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Abstract. In a previous experimental study using a
chronic renal failure rat model, a dose-related multi-
phasic effect of strontium (Sr) on bone formation was
found that could be reproduced in an in vitro set-up
using primary rat osteoblasts. The results from the latter
study allowed us to distinguish between a reduced
nodule formation in the presence of an intact minerali-
zation at low Sr-doses (1 lg/ml) and an interference of
the element with the hydroxyapatite (HA) formation at
high doses (20–100 lg/ml). To further investigate the
latter effect of Sr on physicochemical bone mineral
properties, an in vitro study was set up in which the
UMR-106 rat osteosarcoma cell line was exposed to Sr,
added to the cell culture medium in a concentration
range varying between 0–100 lg/ml. Temporal growth
and functionality of the culture was investigated by
measurement of the alkaline phosphatase activity and
calcium (Ca) concentration in the culture medium (used
as an index of Ca-incorporation, i.e., HA formation) at
various time points. At the end of the culture period (14
days post-confluence), samples of the mineralized cul-
tures were taken for further analysis using X-ray dif-
fraction (XRD) and Fourier Transform Infra-Red
Spectroscopy (FTIR). Synthetic HA doped with various
Sr concentrations (based on the cell culture and previous
experimental studies and yielding Sr/(Sr+Ca) ratios
ranging from 0–60%), was prepared and examined for
crystal growth and solubility. Crystal size was assessed
using scanning electron microscopy (SEM). Ca incor-
poration indicated a reduced mineralization in the 20
and 100 lg/ml Sr groups vs. controls. Sr-doped syn-
thetic HA showed a significant dose-dependent reduc-
tion in crystal growth, as assessed by SEM, and an
increase in solubility, apparent from 12.7% Sr/(Sr+Ca)
on. Moreover, in both mineralized cultures and syn-
thetic HA, XRD and FTIR analysis showed a reduced
crystallinity and altered crystal lattice at similar con-
centrations. These new data support our previous in vivo
and in vitro findings and point to a potential physico-
chemical interference of Sr with HA formation and
crystal properties in vivo.
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Strontium (Sr) is a trace element that is found in cal-
careous rocks and ocean water [1, 2]. Moreover, it is a
natural component of food and beverages [3]. In line
with its chemical analogy to calcium (Ca), Sr is a bone-
seeking element and 98% of the total body Sr content
can be found in the skeleton [4]. Over the years a sub-
stantial amount of research has been performed on the
effects of Sr on bone and both beneficial [5–8] and del-
eterious [9–13] effects have been reported depending on
the Sr dose administrated and the presence or absence of
renal failure. Indeed, in rats with normal renal function,
daily Sr administration via the drinking water (as the
chloride compound) at doses varying between 0.19–
0.34% during 9 weeks resulted in an increased bone
volume [5–7, 14] whereas higher Sr doses (‡0.40%) in-
duced a mineralization defect [6, 14]. Several decades
ago evidence for a rachitogenic potential of dietary Sr
was presented in chickens with normal renal function by
demonstrating an interference of the element with the
calcium absorption and renal vitamin D synthesis [9,
10]. Based on the element’s ability to enhance bone
volume, the possible use of Sr, as the ranelate com-
pound, in the treatment of osteoporosis is currently
evaluated in various experimental studies and clinical
trials [15–18]. Previous data from our group indicated
that Sr, administrated via the drinking water (0.34% as
the Sr-chloride compound) to chronic renal failure rats
during 12 weeks, induces a bone lesion histologically
characterized as osteomalacia [13]. Moreover, further
experiments in this rat model revealed the effect of Sr on
bone to be complex and dose-dependent. Here it was
shown that a low Sr dose (0.03% in the drinking water)
led to the development of a bone disease with the his-
tologic characteristics of an adynamic bone disease,
while at the intermediate dose (0.075%) no difference
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with vehicle-treated rats was seen. At the highest Sr dose
(0.15%) the development of severe osteomalacic lesions
was confirmed [12]. Furthermore, in a recent in vitro
experiment using primary osteoblasts isolated from fetal
rat calvaria, we also observed a complex multiphasic
effect of the element. Indeed, at low doses (1.0 lg/ml Sr
in the culture medium) a reduced nodule formation was
noticed in the presence of an intact mineralization; at
intermediate concentrations (5 lg/ml) no effect was
seen; at high concentrations (20–100 lg/ml) an intact
nodule formation was accompanied by a reduced min-
eralization [19]. These results suggest an effect of the
element at the level of cell function/differentiation at low
doses and a physicochemical interference with the
hydroxyapatite formation at high doses. To further
investigate this latter effect, the present in vitro study,
using both the mineralizing UMR-106 osteosarcoma cell
line and synthetically prepared hydroxyapatite, was set
up. The influence of different Sr doses (1–100 lg/ml) on
the physicochemical characteristics of the deposited
mineral was investigated in vitro under well-controlled
conditions using established techniques such as Fourier
Transform Infra Red spectroscopy (FTIR) and micro-
X-ray diffraction (XRD) analysis. In this study we were
able to show the existence of a physicochemical inter-
ference of high Sr concentrations with the bone mineral
formation at both the level of mineralizing osteoblast
cell cultures and synthetic hydroxyapatite.

