
research papers

912 doi:10.1107/S0909049511032651 J. Synchrotron Rad. (2011). 18, 912–918

Journal of

Synchrotron
Radiation

ISSN 0909-0495

Received 29 April 2011

Accepted 11 August 2011

# 2011 International Union of Crystallography

Printed in Singapore – all rights reserved

The status of strontium in biological apatites:
an XANES investigation

D. Bazin,a* M. Daudon,b Ch. Chappard,c J. J. Rehr,d D. Thiaudièree and S. Reguere
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Osteoporosis represents a major public health problem and increases patient

morbidity through its association with fragility fractures. Among the different

treatments proposed, strontium-based drugs have been shown to increase bone

mass in postmenopausal osteoporosis patients and to reduce fracture risk. While

the localization of Sr2+ cations in the bone matrix has been extensively studied,

little is known regarding the status of Sr2+ cations in natural biological apatite. In

this investigation the local environment of Sr2+ cations has been investigated

through XANES (X-ray absorption near-edge structure) spectroscopy in a set of

pathological and physiological apatites. To assess the localization of Sr2+ cations

in these biological apatites, numerical simulations using the ab initio FEFF9

X-ray spectroscopy program have been performed. The complete set of data

show that the XANES part of the absorption spectra may be used as a

fingerprint to determine the localization of Sr2+ cations versus the mineral part

of calcifications. More precisely, it appears that a relationship exists between

some features present in the XANES part and a Sr2+/Ca2+ substitution process in

site (I) of crystal apatite. Regarding the data, further experiments are needed to

confirm a possible link between the relationship between the preparation mode

of the calcification (cellular activity for physiological calcification and

precipitation for the pathological one) and the adsorption mode of Sr2+ cations

(simple adsorption or insertion). Is it possible to draw a line between life and

chemistry through the localization of Sr in apatite? The question is open

for discussion. A better structural description of these physiological and

pathological calcifications will help to develop specific therapies targeting the

demineralization process in the case of osteoporosis.

Keywords: Ca phosphate apatites; physiological calcifications; pathological calcifications;
Fourier transform infrared spectroscopy X-ray absorption spectroscopy; strontium
environment.

1. Introduction

Osteoporosis represents a major public health problem and

increases patient morbidity through its association with

fragility fractures. Fractures of the hip and vertebrae espe-

cially imply significant mortality. From an epidemiologic point

of view, about ten million Americans older than 50 have

osteoporosis, and a further 34 million are at risk of the disease

(Cooper, 1999; Holroyd et al., 2008). Among the different

treatments proposed, strontium-based drugs such as strontium

ranelate (PROTELOS), which combines two strontium

cations and an organic carrier, ranelic acid, have shown anti-

fracture efficacy in the treatment of postmenopausal osteo-

porosis (Meunier et al., 2004). Such treatments have been

shown also to increase bone mass in postmenopausal osteo-

porosis patients (Boivin et al., 1996; Farlay et al., 2005; Marie,

2005; Roux, 2007; Rochefort et al., 2010; Roschger et al., 2010).

Many studies have been performed to investigate the spatial

repartition in tissues as well as the local environment of this

oligoelement (Dahl et al., 2001; Verberckmoes et al., 2004;

Korbas et al., 2004; Zhang et al., 2005; Ni et al., 2006; Bradley et

al., 2007a,b; Zoeger et al., 2008; Zheng et al., 2009; Bellis et al.,

2009).

Regarding Sr2+ cation localization in bone, different struc-

tural hypotheses taking into account the physicochemistry of

biological apatite can be elaborated. First, Sr2+ cations are
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adsorbed at the surface of collagen or apatite surrounded only

by O atoms (hypothesis 1 in Fig. 1). Secondly, Sr2+ cations

could be engaged in the hydrated poorly crystalline apatite

region present at the surface of calcium phosphate nanocrys-

tals (hypothesis 2 in Fig. 1). Finally, a substitution could occur

between Sr2+ cations and Ca2+ cations inside calcium phos-

phate nanocrystals on either crystallographic site (I) or (II)

(hypothesis 3 in Fig. 1).

