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In this study the effect of strontium substitution on the hydrolysis of «-tricalcium phosphate
(a-TCP) toward the formation of calcium deficient hydroxyapatite (CDHA) was investigated.
For that purpose substituted «-TCP powders with 1, 5 and 10 mol% Sr substitution for Ca
were synthesized by reacting at 1500 °C stoichiometric amounts of CaCOs, SrCO3, and
Ca,P,0, followed by rapid quenching in air. XRD analysis of the powders revealed the
presence of a-TCP (traces of 8-TCP) with enlarged unit cell volume at increased Sr contents,
indicating the incorporation of Sr in the crystal structure. Strontium was also incorporated
in the apatite phase as revealed by XRD analysis of the set cements. The hydrolysis of
milled a-SrTCP powders and a pure a-TCP (control) was monitored by isothermal
calorimetry and the compressive strength of set cements was tested. The results showed a
decrease in the reactivity with increasing Sr content and similar final mechanical strength
within the Sr series, though lower than the control. The in vitro bioactivity of the set
cements after soaking in simulated body fluid for 4 weeks was also tested. The formation of
a bone-like apatite layer on the surface of the set cements indicated a potential in vivo

bioactivity.

© 2005 Springer Science + Business Media, Inc.

Introduction

Among the trace elements present in bone cells, stron-
tium was found to exert beneficial effects on the os-
teoblastic activity. At low concentration levels (slightly
higher than the physiological level), strontium adminis-
tration was shown to reduce bone resorption and stim-
ulate bone formation [1-5]. Thus, it is reasonable to
expect that its presence in biomaterials can lead to a
better osteointegration. With this aim, its incorporation
in the calcium phosphate ceramics and cements has
been the subject of much interest in the last decade
[6-13].

The main and largely used constituent of the cal-
cium phosphate ceramics and cements is hydroxyap-
atite (HA). Depending on the technique and the route
used for the synthesis, various morphology, stoichiom-
etry and level of crystallinity can be achieved. This
provides the material with different physico-chemical
properties that can affect its mechanical strength but
also its biocompatibility and bioactivity. In previous
works, calcium-strontium hydroxyapatites (Ca, Sr)HA
have been prepared by precipitation in aqueous solution
[8, 14], hydrothermal process [15], dry mechanosyn-
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thesis [11], and also by maturation of a cement made
of a mixture of calcium phosphates and an acidic solu-
tion [7, 13]. In vitro studies on the bioactivity of (Ca,
Sr)HA [2], and in vivo studies on (Ca, St)HA composite
cements [10] both reported an increased bioactivity, as
compared to pure CaHA. The in vitro studies on the (Ca,
Sr)HA powders revealed a greater apatite deposition
with Sr-containing HA, while the in vivo (Ca, Sr)HA
cement study revealed an increase in the thickness of
the bone layer formed at the interface bone-cement and
a better osteointegration.

In this study, we investigated the effects of Sr-
substitutions on the reactivity of alpha tricalcium phos-
phate («-TCP). Pure a-TCP is a common reactant used
in calcium phosphate cements. When it is hydrolyzed
using an appropriate liquid to powder ratio, it sets giv-
ing a calcium deficient hydroxyapatite (CDHA) as a
product [16—19]. The interest in using CDHA, rather
than stoichiometric hydroxyapatite, lies in its resem-
blance to the biological apatite, in terms of structure
and chemical composition. We also performed in vitro
studies to investigate the bioactivity of the set cements,
as a function of the Sr content.
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Experimental

Preparation of the «-SrTCP powders
Stoichiometric amounts of CaCOs; (Merck, p.a.),
Ca,P,07 (prepared by firing CaHPQOy,, Sigma #C-7263
at 1100 °C for 16 h) and SrCO3 (Aldrich, p.a.) were used
to reach the respective compositions 1, 5 and 10 mol%
of Sr’* replacing Ca®* in a-TCP. The starting materi-
als were intimately mixed in a ball mill for 15 min at
480 rpm and reacted in a Pt crucible for 4 h at 1500 °C.
The powders were then quenched in air to insure the for-
mation of the o form, and further analyzed by means
of X-ray powder diffraction and scanning electron mi-
Croscopy.