Materials and Methods

Cell Culture

UMR-106 cells were seeded at 104 cells/cm2 in 175 cm2 culture
flasks (Sarstedt, Essen, Belgium) and incubated in a-MEM (In-
vitrogen; Merelbeke; Belgium) medium supplemented with
50 lg/ml ascorbic acid (Sigma, Bornem, Belgium). At conflu-
ence the cultures were divided in 5 different groups (6 indepen-
dent cultures/group) and exposed to various Sr concentrations
(SrCl2.6H2O; Merck; Leuven; Belgium) i.e. 0, 1, 5, 20 and
100 lg/mlSr2+during 2weeks.The choice of the concentrations
correspond to these used in previous cell culture and experi-
mental studies and cover serum concentrations found in osteo-
porotic patients treated with 1–2 g Sr-ranelate/day [17]. During
the culture period the medium was enriched with 2 mM b-glyc-
erolphosphate (Sigma, Bornem, Belgium) to induce minerali-
zation. Cultures were refreshed 3 times per week. During each
refreshment, samples of the cell culture medium were collected
andstoredat–80�Cfor themeasurementofalkalinephosphatase
and Ca-incorporation [19]. At the end of the culture period (2
weeks post-confluence) 3 out of the 6 mineralized cultures per
group were washed three times with demineralized water,
scrapedoff,pooledandcentrifuged toobtainadensepelletwhich
was subsequently dried overnight at 105�C. These samples were
then stored at room temperature until XRD analysis. The
remaining 3 cultures were washed with PBS and decalcified in
0.6 N HCl during 24 h to assess the Ca-deposition.

Alkaline Phosphatase Activity

Alkaline phosphatase activity in the conditioned culture
medium was determined spectrophotometrically by measure-

ment of the release of p-nitro phenol from p-nitro phenol-
phosphate. The enzyme activity was determined as the change
in absorbance at 405 nm over a 10-minutes period. This pro-
cedure is based on the kinetic method for measuring total
alkaline phosphatase acknowledged by the International
Federation of Clinical Chemistry (IFCC) [20].

Ca Incorporation/Deposition

Samples of the culture medium were taken before and after
each incubation period to measure the Ca concentration. The
decrease in the Ca concentration in the culture medium after
incubation was used as a measure of Ca incorporation into the
mineralized nodules, i.e., hydroxyapatite formation [19]. This
method allows a follow-up of mineralization in function of
time in one and the same cell culture without the need to
sacrifice it. After integration over the different time points, the
Ca incorporation was expressed as the absolute amount Ca
incorporated during the incubation period [area under the
time-concentration curve (AUC) of 6 time points; 2 weeks].
The AUC of the Ca incorporation was correlated with the Ca-
deposition, measured as the amount of Ca released from the
cell culture after a 24-h treatment with 0.6 M HCl at the end of
the culture period. Ca was determined by means of flame
atomic absorption spectrometry using a Perkin Elmer Mod.
372 instrument (Perkin Elmer Corporation; Ueberlingen;
Germany) by a modification of the technique of Hansen [21].
To overcome the problem of chemical interference due to the
presence of phosphate and high salt content of the samples, 1/
50 dilutions of the samples were made in 0.1% La(NO3)3.

Sr Determination

Measurement of Sr in the different samples was done using a
Zeeman 3030 atomic absorption spectrometer equipped with
an HGA-600 graphite furnace (Perkin Elmer Corporation;
Ueberlingen; Germany) as previously described in detail [22].
With this method, atomization was performed from the wall of
pyrolytically coated graphite tubes. Calibration was performed
against matrix-matched calibration curves. The samples were
diluted in a 0.5 ml/l TritonX-100-1 ml/l HNO3 solution.