Sr is also present in apatites involved in pathological

calcifications. For such biological samples the key point comes

from the fact that oligoelements may control the nanocrys-

talline morphology which constitutes the calcification (Oka et

al., 1987; Grases et al., 1989). It is worth mentioning that

nanocrystal morphology is a key parameter for medical

diagnosis (Daudon et al., 1993). In the case of kidney stones,

depending on the morphology, the associated pathology has

either a dietary or a severe genetic origin (Daudon et al., 2008,

2009). Regarding bones, a recent investigation (Li et al., 2010)

has shown, through X-ray scattering, that strontium is incor-

porated into crystalline minerals only in newly formed bone

during strontium ranelate treatment. As underlined in several

publications, scattering techniques (Guinier, 1956; Fratzl et al.,

1996; Camacho et al., 1999) are sensitive to strontium content

within the mineral crystals, but ignore other types of non-

crystalline strontium deposits.

The present study was designed to investigate the local

environment of Sr2+ cations through X-ray absorption spec-

troscopy (XAS) in a set of biological apatites engaged in

physiological as well as pathological calcifications. XAS

(Sayers et al., 1971) is especially useful for characterizing such

calcifications (Binsted et al., 1982; Hukins et al., 1986; Harries

et al., 1987; Peters et al., 2000; Bazin et al., 2009a,b; Nguyen et

al., 2011). As underlined previously, scattering techniques are

sensitive only to strontium content within the mineral crystals

and biological compounds may be poorly crystalline or

amorphous. XAS yields an average structural description of

the local environment of Sr2+, this average being made over

all Sr2+ present in the sample, including crystalline and non-

crystalline strontium entities. Even if XAS is insensitive to

polydispersity (Moonen et al., 1995), XAS constitutes an

elegant complementary structural description to structural

data obtained from scattering techniques for materials without

long-range order (Bazin et al., 1997a). In addition, measure-

ments can be performed directly on a sample with minimal

preparation.

As emphasized previously (Bazin et al., 2006), XAS

encompasses both XANES and extended X-ray absorption

fine structure (EXAFS), and provides an opportunity to

evaluate the local order around each element selected through

its absorption edge. The present study is based on the XANES

part of XAS to evaluate the local environment of Sr2+ cations

on a set of physiological and pathological calcifications.

Moreover, a set of numerical simulations using the FEFF9

program (Rehr et al., 2009; Ankudinov et al., 1998, 2002) have

been performed in order to assess the localization of Sr2+

cations inside the apatite crystal.

2. Materials and methods

The biological samples (Table 1) analysed in the present

investigation came from two different institutions. More

precisely, kidney stones and bones came from Necker Hospital

and Lariboisière Hospital (Paris), respectively.

All the samples have been characterized by Fourier trans-

form infrared (FTIR) spectroscopy (Paschalis et al., 2011). To

do so, an FTIR spectrometer, Vector 22 (Bruker Spectrospin,

Wissembourg, France), was used according to the analytical

procedure previously described (Estepa & Daudon, 1997).

Data were collected in the absorption mode between 4000 and

400 cm�1 with a resolution of 4 cm�1.

All the samples were investigated on the DIFFABS beam-

line at synchrotron SOLEIL (France). This experimental set-

up is mainly dedicated to structural characterization by

combining, when necessary, X-ray diffraction, X-ray absorp-

tion and X-ray fluorescence spectroscopies. The SOLEIL

synchrotron was running at 2.75 GeV with an average current

of 300 mA in the new TOP/UP mode. Details regarding the

monochromator, the mirror, as well as the devices used for the

detection on DIFFABS, are described in previous studies

(Bazin et al., 2008; Carpentier et al., 2010). In the present case,

the beamline was optimized in order to measure XANES at

the Sr K-edge. The energy range was selected between 16000
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Figure 1
Schematic representation of the three structural hypotheses assessed in
this study regarding the localization of Sr2+ cations in HAP (hydroxy-
apatite).

Table 1
Composition given by FTIR and the origin of the calcifications.

CA = carbonated calcium hydroxylapatite. ACCP = amorphous carbonated
calcium phosphate. Prot = Protein. C1 = whewellite. C2 = weddellite. TRG =
triglyceride.

Sample
Origin of the
calcification Composition as given by FTIR

N 11823 Kidney 66% CA, 30% ACCP, 4% Prot
N 13066 Kidney 79% CA, 15% ACCP, 4% Prot, 2% C1
N 13086 Prostate 84% CA, 12% Prot, 4% C1
N 15048 Kidney 87% CA, 6% C1, 4% C2, 3% Prot
N 17161 Bladder 61% CA, 30% ACCP, 8% Prot, 1% C1
Ag Cart Bone 70% CA, 20% Prot, 10% TRG
Bp Cart Bone 75% CA, 20% Prot, 5% TRG
VE Cart Bone 70% CA, 15% Prot, 15% TRG
VM Cart Bone 80% CA, 15% Prot, 5% TRG



and 16200 eV, with an energy step of 0.5 eV and a 3 s acqui-

sition time. The size of the beam was determined by a set of

slits (100–500 mm).