Hydrolysis of the «-SrTCP powders

The «a-SrTCP powders were ground according to an
optimized milling procedure [20] to provide a fine
powder, and hydrolyzed using a 2.5 wt% Na,HPO4
(Merck #1.06586) accelerating solution at a liquid to
powder weight ratio L/ P = 1. The CDHA formation
was monitored with an isothermal calorimeter main-
tained at constant temperature of 37 °C. A powder of
pure a-TCP sintered at 1325°C was milled and hy-
drolyzed in the same conditions and used as a control
sample. Pastes of the cements (L /P = 0.34) were also
placed in Teflon moulds (diameter = 4 mm, height =
8 mm) at a temperature of 80 °C for 4 days to insure a
rapid and full hydration and these were further analyzed
by means of X-ray diffraction and scanning electron
microscopy.

Bioactivity of (Ca, Sr)HA

The set cements (Sr-containing samples and the con-
trol) were removed from the Teflon moulds, dried and
immersed in a simulated body fluid (SBF) [21], with
ion concentrations nearly equal to those of the human
blood plasma, for 4 weeks at physiological temperature
(37°C) and analyzed by means of scanning electron
microscopy.

X-ray diffraction measurements

X-ray diffraction analysis was performed using a
Guinier focusing camera equipped with an imaging
plate (Huber Imaging Plate Guinier Camera 670). Data
were collected for 32000 seconds (*9 h) using CuK« 1
radiation from 20 = 8 to 100°, with a 26-step of
0.005°. The lattice constants of the materials were de-
termined by Rietveld refinements using the Winpow
program [22], a local Windows version of the Rietveld
analysis program LHPM 1 by Hill and Howard [23]
and the refined crystal structures of «-TCP, 8-TCP,
and hydroxyapatite reported in the literature [24-26] as
reference.

Isothermal calorimetry

The heat evolved during hydrolysis of «-SrTCP pow-
ders and a control was monitored using a TAM air
isothermal calorimeter, which temperature was fixed
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at 37.0 & 0.1 °C by circulating water from a thermo-
static water bath. The powders (1.000 g) were placed
in closed glass ampoules and left in the calorimeter
for a few hours to acclimate to the temperature. A 2.5
wt% Na;HPOy accelerating solution (1.00 ml) at 37 °C
was injected into the ampoules through metal capillar-
ies from outside the calorimeter chamber. Data (in mV)
was collected every 10 s using the PICOlog software
[27], and converted into Watts/mol and then integrated,
resulting in a total heat of reaction in kJ/mol CDHA,
Cag(HPO4)(PO4)sOH, formed.

Compressive strength testing

After setting at 80°C for 4 days, cement samples (8
per cement) were removed from the Teflon moulds and
compression tested in a biaxial Instron 8511 load frame
with MTS TestStar II controller. The testing was per-
formed at room temperature with a crosshead displace-
ment of 1 mm/min and the samples were loaded until
failure.

Scanning electron microscopy

The cylindrical specimens of the set cements, soaked in
SBF for 4 weeks, were dried and cleaved to analyze the
thickness of new apatite layer as well as the chemical
composition and morphology of the bulk apatite and the
new apatite layer. X-ray energy dispersive spectrometry
(XEDS) was performed on carbon coated samples at
an accelerating voltage of 20 kV, using a JEOL JSM-
840A instrument. The samples were then recoated by
gold sputtering for imaging at 10 k'V.

Results

Characterization of the cement powders
and the matured cements

The examination of the X-ray diffraction patterns of
the TCP powders (Fig. 1) prepared with various Sr
amounts revealed the presence of the o-form (space
group P2,/a) with traces of 8-form (space group R3c)
formed during the quenching. The diffraction patterns
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Figure 1 X-ray diffraction patterns of (a) «-Sr0%TCP, (b) a-Sr1%TCP,
(¢) @-Sr5%TCP, and (d) «-Sr10%TCP. The two dots represent the visible
peaks of B-TCP.
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Figure 2 Variation of the lattice dimensions of o-(Ca,Sr)TCP with increasing Sr content.
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Figure 3 X-ray diffraction patterns of (a) StO%HA, (b) Sr1%HA, (c)
Sr5%HA, and (d) Sr10%HA. The squares represent unreacted S-TCP.

of the TCP powders were slightly and continuously
shifted to lower diffraction angles as increasing Sr
amounts were introduced. This is characteristic of an
increase of the lattice volume and indicates that stron-
tium is incorporated in the structures (ionic radii: Sr>*+
=1.13 A, Cazt = 1.00 A). Rietveld refinement anal-
yses performed on the powder data revealed an almost
linear evolution of the lattice parameters (see Fig. 2)
except for the B parameter, which did not significantly
change (8 &~ 126.36°). Moreover a broadening of the
peaks with increased Sr contents (Fig. 1) could be ob-
served, indicating a reduction of the size of the TCP
crystallites.