Hydroxyapatite Synthesis

Hydroxyapatite was synthesized at room temperature by
means of a modified wet method previously reported by Sun et
al. [23]. Two hundred ml of a 0.5 M CaCl2 solution was mixed
with 75 ml 0.8 M NaH2PO4 after which 5 ml of a 12 M NaOH
solution was added to precipitate the hydroxyapatite. After
curing during 1 week the precipitate was washed 3 times with
demineralized water and dried at 105�C overnight. Using this
procedure, hydroxyapatite containing various amounts of Sr,
replacing Ca on a molar base, was obtained that theoretically
resulted in apatitic mineral containing 0, 0.6, 3.2, 12.7, 60 and
100% Sr/(Sr+Ca), respectively. The actual Sr content of the
synthetic hydroxyapatite was determined using the above-
mentioned methodology. Here, the Sr concentrations applied
with the exception of 100% Sr/(Sr+Ca) were based on the
medium concentrations used in the in vitro osteoblast cell
culture experiment, where 0, 0.6, 3.2, 12.7 and 60% Sr/
(Sr+Ca) correspond with 0, 1, 5, 20 and 100 lg/ml Sr in the
culture medium, respectively.

Solubility/Crystal-Growth Experiments

The solubility in different solutions of the synthetic apatites
was studied by exposing 100 mg of apatite to 20 ml bicar-
bonate solution (0.02 M HCO3

–, pH 7.4) during 24 h at 37�C.
Using a validated method, inorganic phosphate release from
the mineral was used as a measure of crystal solubility [24].
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Similarly, crystal growth was studied under physiological
conditions by exposing 100 mg apatite to 20 ml a-MEM
medium, supplemented with 2 mM b-glycerolphosphate at
37�C during 24 h. Here, phosphate consumption was used as a
measure of crystal growth [24].
To quantify the solubility and crystal growth after the

incubation period, the samples were centrifuged at 3000 rpm
for 15 minutes after which the inorganic phosphorus concen-
tration was measured. Free phosphorus was assessed using the
‘‘Inorganic Phosphorus Kit’’ (Sigma, Bornem, Belgium) based
on the method of Fiske and Subbarow [25].

Micro-X-Ray Diffraction (XRD)

X-ray diffraction was carried out at the European Synchrotron
Radiation Facility (ESRF) in Grenoble (France) at beam line
ID18F dedicated to micro-fluorescence and micro-diffraction
[26, 27]. An unfocused, monochromatic beam of 1 mm2 cross-
section was used to illuminate the sample, mounted on a
translation stage for positioning. A high-resolution camera
placed at a short distance (a few cm) behind the sample was
used to take a radiograph thus facilitating the in situ mor-
phological identification.
A 2 mm vertical by 7 mm horizontal micro-beam with a

flux of 5 Æ 109 photons/sec. and a 0.729 Å wavelength was
generated using a compound refractive lens. The micro-dif-
fraction patterns were observed with a Fuji Photonics
low temp CCD detector with a recording q range of 0.016–
4.0 nm–1. Here q is the scattering vector (q = 2psinh/k)
wherein h is the scattering angle and k is the wavelength of
incident radiation (k = 0.729 Å).
Integration of the obtained XRD patterns to d-spacing

format (d = interplanar distance) was done using the X-ray
diffraction software package FIT2D developed by Hammers-
ley et al. [28]. Comparison with the reference spectra from the
powder diffraction database PDF-2 (International Centre of
Diffraction Data, ICDD, USA) was performed after back-
ground correction of the integrated XRD-spectra in order to
eliminate interference of amorphous phases present in the
sample.

Fourier Transform Infra Red Spectroscopy (FTIR)

To identify and characterize the various samples of mineral-
ized cell cultures and synthetic hydroxyapatites, FTIR analysis
of the m3 and m4 vibrations of the apatitic phosphate domain
was performed. After mixing the air-dried samples with
potassium bromide and pelleting, FTIR spectra were recorded
on a Nicolet 20 DXB FTIR-spectrometer (Nicolet Instrument
Corporation, Madison WI, USA). 1000 scans were taken in
the mid-IR-range (400–4000 cm)1). Deconvolution of the re-
corded m3 and m4 vibrations of the phosphate domain of the
FTIR-spectra was performed using the software package
PeakFit (PeakFit v4, Systat Software UK Limited, London,
UK) to increase the resolution and to evaluate overlapping
bands. Second derivative peak positions were used as input of
the peak position into the deconvolution software. As a de-
convolution parameter, a band width of 10 cm–1 and 8 cm–1

was used for the synthetic hydroxyapatite and cell culture
samples, respectively.