The ab initio FEFF9 code (Rehr et al., 2000, 2009) is quite

useful for performing full multiple-scattering calculations in

real space for crystalline as well as for nanometer scale solids,

either at the K- or L-edges (Bazin et al., 1997b; Bazin & Rehr,

2003). Structural as well as electronic information is contained

in the modulations superimposed on the otherwise smooth

atomic absorption coefficient. In the EXAFS module of

FEFF9, the oscillatory structure is expressed as a sum of

independent multiple-scattering contributions. Each contri-

bution can be expressed in the following form,

�n
ðkÞ ¼ �n

0ðkÞ exp �Ln=�n � 2k2�2
n

� �
; ð1Þ

�n
0ðkÞ ¼ FnðkÞ sin kLn þ �nðkÞ

� �
; ð2Þ

where we have separated the oscillatory and damping terms

from the mean free path and disorder. As previously

described, n represents different single- or multiple-scattering

paths and Ln is the total path length; F and �n are the ampli-

tude and phase which depend on the photoelectron wave-

number k, on the specifics of the scattering path n, and on the

atomic potential parameters. For XANES spectra, these

multiple-scattering path contributions can also be summed to

all orders by matrix inversion methods, as implemented in the

full multiple-scattering algorithms in FEFF9.

3. Results

XANES spectra collected at the Sr K-edge, for physiological

(bones) as well as pathological (kidney stones) calcifications,

are plotted in Fig. 2. Beyond an intense white line, which

reflects the effective charge of Sr2+ ions (4d 0 electron config-

uration), only one oscillation (16163 eV) is measured in the

case of kidney stones (Fig. 2), while for bones a small feature

exists (at 16135 eV) just after the white line and before the

first oscillation.

In order to extract significant structural information from

such XANES spectra, a set of numerical simulations using

the FEFF9 program have been performed. Hydroxyapatite

(HAP) can be described as a hexagonal stacking of (PO4)3�

groups with two kinds of tunnels parallel to the c-axis (Elliott,

1994; Brown & Constantz, 1994; Wilson & Elliott, 1999; White

& ZhiLi, 2003). The first coincides with the ternary axis of the

structure and is occupied by Ca2+, noted as Ca2+(I) ions. The

second is linked by oxygen and other calcium ions, noted

Ca2+(II), and is occupied by OH� ions. Ca2+(I) and Ca2+(II)

are present in a 2:3 ratio.

Regarding the replacement of Ca2+ cations by other cations,

numerous studies have been performed in order to locate the

foreign cations in the HAP structure. Occupation depends on

the dimension of the cations (Tamm & Peld, 2006). Larger

ones are preferentially occupied by the Ca2+(II) sites, since

in site Ca2+(II) the arrangement of the staggered equilateral

triangles allows the optimization of the packing of large ions.

In the opposite way, for the Ca2+(I) crystallographic site, the

strict alignment in the columns causes a stronger repulsion.

Some authors have recently noted that Zn atoms may occupy

interstitial sites in HAP (Gomes et al., 2011).

We have performed a set of numerical simulations taking

into account the location of Sr2+ cations either in crystal-

lographic site (I) or in site (II). For each crystallographic site

we performed several simulations in order to assess the

different structural hypotheses previously selected. For

example, for the simulation labelled Sr2+(I)-O, the local

environment of Sr2+ cations is made only by O atoms (details

regarding the spatial repartition of O atoms around Sr2+

cations are given in Fig. 3), and thus corresponds to the
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Figure 2
XANES spectra recorded at the Sr K-edge (E = 16109 eV) for different
pathological calcifications (kidney stones) and a set of physiological
calcifications (bones).

Figure 3
Details regarding the spatial repartition of atoms around Sr2+ cations
located in site (I).



structural hypothesis. A similar codification has been followed

for Sr2+ cations in crystallographic site (II). Numerical simu-

lations have been plotted in Figs. 4 and 5.

We must also pay attention to the well known linear

variation of the crystallographic parameters with the stron-

tium content. Since the Sr (1.12 Å) ionic radius is larger than

that of Ca (0.99 Å), such a substitution process modifies the

crystallographic parameters. These structural parameters can

be estimated by a linear fit procedure considering the end

members Ca5(PO4)3OH (a = 9.432 Å, c = 6.881 Å) and

Sr5(PO4)3OH (a = 9.745 Å, c = 7.265 Å) (Kay et al., 1964;

Sudarsanan & Young, 1972). These modifications of the cell

parameters obviously change the values of the interatomic

distances. We have therefore performed a similar set of

numerical simulations for different crystallographic para-

meters (Figs. 6 and 7). With the content of Sr in biological

apatite being quite small, we choose the following changes of

the cell parameters: a = 9.432 Å and c = 6.881 Å to a =

9.4633 Å and c = 6.9039 Å.