The hydrated products were well crystallized and
presented diffraction patterns characteristic of an ap-
atitic phase (space group P63/m) with small amounts
of unreacted B-TCP remaining from the cement pow-

ders (Fig. 3). As with the TCP powders, a slight shift to
lower 26 angles of the diffraction peaks of the apatite
phase could be observed indicating the incorporation of
Sr in the crystals. The refinement results are presented
in Fig. 4 and reveal an almost linear evolution of the
lattice parameters. Scanning microscopy investigations
showed major differences in the crystal morphology
and size of the bulk apatite crystals in the (Ca, Sr)-HA
series compared to the control sample. The Sr-apatites
(including Sr0% apatite) in Fig. 5 consisted of radiat-
ing needle-like crystals (*2 pum long) grown from the
a-TCP grains and forming a network of acicular crys-
tal aggregates whereas the control consisted of smaller
(&1 um) and entangled plate-like crystals (see SEM
pictures in Fig. 5).

Reactivity of the «-TCP powders

Different kinetics of reaction was observed for the con-
trol and the Sr series, as illustrated by the rate of heat
evolution curves in Fig. 6. The hydrolysis reaction con-
sists generally of three thermal peaks: A wetting peak
corresponding to the wetting of the powder upon in-
jection and mixing followed by two peaks associated
to the hydration reaction in which «-TCP is dissolved
and CDHA precipitated, all three events being more or
less overlapped depending on the characteristics of the
a-TCP used and the experimental conditions [19, 28—
30]. In the present experiments, the wetting peaks were
small and negative as aresult of a difference in tempera-
ture between the fluid in the syringe and the calorimeter
chamber. The hydration peaks showed the same gen-
eral appearance in all the samples, with a rapid primary
reaction followed by a slower final reaction. However,
the occurrence and duration of the heat events varied

995



9.445

9.440 |
T 9435
L]

9.430 +

9.425‘ 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10

Sr/(Ca+Sr)

6.884

6.880 -

6.876 |

c(A)

6872

6.868 |-

6.864 ' : - :
000 002 004 006 008 010

Sr/(Ca+Sr)

532

531+

V(A%

529

[
528 Il 1 L L
0.00 0.02 0.04 0.06 0.08 0.10

Sri(Ca+Sr)

Figure 4 Variation of the lattice dimensions of (Ca,Sr)HA with increas-
ing Sr content.

within the Sr series and from the control, the appearance
of the first hydration peak being systematically delayed
with increasing strontium concentrations (by about 50
min for Sr5% and 2 h 15 min for Sr10%) . Besides, the
duration times for the reaction of the o-SrTCP pow-
ders were considerably prolonged, the control reaching
completion after 20 h compared to about 36 h for the
Sr series. The total heat produced by the formation of
HA from the hydrolysis at 37 °C of «-TCP reached
similar values of 128, 131, 132, 132, and 128 kJ/mol
respectively for the control and the 0, 1, 5, and 10 mol%
Sr containing «-TCP powders, comparable with results
previously reported in the literature [19] .

Compressive strength

The compressive strength measurements of the ce-
ments fully hydrated at 80°C (Fig. 7) revealed a
rather constant strength in the Sr series, when the es-
timated standard deviations were taken into consider-
ation. The strengths reached within the Sr series were
still considerably lower (=10 MPa) than for the control
(40 MPa).
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Bioactivity of (Ca, Sr)HA

After 4 weeks soaking in SBF, thin and dense layers
of precipitate were formed on the surface of both the
(Ca, Sr)HA samples and the control (see micrographs
in Fig. 8). The layers consisted of intergrown nodules
formed by small entangled plate-like apatite crystals
(see micrographs in Fig. 9), similar to the bonelike ap-
atite layers normally formed on the surface of bioac-
tive ceramics in SBF [31]. XEDS analysis of the layers
revealed that the precipitates were calcium phosphate
apatite with detectable amounts of chlorine, probably
incorporated in the crystal structure as chloride ions
(see Fig. 10(b) and (c)). The SBF contained physiolog-
ical levels of chloride, which accounted for its presence
in the apatite layer. Chlorine could actually be used in
our experiments as a marker to determine the apatite
layer boundaries, when performing elemental mapping
(Fig. 10(d) and (e)) but further investigations are neces-
sary. In the samples with 5 and 10 Sr mol%, Sr could be
detected in the apatite layer formed in SBF, indicating
that the apatite cement has dissolved.