Scanning Electron Microscopy

To investigate the effect of Ca substitution by Sr on the
hydroxyapatite crystal size, the various Sr-doped synthetic
hydroxyapatite samples were analyzed on a JEOL JSM 6300
scanning electron microscope. Hereto, mineral samples were
positioned onto double sided conducting graphite adhesive
tape (SPI supplies division of Structure Probe Inc., West
Chester, PA, USA) mounted on a polycarbonate support and
inserted into the electron microscope. Due to the small sample

size (few microns) and the use of the conducting double-sided
adhesive tape there was no need to coat the samples with a
conducting graphite layer. Using the same apparatus the ele-
mental composition of the deposited mineral of air dried cell
cultures was determined by means of the Electron Probe X-ray
Micro Analysis (EPXMA).
Quantification of the crystal sizes was performed using

digital image analysis software (KS-400, Kontron Embedded
Computer AG, Munchen, Germany) based on the images
obtained by electron microscopy.

Statistics

Data are expressed as mean ± SD unless otherwise stated.
For each of the various study parameters, the various study
groups (i.e., different Sr concentrations) vs. the control group
(0 lg/mL Sr) were compared by ANOVA. If more than two
groups were compared, a post-hoc Bonferroni-test was applied
to correct for the number of comparisons. Statistical signifi-
cance was obtained when P < 0.05 at a two-tailed level.

Results

Validation of Mineralizing Osteoblast Cell Culture and
Synthetic Hydroxyapatite

Cells seeded at 5000 cells/cm2 in 6-well culture plates
reached confluence within 5 days. After addition of
2 mM of b-glycerolphosphate to the culture medium,
alkaline phosphatase activity increased and mineraliza-
tion was observed from day 3 post-confluence on. XRD-
spectra of the deposited mineral revealed a pattern,
typical for hydroxyapatite [Ca10(PO4)6(OH)2] (Fig. 1),
corresponding with the mineral phase found in bone.
Moreover, comparison of the FTIR spectra of the in
vitro deposited mineral with those of synthetic Ca
hydroxyapatite and pulverized animal bone revealed the
typical absorbance peaks of hydroxyapatite at 1030, 600
and 560 cm–1 (data not shown), confirming the XRD-
data. These results present evidence that the in vitro
formed mineral is hydroxyapatite, the main mineral
compound of bone.
Mineral produced by the wet method described above

[23] in which theoretically 0, 0.6, 3.2, 12.7, 60% and
100% of the Ca is replaced by Sr, was identified to be
hydroxyapatite by both XRD (Fig. 1) and FTIR (Fig.
2). The actual Ca and Sr content was also measured in
the hydroxyapatite samples after destruction with con-
centrated HNO3 yielding molar Sr/(Sr+Ca) ratios of 0,
1.4, 8.4, 16.6, 65% and 100%, respectively, approaching
the theoretical values.

Effect of Sr on the In Vitro Mineralization

Data on the Ca incorporation clearly show a signifi-
cantly reduced mineralization in the groups treated with
the 20 and 100 lg/ml Sr for all investigated time points
vs. the control group (P < 0.05; Fig. 3A). This is re-
flected by the AUC (271.4 ± 3.1 and 90.0 ± 5.3 vs.
347.3 ± 6.2 lg incorporated Ca per well; P < 0.05;
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Fig. 4A) as well as by the cellular Ca deposition mea-
sured as the amount of Ca that is released after HCl
treatment of the mineralized cultures (200.6 ± 21.6,
8.0 ± 3.2 vs. 293.4 ± 25.6 lg Ca per well; P < 0.05;
Fig. 4B). No differences in alkaline phosphatase activity
among the different treatment groups could be observed
during the whole study period (Fig. 3B).