For most of these numerical simulations we observed only a

white line at the Sr K-edge followed by a simple oscillation of

the absorption coefficient as we have observed for experi-

mental data. This is definitely not the case for simulations

corresponding to Sr2+(I)-OPCaPO and Sr2+(I)-OPCaPOCa,

for which some structures just after the white line have been

observed (see arrows in Figs. 4 and 6).

4. Discussion

Concretion, e.g. a kidney stone, as well as ectopic calcification

often associated with tissue alteration, constitute pathological
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Figure 4
FEFF simulations for the environment of Sr2+(I).

Figure 5
FEFF simulations for the environment of Sr2+(II).

Figure 6
FEFF simulation for the environment of Sr2+(I) (a = 9.4633 Å, c =
6.9039 Å).

Figure 7
FEFF simulations for the environment of Sr2+(II) (a = 9.4633 Å, c =
6.90039 Å).



calcifications. Also, normal physiological calcifications such as

bone or teeth may become pathological through the influence

of diseases. Regarding their chemical compositions, numerous

chemical phases have been identified. In the case of kidney

stones, numerous publications have noted the presence of

calcium oxalate, calcium phosphate, uric acid, ammonium

hydrogen urate and magnesium ammonium phosphate.

In this study we consider pathological calcifications made of

Ca phosphate apatites for which X-ray fluorescence analyses

have measured quite a high quantity of strontium equal to 455

� 364 mg g�1 (Bazin et al., 2006, 2007). In the case of Ca

oxalate the quantity of strontium is quite low (74� 56 mg g�1).

Based on these experimental facts, we can assume that most of

the Sr2+ cations are linked to the Ca phosphate apatites.

Several publications have discussed the incorporation of

Sr2+ cations in Ca phosphate apatites, pointing out significant

structural modifications for apatite crystals. Among them, a

decrease in the dimensions of the coherent length of the

perfect crystalline domains at low strontium content was

noticed (Bigi et al., 2007; Donnell et al., 2008; Li et al., 2007).

An increase of the coherent length is also observed at high

strontium content. In contrast, other authors state that the

presence of the strontium ion increases the crystallinity as well

as crystallite size of HAP (Suganthi et al., 2011). The complete

set of such studies indicates that the insertion of Sr2+ cations in

apatite is a complex process which is sensitive to preparation

methods.

Similar structural investigations have been performed on

bones and some discrepancy exists among the different results

probably due to the experimental protocol, as mentioned for

studies on synthetic samples. In an in vitro investigation

(Korbas et al., 2004), the authors describe a simple Ca2+/Sr2+

substitution in the HAP crystal lattice. By contrast, a similar

in vitro study (Verberckmoes et al., 2004) underlines a

potential physicochemical interference by Sr with HAP

formation and crystal properties.

Insertion of Sr2+ cation in apatites can be discussed from

both physiological and chemical points of view. From a

physiological point of view, Sr2+ cations follow the Ca2+

metabolic pathways (Pors Nielsen, 2004). From a chemical

point of view, Ca2+ and Sr2+ have similar chemistry (these two

elements sharing the same column in the periodic table), and

commonly substitute for one another in minerals (Rokita et

al., 1993; Terra et al., 2009).

Regarding Sr2+ cation localization in bone, different struc-

tural hypotheses take into account the physicochemistry of

biological apatites (Fig. 1). At first, Sr2+ cations are adsorbed

at the surface of collagen or apatite surrounded only by O

atoms (hypothesis 1 in Fig. 6). This structural configuration has

been studied by Seward et al. (1999) through XAS measure-

ments. Sr2+ cations can be engaged in the hydrated poorly

crystalline apatite part. This structural configuration takes into

account the structural model (Cazalbou et al., 2004; Rey et al.,

2007) for biological apatites (hypothesis 2 in Fig. 1). Finally,

a substitution occurs between Sr2+ cations and Ca2+ cations

inside calcium phosphate nanocrystals either on crystal-

lographic sites (I) or (II) (hypothesis 3 in Fig. 1). In the

skeleton the total quantity of Sr is not insignificant, the Sr/Ca

being estimated in the human skeleton to be in the range 0.1–

0.3 mg g�1 (Cabrera et al., 1999). This physiological fact offers

the opportunity to describe the status of Sr2+ cations in

biological apatites.

