
degree of HA and changing amounts of HA and β-TCP phases.
Starting from a pure HA material, with systematic substitutions we obtained BCP composite
materials with variable HA/β-TCP ratios. By co-substitution at equimolar amounts (at a level of 0.5
mol) a BCP composition rich in the HA phase was obtained, whereas when only 0.5 mol of Mg was
substituted (Sr free), the composition contained significantly more β-TCP phase.
Thus, prior choice of different molar ratios of the substituent cations allows us to design and obtain
substituted materials with selected ratios of HA and β-TCP and also controlled degrees of
crystallinity of HA.
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Table 1: Molar concentrations of reactants and metal/phosphorus molar ratios
Molar concentration of reactants
Desired composition

(Ca+X)/P
molar ratio

Ca(OH)2

H3PO4

Sr(NO3)2

MgCl2⋅6H2O

Ca10(PO4)6(OH)2

0.100

0.06

-

-

1.67

Ca9.9Mg0.1(PO4)6(OH)2

0.099

0.06

-

0.001

1.67

Ca9.5Mg0.5(PO4)6(OH)2

0.095

0.06

-

0.005

1.67

Ca9Mg1(PO4)6(OH)2

0.090

0.06

-

0.010

1.67

Ca9Mg0.1Sr0.9(PO4)6(OH)2

0.090

0.06

0.009

0.001

1.67

Ca9Mg0.5Sr0.5(PO4)6(OH)2

0.090

0.06

0.005

0.005

1.67

Ca8Mg0.1Sr1.9(PO4)6(OH)2

0.080

0.06

0.019

0.001

1.67

Ca8Mg0.5Sr1.5(PO4)6(OH)2

0.080

0.06

0.015

0.005

1.67

Ca8Mg1Sr1(PO4)6(OH)2

0.080

0.06

0.010

0.010

1.67

(X = Mg and/or Sr)
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Table 2. Data obtained by XRPD analysis
HA/β
β-TCP
ratio

a=b [Å]**

c [Å]**

31.77

Crystallinity
Degree of HA
Xc [%± 4]
96

-

9.422(3)

6.880(5)

2.82

31.77

94

-

9.421(2)

6.878(5)

5181
1827

2.83
2.87

31.63
31.14

93

0.74/0.26

9.437(3)
10.346(1)

6.870(4)
37.162(3)

HA
β-TCP
HA
β-TCP

2991
3279
7356
1682

2.80
2.84
2.84
2.86

31.98
31.52
31.53
30.85

89

0.48/0.52

91

0.81/0.19

9.423(2)
10.360(2)
9.501(4)
10.377(3)

6.877(3)
37.174(5)
6.840(5)
37.167(3)

HA
β-TCP
HA
β-TCP

4785
281
4166
1427

2.85
2.88
2.84
2.92

31.37
31.01
31.44
30.63

80

0.94/0.06

80

0.74/0.26

9.463(5)
10.440(1)
9.493(4)
10.495(2)

6.911(5)
37.635(6)
6.924(4)
37.846(5)

Ca8Mg0.5Sr1.5(PO4)6(OH)2

HA
β-TCP

2958
2495

2.85
2.89

31.35
30.94

73

0.54/0.46

9.489(2)
10.463(1)

6.905(2)
37.332(3)

Ca8Mg1Sr1(PO4)6(OH)2

HA
β-TCP

2732
3176

2.85
2.88

31.44
31.03

68

0.46/0.54

9.510(3)
10.409(2)

6.889(4)
37.385(3)

Samples

Phases*

Intensity
[counts]

d[Å]
(I121 )

Position [°2θ]
(I121 )

Ca10(PO4)6(OH)2

HA

7806

2.82

Ca9.9Mg0.1(PO4)6(OH)2

HA

6555

Ca9.5Mg0.5(PO4)6(OH)2

HA
β-TCP

Ca9Mg1(PO4)6(OH)2
Ca9Mg0.1Sr0.9(PO4)6(OH)2

Ca9Mg0.5Sr0.5(PO4)6(OH)2
Ca8Mg0.1Sr1.9(PO4)6(OH)2

*The structure model of these phases has been used for the Rietveld refinement
**Theoretical values for HA and β-TCP are, respectively: a =b = 9.424(4) [Å], c= 6.879(4) [Å] and a=b= 10.429(2) [Å], c=37.380(3) [Å]
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Table 3. Specific surface area (SSA) and porosity data (N2 adsorption at 77 K) of all synthesized
samples. β-Ca3(PO4)2 is reported as a reference

Samples

SSA

t-plot micropore area

(m2/g)

(m2/g)

Ca10(PO4)6(OH)2

73

3.4

β-Ca3(PO4)2

125

/

Ca9.9Mg0.1(PO4)6(OH)2

96

2.4

Ca9.5Mg0.5(PO4)6(OH)2

107

2.3

Ca9Mg1(PO4)6(OH)2

124

2.5

Ca9Mg0.1Sr0.9(PO4)6(OH)2

85

8.9

Ca9Mg0.5Sr0.5(PO4)6(OH)2

96

/

Ca8Mg0.1Sr1.9(PO4)6(OH)2

76

2.2

Ca8Mg0.5Sr1.5(PO4)6(OH)2

98

2.4

Ca8Mg1Sr1(PO4)6(OH)2

107

2.4
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Table 4. Main Raman band positions and assignments of HA
Band positions (cm-1)
1030

Band assignments
β type ν1 CO32−
Nondegenerate symmetric stretching
ν3 PO43−

1000

P-O bonds antisymmetric stretching

vibrations
ν1 PO43−
910

P-O bonds symmetric stretching

vibrations
534

390

ν4 PO43−
O-P-O symmetric bending

ν2 PO43−
O-P-O symmetric bending
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Table 5. Presence or absence (denoted by  or x, respectively) of the different phosphate groups
typical of HA and TCP phases for all the synthesized substituted HA samples as determined by
ATR spectroscopy
PO43- ν1