Effect of Sr on the Crystal Growth and Solubility

Phosphorus consumption from the medium was used as
a measure of crystal growth [24]. At low Sr concentra-
tions in the synthetic hydroxyapatite (0.6, 3.2 and
12.7%) no statistical significant differences in crystal

growth versus the control group were observed. A sig-
nificantly reduced phosphorus consumption was only
seen for the groups in which 60% of the Ca content was
replaced by Sr (115.4 ± 19.7 vs. 188.9 ± 19.2 lg P; P
< 0.05; Fig. 4C). Complementary results were obtained
when the solubility of the crystals was investigated.
Similar to the crystal growth experiments, a known
amount of hydroxyapatite was incubated overnight in a
HCO3

– buffer at pH 7.4 where after phosphorus, release
from these crystals was used as a measure of mineral
solubility. At low Sr concentrations no effect on crystal
solubility could be observed. At high concentrations
(12.7–60% Sr), however, a significant increase in phos-
phorus release versus the control group was noted

Fig. 1. X-ray diffractograms of
(A) mineralized cell cultures
(treated with 0, 5, 20 and 100
lg/ml Sr) and (B) synthetic
hydroxyapatite (doped with 0,
3.2, 12.7 and 60 mol% Sr)
indicate a reduced crystallinity
of the mineral phase in the
samples with the highest Sr-
concentration. Peak positions
and heights of the integrated
XRD spectra were sent to the
ICDD international powder
diffraction database to identify
the mineral phases present in the
samples. The spectra expressed
as d-spacing (nm) of mineralized
UMR-106 cell cultures and
synthetic hydroxyapatite show
characteristics of the diffraction
pattern of hydroxyapatite
[Ca10(PO4)6(OH)2] found in the
database PDF-2 of the ICDD
(represented as line spectra). In
cell cultures treated with 100
lg/ml Sr, the mineralization
defect gave rise to a very low
abundant additional mineral
phase composed of whitlockite
[(Ca,Mg)3(PO4)2] (double
arrows) and Ca-Sr-
hydroxyapatite
[Ca2Sr8(PO4)(OH)2] (single
arrow). EPXMA of this latter
group revealed the presence of
magnesium, hereby confirming
the presence of whitlockite in
these samples (E).
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(89.5 ± 3.4, 169.7 ± 5.3 vs. 71.3 ± 5.0 lg P; P <
0.05; Fig. 4D).

XRD Analysis

Comparison of the integrated XRD-spectra of the min-
eralized cell cultures exposed to 0, 1 and 5 lg/ml Sr with
those from the powder diffraction database PDF-2
(International Centre of DiffractionData, USA) revealed
the mineral to be Ca-hydroxyapatite [Ca10(PO4)6(OH)2]
(Fig. 1A and C). Analysis of the cell culture treated with
20 lg/ml Sr, however, indicated the deposited mineral to
be Ca9Sr(PO4)6(OH)2 in which 1 Ca-ion out of 10 is
substituted by 1 Sr-ion. In the group treated with 100 lg/
ml Sr, the deposited mineral revealed a diffuse XRD pat-

tern (Fig. 1A), characteristic for a non-crystalline,
amorphous precipitate. Moreover, in the latter XRD-
pattern the very faint thin lines pointed to phases other
than Ca-hydroxyapatite that could be identified using the
powder diffraction database as a mixture of whitlockite
[(Ca,Mg)3(PO4)2] and Ca-Sr-hydroxyapatite [Ca2Sr8
(PO4)(OH)2] (Fig. 1C, upper spectrum: double and single
arrow indicates peaks characteristic for whitlockite and
Ca2Sr8(PO4)(OH)2 respectively). The occurrence of
whitlockite in this precipitate was confirmed by the pres-
ence ofmagnesium in this sample usingElectronProbeX-
ray Micro Analysis (EPXMA) (Fig. 1E).
A similar observation was made for the XRD analysis

of the synthetic hydroxyapatite samples (Fig. 1B and D).
Here the mineral doped with 0, 0.6 and 3.2% Sr was

Fig. 2. FTIR spectra of the m4 (500–650 cm–1) and m3 (950–
1150 cm–1) vibrations of the apatitic PO4-domain of the
mineralized cell cultures (A, B) and synthetic hydroxyapatite
(C, D), respectively. All spectra show the main peaks, char-
acteristic of hydroxyapatite with the exception of cultures

treated with 100 lg/ml where a very amorphous mineral phase
was found, as indicated by the very unsharp IR-peaks. The
peak shift towards smaller wave numbers observed in both cell
culture and apatite treated with the highest Sr-concentrations
may indicate a disturbed crystal lattice organization.