The nature of structural characteristics which can be given

by XANES spectroscopy is well known. Such an experimental

technique takes advantage of recent theoretical advances

which led to the development of several ab initio codes for the

simulation of X-ray absorption spectra. At the Ca K-edge

different structural investigations have already used this

opportunity (Sowrey et al., 2004; Laurencin et al., 2010).

XANES or EXAFS at the Sr K-edge have been used in

different materials science studies (Pingitore et al., 1992;

Parkman et al., 1998; McKeown et al., 2002; Finch et al., 2003;

Singer et al., 2008). In our case we have measured only one

oscillation after the Sr K-edge in the case of pathological

calcifications, while, for physiological calcifications, bones, a

clear feature exists just after the white line (Fig. 2).

Regarding numerical simulations, structural hypotheses 1, 2

and 3 have been considered (Fig. 1). Sr2+(I)-O and Sr2+(II)-O

correspond to structural hypothesis 1, Sr2+(I)-OP, Sr2+(II)-

OP, Sr2+(II)-OPO and Sr2+(II)-OPOP may correspond to

hypothesis 2. Finally, Sr2+(I)-OPCa, Sr2+(I)-OPCaO, Sr2+(I)-

OPCaOCa, Sr2+(II)-OPOPCa and Sr2+(II)-OPOPCaOCa

correspond to hypothesis 3. For the numerical simulations

corresponding to structural hypotheses 1 and 2, we observed

only a white line at the Sr K-edge followed by a simple

oscillation of the absorption coefficient as we have observed

for experimental data related to pathological calcifications.

At this point we have to emphasize that all Ca phosphates

have a high Ca coordination number and low site symmetry.

This explains why the role of local lattice distortions has not

been taken into account. Since specific XANES features,

owing to the first shell, occur with low coordination numbers

and high site symmetry, the set of simulations which have been

carried out suggest that the additional features are associated

with cation–cation scattering enhanced probably by Sr2+–O–

(Ca2+ or Sr2+) type multiple-scattering paths.

It is worth mentioning that no feature after the white line

is observed for Sr2+ adsorbed at the surface surrounded only

by O atoms and phosphate groups (structural hypotheses 1

and 2). In an opposite way, for simulations corresponding to

Sr2+ cations inserted in site (I) of HAP [Sr2+(I)-OPCaPO

and Sr2+(I)-OPCaPOCa as defined in Fig. 2], some structures

exist just after the white line (Figs. 4 and 6). These inter-

esting features show that the localization of Sr2+ cations in

bones can be assessed through XANES spectroscopy and

constitutes an exciting way to complete information coming

from other characterization techniques such as scattering

ones.

Experimental data seem to indicate that a simple adsorp-

tion of Sr2+ cations exists in the case of pathological calcifi-

cations while an insertion of Sr2+ is observed at least for one

physiological calcification (BPCart). For the other three

physiological samples, AgCart, VECart and VMCart, the

evidence is much weaker.
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5. Conclusion

Numerous studies have been performed in order to localize

the environment of Sr in apatites. The literature shows that the

insertion of Sr is quite dependent on the preparation proce-

dure for synthetic as well as in vitro samples. In this work

biological apatites have been investigated through XANES

spectroscopy and a set of numerical simulations using the

FEFF9 program have been performed.

The key point of this structural investigation is related to

the opportunity to assess the localization of Sr2+ cations in

biological apatites through XANES spectroscopy. Owing to

the high disorder of the first coordination spheres of Sr, simple

adsorption of Sr2+ cations at the surface of apatite is related

to the absence of features in the XANES part of the X-ray

absorption spectra. In contrast, a substitution Sr/Ca with Sr2+

cations positioned on crystallographic site (I) gives rise to the

presence of features in XANES. The complete set of experi-

mental data seems to indicate that a simple adsorption of Sr2+

cations exists in the case of pathological calcifications while an

insertion of Sr2+ is observed for physiological ones.

Finally, further experiments and numerical simulations

taking into account local lattice distortion are called for, to

provide definitive evidence of a possible relationship between

the nature of the calcification (physiological and pathological)

and the adsorption mode of Sr2+ cations (simple adsorption or

insertion). Is it possible to draw a line between life and

chemistry through the localization of Sr in apatite? The

question is open for discussion.

This work was supported by the Physics and Chemistry

Institutes of CNRS and by a ANR-09-BLAN-0120-02

contract.
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