The formation of nodules was more pronounced
within the Sr series compared to the control, with nod-
ules of about 10 um in diameter (Fig. 9). The individual
crystals forming the nodules were somewhat larger in
the Sr series as compared to the control, i.e. &1 um
compared to ~0.5 um. The thickness of the precipi-
tated layers was about the same in all the samples, i.e.
16(2), 19(3), 13(2), 11(3), 16(2) um, respectively, for:
The control, Sr0%, Sr1%, Sr5%, and Sr10% (estimated
standard deviations referring to the last digit given in
parenthesis). The surface layer was less adhered to the
surface of the set cement in the case of the control than
in the Sr samples. The layer formed on the control eas-
ily fell off during the preparation of the SEM samples,
whereas it was well penetrated into the pores of the bulk
material in the case of the STHA samples.

Discussion

Reactivity of «-SrTCP

StTCP solid solutions could be prepared in the high-
temperature, reactive a-form by sintering at 1500 °C,
followed by rapid quenching in air. Our attempts to
synthesize the strontium containing «-TCP at lower
temperatures failed, despite the fact that it was pos-
sible with pure a-TCP (%1325 °C). Also according to
the reported phase diagram for the system Sr3(POy);-
Ca3(POy4); [32],itis possible to use a temperature below
1500°C, i.e. 1135-1264 °C from 0 to 10 mol% substi-
tution of Sr** for Ca?*. Like the choice of (i) route
of synthesis, (ii) set regulating additives, and (iii) ionic
substitutions, the sintering temperature also plays an
important role on the reactivity of the «-TCP towards
CDHA, at a given hydration temperature [33-36]. At
high sintering temperatures increasing crystal growth
occurs, resulting in a powder with reduced specific sur-
face area and thus slower rate of dissolution of a-TCP
and precipitation to CDHA. This is illustrated by the
calorimetry data in Fig. 6, with the Sr series showing
broader peaks of hydration and longer reaction times
than the «-TCP sintered at 1325 °C (control). Within



Figure 5 SEM micrographs of fracture surfaces of the hydrated «-TCP cements: (a) control (from pure «-TCP sintered at 1325 °C), (b) St0%HA
(from pure «-TCP sintered at 1500 °C ), (c) Sr1%HA, (d) St5%HA, and (e) Sr10%HA.
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Figure 6 Isothermal calorimetry curves showing the heat evolution dur-
ing hydrolysis of the control (pure «-TCP sintered at 1325°C), and
the strontium series «-Sr0%TCP (pure «-TCP sintered at 1500 °C), -
Sr1%TCP, a-Sr5%TCP, and «-Sr10%TCP. The early stage of reaction
is shown in the inset (0-8 h).

the Sr series, increasing Sr content resulted in a re-
tarded and slower hydration, the first peak of hydra-
tion appearing 1 to 2 h after the one of the Sr-free
«-TCPs and the hydration peaks being broader. The
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Figure 7 Compressive strength of the hydrated cement pastes.

slower rates of dissolution-precipitation observed by
calorimetry might explain the difference in the shape
of precipitated apatite crystals shown by the SEM pic-
tures (Fig. 5). The more rapid dissolution of the «-TCP
powder sintered at 1325 °C, and higher supersaturation
of the solution with respect to apatite, caused the for-
mation of rather small and plate-like crystals, whereas
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Figure 8§ SEM micrographs of the apatite layer formed after 4 weeks soaking in SBF: (a) control (from pure «-TCP sintered at 1325 °C), (b) St0%HA
(from pure «-TCP sintered at 1500 °C ), (c) Sr1%HA, (d) St5%HA, and (e) Sr10%HA.