Fig. 3. Time evolution of (A) Ca-incorporation and (B) medium alkaline phosphatase activity for the different groups under
study. No difference in alkaline phosphatase activity was found between the various treatment groups while a significantly reduced
Ca-incorporation was found for the cultures treated with 20 and 100 lg/ml Sr (*P < 0.05 vs. control group).
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identified as Ca-hydroxyapatite using the same powder-
diffraction database. The apatite doped with 12.7% Sr
was identified as Ca9Sr(PO4)6(OH)2, while the 60%
mineral was identified as Ca3Sr7(PO4)6(OH)2. Compa-
rable to the XRD-pattern of the mineralized cell cultures
treated with 100 lg/ml Sr, a diffuse background was
observed in the XRD-pattern of the synthetic hydroxy-
apatite containing 60% Sr, indicating a reduced crystal-
linity and/or the presence of an amorphous phase. The
integrated XRD-spectra of both the mineral deposited in
the cell culture exposed to the highest Sr concentration
(100 lg/ml) and the synthetic hydroxyapatite with 60%
Sr/(Sr+Ca) showed a clear shift of the major diffraction
peaks of the apatitic crystal planes 310, 211 and 002 to-
wards larger interplanar distances (d-spacing; Table 1).

FTIR Analysis

FTIR spectra of the m3 (950–1150 cm
–1) and m4 (500–

650 cm–1) vibrations from the PO4-domain are pre-

sented in Figure 2 for both mineralized cell cultures
(2A,B) and synthetic apatites (2C,D), all revealing peaks
characteristic for hydroxyapatite. Peaks from the spec-
tra from the cell cultures are less sharp than those from
the synthetic apatite samples, indicating the presence of
smaller or less crystalline mineral in the cell culture
samples. At the highest Sr concentrations corresponding
with 100 lg/ml Sr and 60% Sr/(Sr+Ca) in cell culture
and hydroxyapatite samples, respectively, markedly less
sharp peaks in both the m3 and m4 domain are observed,
indicating a reduced crystallinity and hereby confirming
our XRD-results. Deconvolution analysis of the re-
corded FTIR-spectra also showed a peak shift towards
smaller wave numbers in the highest Sr-group for both
osteoblast cultures and synthetic apatite samples
[100 lg/ml Sr and 60% Sr/(Sr+Ca), respectively]. Due
to the severe mineralization defect observed in the cell
cultures treated with 100 lg/ml Sr, deconvolution data
of the m3-domain were not reliable and as such could not
be interpreted correctly. No significant differences were

Fig. 4. Ca-incorporation expressed as area under the time-
incorporation-curve (A) and Ca-deposition (B), both in the cell
culture, show a significantly reduced mineralization for the
highest Sr-groups (20 and 100 lg/ml Sr). Phosphorus con-
sumption demonstrates a significantly diminished crystal

growth in hydroxyapatite containing high Sr-concentrations
[60 mol% Sr/(Sr+Ca)] (C). Solubility measured as phospho-
rus release from synthetic apatite (D) indicates an increased
solubility for the apatites contaminated with 12.7 and 60
mol% Sr/(Sr+Ca). (*P < 0.05 vs. control group).
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found in the amide I and II and in the carbonate domain
of hydroxypatite after deconvolution.

Scanning Electron Microscopy

To confirm both XRD and FTIR analysis, a scanning
microscopic study was performed on the various syn-
thetic hydroxyapatite samples. Quantitative results show
that the mean crystal size is significantly decreased (P<
0.05) in the mineral containing 60 and 100% Sr/(Sr+Ca)
(Fig. 5). Together with the reduced crystal size there was
an increase in the occurrence of amorphous mineral.
Ultimately, in the 100% Sr-apatite sample [i.e.,
Sr10(PO4)6(OH)2] no individual crystals but only an
amorphous precipitate was present (Fig. 5F).

Discussion

In a previous study the effect of a wide range of Sr
concentrations on the in vitro bone formation/mineral-
ization was investigated in primary osteoblast cell cul-
tures isolated from fetal rat calvaria. Using this set-up, a
complex dose-dependent effect of the element on the in
vitro bone formation was found [19]. Moreover, it was
possible to make a distinction between an inhibitory
effect of Sr on the in vitro nodule formation in the
presence of an intact mineralization at low concentra-
tions and a defective mineralization resulting from a
physicochemical interference of the element with the
hydroxyapatite formation at high Sr concentrations.
These in vitro observations were in line with previous
observations in a chronic renal failure rat model in
which at serum Sr concentrations comparable to those
in the culture medium a mineralization defect was seen
also [12].
To further elucidate the role of Sr in the development

of a mineralization defect, a new in vitro study using the
UMR-106 rat osteosarcoma cell line was designed. The
UMR-106 cell culture system is a widely used model to
study the in vitro mineralization process [29–31]. These
cells actively secrete extracellular matrix in which, upon
addition of b-glycerolphosphate, an alkaline phospha-
tase involved mineralization process occurs [30]. This