PO43- ν3

PO43- ν4

(953 cm-1)

(1090, 1012 cm-1)

(628, 602, 563 cm-1)

Ca10(PO4)6(OH)2







Ca9.9Mg0.1(PO4)6(OH)2











 (broad) 

 (broad) 

Samples

(broad)
Ca9.5Mg0.5(PO4)6(OH)2


(broad)

Ca9Mg1(PO4)6(OH)2


(broad)

Ca9Mg0.1Sr0.9(PO4)6(OH)2





 (broad) 

Ca9Mg0.5Sr0.5(PO4)6(OH)2





x

Ca8Mg0.1Sr1.9(PO4)6(OH)2





x

Ca8Mg0.5Sr1.5(PO4)6(OH)2



 (broad) 

x

 (broad) 

x

x

x

x

x

(broad)
Ca8Mg1Sr1(PO4)6(OH)2


(broad)

α-Ca3(PO4)2


(broad)

β-Ca3(PO4)2


(broad)
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Figure 1. XRD patterns of all samples
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Figure 2. XRD patterns of Ca10(PO4)6(OH)2 (−); Ca9.5Mg0.5(PO4)6(OH)2 (−);
Ca9Mg0.5Sr0.5(PO4)6(OH)2 (−). Intensity is reported in arbitrary units. Patterns have been y-axis
shifted for display purposes. Inset: Details in the 30.5 - 33.5° 2 θ range and I100 peaks of HAP (*)
and β-TCP (♦)
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Figure 3. SEM micrographs of the investigated samples and correspondent molar ratio derived
from EDS analysis.
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Figure 4. Section A. Raman Spectra of pure and Mg2+-substituted HA samples in the spectral
range of 1100-300 cm-1. Spectrum (a) Ca10(PO4)6(OH)2; Spectrum (b) Ca9.9Mg0.1(PO4)6(OH)2;
Spectrum (c) Ca9.5Mg0.5(PO4)6(OH)2; Spectrum (d) Ca9Mg1(PO4)6(OH)2. Inserted reference
materials: Spectrum (1) α-Ca3(PO4)2, Spectrum (2) β-Ca3(PO4)2. Section B. Spectral
deconvolutions in the spectral range of 940-880 cm-1 carried out on the following samples: (a)
Ca10(PO4)6(OH)2; (b) Ca9.9Mg0.1(PO4)6(OH)2; (c) Ca9.5Mg0.5(PO4)6(OH)2; (d) Ca9Mg1(PO4)6(OH)2.
Inserted reference material: Spectrum (2) β-Ca3(PO4)2.
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Figure 5. Section A. Raman Spectra of pure and Sr2+–and Mg2+-co-substituted HA samples in the
spectral

range

of

1100-300

cm-1.

Spectrum

(a)

Ca10(PO4)6(OH)2;

Spectrum

(b)

Ca9Mg0.1Sr0.9(PO4)6(OH)2;

Spectrum

(c)

Ca9Mg0.5Sr0.5(PO4)6(OH)2;

Spectrum

(d)

Ca8Mg0.1Sr1.9(PO4)6(OH)2;

Spectrum

(e)

Ca8Mg0.5Sr1.5(PO4)6(OH)2;

Spectrum

(f)

Ca8Mg1Sr1(PO4)6(OH)2. Inserted reference materials: Spectrum (1) α-Ca3(PO4)2, Spectrum (2) βCa3(PO4)2. Section B. Spectral deconvolutions in the spectral range of 940-880 cm-1 carried out on
the pure and substituted HA samples.
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Figure 6. Section A. ATR Spectra of pure and Mg2+-substituted HA samples in the spectral range
of 1200-400 cm-1. Spectrum (a) Ca10(PO4)6(OH)2; Spectrum (b) Ca9.9Mg0.1(PO4)6(OH)2; Spectrum
(c) Ca9.5Mg0.5(PO4)6(OH)2; Spectrum (d) Ca9Mg1(PO4)6(OH)2. Inserted reference materials:
Spectrum (1) α-Ca3(PO4)2, Spectrum (2) β-Ca3(PO4)2. Section B. Spectral deconvolutions in the
spectral range of 650-525 cm-1 carried out on the following samples: (a) Ca10(PO4)6(OH)2; (b)
Ca9Mg1(PO4)6(OH)2. Inserted reference material: Spectrum (2) β-Ca3(PO4)2.
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Figure 7. ATR Spectra of pure and Sr2+- and Mg2+- co-substituted HA materials in the spectral
range of 1200-400 cm-1. Spectrum (a) Ca10(PO4)6(OH)2; Spectrum (b) Ca9Mg0.1Sr0.9(PO4)6(OH)2;
Spectrum (c) Ca9Mg0.5Sr0.5(PO4)6(OH)2; Spectrum (d) Ca8Mg0.1Sr1.9(PO4)6(OH)2; Spectrum (e)
Ca8Mg0.5Sr1.5(PO4)6(OH)2; Spectrum (f) Ca8Mg1Sr1(PO4)6(OH)2. Inserted reference materials:
Spectrum (1) α-Ca3(PO4)2, Spectrum (2) β-Ca3(PO4)2. Section B. Spectral deconvolutions in the
spectral range of 650-525 cm-1 carried out on the following samples: (a) Ca10(PO4)6(OH)2; (c)
Ca9Mg0.5Sr0.5(PO4)6(OH)2; (f) Ca8Mg1Sr1(PO4)6(OH)2. Inserted reference material: Spectrum (2) βCa3(PO4)2.
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