Figure 9 SEM micrographs of the HA layer formed after 4 weeks soaking in SBF: (a, b) St0%HA, from pure «-TCP sintered at 1500 °C, (c, d)
control, from pure «-TCP sintered at 1325 °C.
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Figure 10 XEDS analysis of Sr10%HA immersed in SBF for 4 weeks: (a) Secondary electron micrograph, (b) elemental analysis of the bulk of set
cement paste, (c) elemental analysis of apatite layer formed in SBF, (d) calcium X-ray map, (e) chlorine X-ray map with arrow indicating the apatite

layer formed in SBF, and (f) strontium X-ray map.

the Sr series produced larger, needle-like and radiating
crystals as a result of the slower reaction. The strength
developed in the Sr series was lower than with the con-
trol and this can be explained by the presence of larger
voids between the crystals in the Sr series.

However, shorter setting times of the StTTCPs must
be obtained in order to meet clinical requirements. This
might be achieved by prolonged milling of the reactants,
as it has been reported in the literature [37, 38], that
prolonged high energy ball milling can considerably
decrease the reaction times by mechanically inducing
amorphicity to the material, almost independently of
the particle size, and without significantly affecting the
mechanical strength.

Bioactivity of the Sr cements

The formation of an apatite layer on the surface of ce-
ramics in SBF is an indication of its in vivo bioactivity,
as it is well established that the formation in the body
of a bone like apatite layer on the surfaces plays an es-
sential role in the bonding of the artificial material to

living bone [31, 39]. In this respect, all the set cement
pastes studied here induced the formation of a bonelike
apatite layer, of similar thickness, indicating that their
surface is bioactive. However the morphology and tex-
ture of the apatite layers were different (Figs. 8 and 9).
This further indicated a difference in the mechanisms
of nucleation and growth of the apatite crystals as the
result of different surface characteristics of the apatite
cements. In the control, the bulk apatite consisted of
small plate-like crystals tightly entangled, whereas in
the Sr series it consisted of larger, needle-like crystals
in radiating aggregates (Fig. 5). The small tightly en-
tangled crystals can thus provide more nucleation sites
for the precipitation of bonelike apatite crystals from
SBF, than the long radiating crystals. Moreover, the
larger voids created in the set Sr cement samples al-
lowed the precipitation of new apatite to occur into the
bulk, providing a better attachment of the apatite layer
to the cement. The different morphology and size of the
apatite crystals in both the set cements and the apatite
layers formed in SBEF, is thus essentially due to the ef-
fect of the sintering temperature used to synthesize the
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«-TCP reactants, rather than the Sr concentration, since
the apatite crystals were similar within the Sr series.

The apatite layer formed in SBF (Fig. 8) was more
flat on the control sample as compared to the Sr-series,
which exhibited extensive formation of nodules. The
formation of nodules indicated that the nucleation of
apatite from SBF was more facile on the newly formed
apatite crystals, than on the original crystals, especially
the larger needle-like ones.

Several in vivo and in vitro studies [1, 4] show that
at low doses of strontium administration, the strontium
uptake in bone may increase the bone volume by in-
creasing the extent of bone formation sites and reduc-
ing bone resorption, without however affecting the rate
of bone formation, neither altering the bone mineral-
ization. This was found to be the result of the effect
of Sr on bone cells, inducing osteoblast activity and
inhibiting osteoclast activity. Additionally, the resorp-
tion in vivo was found to be inhibited by the stabiliza-
tion of the bone apatite crystals upon Sr incorporation
[40]. Contradictory results are reported in Ref. [2], ac-
tually showing that Sr incorporation in the apatite crys-
tal structure increases its solubility in vitro, and that
the presence of critical amounts of Sr>* in aqueous so-
lution inhibits the dissolution. However, these studies
were performed in vitro with stoichiometric HA and
SrHA crystals having thus a different chemical compo-
sition than biological apatite, which might explain the
contradictory results. Nevertheless, the analysis in the
same study of the apatite deposition on HA and StHA
crystals in supersaturated solution with respect to ap-
atite, revealed a faster deposition on STHA than on HA
and inhibition of the deposition with increasing Sr>*
concentration in solution. In our work, none of these
effects could be observed. New bone-like apatite layers
were formed on all the set cements without showing
significant differences in thickness.

Conclusions

Strontium containing a-tricalcium phosphate could be
prepared at 1500 °C. Their reactivity toward the forma-
tion of precipitated apatite was lower than pure «-TCP
prepared at lower temperature (1325 °C), and decreased
with increasing strontium content. At strontium levels
investigated in this study, the estimated bioactivity of
the set strontium-containing apatite cements was com-
parable to the bioactivity of pure Ca-CDHA, making
the use of strontium cements a potential alternative in
the treatment of osteoporosis.
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