cell culture model has the advantage that it allows to
produce an adequate amount of mineral which permits
to perform detailed XRD- and FTIR-analysis, quite
impossible with primary nodule-forming osteoblast cell
cultures because of the limited amount of mineral
formed in vitro, especially at high Sr doses. Using these
techniques it was possible to identify the in vitro
deposited mineral as hydroxyapatite, making this model
appropriate for studying the properties of this mineral
and the possible effects of particular agents, including Sr
on its physicochemical characteristics under physiolog-
ical conditions.
At high Sr concentrations (20 and 100 lg/ml Sr) the

clearly reduced mineralization, indicated by both the
Ca-incorporation and Ca-deposition, in combination
with a normal alkaline phosphatase activity is indicative
for a direct interference of the element with hydroxy-
apatite formation pointing to a behavior similar to that
previously observed in primary osteoblast cultures
treated with the same Sr concentrations [19]. This sug-
gestion is further supported by the results of the solu-
bility and crystal growth experiments obtained with the
Sr-contaminated synthetic hydroxyapatite samples,
clearly showing the presence of a physicochemical
interference of Sr with the hydroxyapatite formation at
concentrations of 12.7 and 60% Sr/(Sr+Ca). Further-
more, the solubility and crystal growth experiments
confirm the previous findings reported by Christoffersen
et al. [24] demonstrating an increased hydroxyapatite
solubility and decreased crystal growth in the presence
of Sr [24]. In the latter publication the authors investi-
gated the effects of relatively low Sr concentrations [0–
10% Sr/(Sr+Ca)] on the physicochemical properties of
synthetically prepared hydroxyapatite. They found a
significantly reduced crystal formation and increased
solubility at 10% Sr/(Sr+Ca). The authors further
suggested that the substitution of Ca by Sr causes a
crystal lattice expansion due to the larger atomic radius
of Sr which in turn alters the solubility of the mineral.
This suggestion is supported by the results of the present
study, in which the peak shift in both XRD and FTIR
spectra (m3 and m4 vibrations of the phosphate domain)
is indicative of a substantial expansion of the crystal

Table 1. Quantification of crystal lattice expansion of Sr-containing hydroxyapatite expressed as interplanar distances (d-spacing,
nm)

Cell culture Synthetic hydroxyapatite

Crystal plane 0 lg/ml Sr 100 lg/ml Sr 0% Sr/(Sr+Ca) 60% Sr/(Sr+Ca)

310 2.26 nm ND* 2.27 nm 2.32 nm
211 2.78 nm 2.90 nm 2.81 nm 2.89 nm
002 3.42 nm 3.46 nm 3.42 nm 3.58 nm

*ND: Not detectable

S. C. Verberckmoes et al.: Effects of Strontium on Bone Mineral 411



Fig. 5. Scanning electron
microscopic image of synthetic
hydroxyapatite doped with 0
(A), 0.6 (B), 3.2 (C), 12.7 (D), 60
(E) and 100 mol% Sr/(Sr+Ca)
(F) indicating the decreasing
mineral size in the presence of
high Sr content (bar represents
10 lm). Quantification of the
crystal sizes presented on
boxplots revealed a significant
reduction in crystal length in the
samples containing 60 and 100%
Sr/(Sr+Ca) (*P < 0.05 vs. the
other groups) (G).
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lattice dimensions at the highest Sr groups of both cell
cultures and synthetic minerals. These effects only occur
when Sr is incorporated into the apatite crystal lattice by
heteroionic substitution, thereby replacing Ca [32].
Although, by the availability of various techniques, it

has become possible to present evidence for the existence
of a physicochemical interference of Sr with the
hydroxyapatite formation in both synthetic hydroxy-
apatite and mineralizing cell cultures, still no data are
available that show of evidence the role of such a
mechanism in the in vivo development of a mineraliza-
tion defect either in the presence of chronic renal failure
or normal renal function. In this context, it has to be
emphasized that the above-mentioned physicochemical
interference of Sr at a concentration of 100 lg/ml in cell
culture and at 60% Sr/(Sr+Ca) in synthetic hydroxy-
apatite is substantially above the concentration found in
vivo in animals as well as humans loaded with the ele-
ment.
Boivin et al. [33] as well as our group [12] previously

reported that Sr is heterogeneously incorporated in bone
with 2 to 3 times more Sr in new than in old bone. Given
the serum Sr concentrations in chronic renal failure rats
loaded with 0.15% Sr2+ in the drinking water during 12
weeks, varying around 11 lg/ml and corresponding with
bulk bone Sr concentrations of 2.3 mol% Sr/(Sr+Ca)
[13], one may reasonably expect local bone Sr concen-
trations of 5–7% Sr/(Sr+Ca). Even at these local con-
centrations, it is very unlikely that the observed
osteomalacia in these animals is the solely result of a
physicochemical interference of Sr with the hydroxyap-
atite formation. In the presence of chronic renal failure,
PTH secretion, vitamin D metabolism and Ca/P
homeostasis are seriously disturbed, resulting in a
stimulated bone turnover and histological characteris-
tics of hyperparathyroidism. This altered bone metab-
olism and Ca homeostasis may contribute to the
increased susceptibility of bone to the development of
Sr-induced osteomalacia in patients with an impaired
renal function. In osteoporotic patients treated with 1–
2 g Sr-ranelate/day, serum Sr-concentrations may in-
crease to levels in the range of 10–15 lg/ml, corre-
sponding to a bulk bone Sr-content of 1.6–3 mol% Sr/
(Sr+Ca) [34]. Taking into account the heterogenic
anatomy of bone one may expect that in situ, depending
on its localization, local Sr-concentrations reaching
values up to 3–9 mol% may occur. However, up to now
no mineralization defect or signs of osteomalacia in
these patients have been reported so far. In the present
study a reduction in synthetic hydroxyapatite crystal
size could be demonstrated using SEM (Fig. 5A vs. 5D)
at comparable Sr-concentrations and was also previ-
ously reported by Christoffersen et al. [24]. This latter
effect is not necessarily an adverse effect since it is sug-
gested by others that bone strength is inversely related to
crystallinity of the bone mineral [35, 36]. The smaller the

crystals the greater the total crystal surface, the better
the bone rigidity. Hence, reduction in the bone mineral
crystallinity can be one of the explanations of the ob-
served increase of bone strength in Sr-treated osteopo-
rosis patients [32]. In the line of this, FTIR studies by
Paschalis et al. revealed that the skeleton of osteoporotic
patients contains more mature/crystalline mineral and
thus larger hydroxyapatite crystals which contributes to
the brittleness of the bone [35, 36]. However, until now
no data presenting evidence for such an effect of Sr-
treatment on the bone mineral to occur in vivo have been
provided. This is not surprising in view of the notion
that to the best of our knowledge all previous crystal-
lographic measurements (XRD) were performed on
pulverized bone samples, hereby averaging out local
effects of the element [33, 37]. To further elucidate the
effect of Sr on the in vivo mineral crystallinity, crystal-
lographic studies on a lm scale such as micro-small-
angle-X-ray-scattering (lSAXS) and micro-X-ray-dif-
fraction (lXRD) on bone biopsies of patients loaded
with Sr should be performed in the near future.
The discrepancy between the effects of Sr on bone in

either the presence or absence of a normal renal function
cannot be explained by the physicochemical interference
of the element with the hydroxyapatite formation. Most
likely, chronic renal failure induces some major meta-
bolic changes in the calcium homeostasis by which the
bone metabolism becomes more susceptible to the ad-
verse effects of Sr at the level of bone formation and
mineral deposition. However, getting a better insight in
the exact mechanisms responsible for this discrepancy is
beyond the scope of the current study; however, it will
be the subject of future investigations.
The exact sense of the presence of whitlockite in the

cell cultures treated with the highest Sr concentration
(100 lg/ml Sr) is not very clear. Because it only repre-
sents very low amounts of mineral, indicated by the low
intensity of the bands in the XRD pattern and the very
low Ca-deposition, it is likely a side effect of the Sr-
induced mineralization defect where a nonspecific pre-
cipitate under the form of whitlockite is deposited. With
regard to the physiological importance of this mineral,
only an association with articular cartilage calcifications
has been made so far in the literature [38, 39].
In conclusion, in the present paper, evidence for a

direct physicochemical interference of Sr with the
hydroxyapatite formation is presented in both an in vitro
osteoblast cell culture system and in synthetic
hydroxyapatite. The physicochemical effect of the ele-
ment on the hydroxyapatite is expressed by a reduction
in mineral crystal size (both in cell culture and in syn-
thetic hydroxyapatite) which at high concentrations
ultimately results in an impaired mineralization. The
biological impact in the in vivo situation of such an effect
still remains ambiguous and needs further investigations
in vivo at the lm scale.
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