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Bioactive glasses are able to bond to bone through the formation of hydroxy-carbonate apa-
tite in body fluids while strontium (Sr)-releasing bioactive glasses are of interest for patients
suffering from osteoporosis, as Sr was shown to increase bone formation both in vitro and in
vivo. A melt-derived glass series (SiO2–P2O5–CaO–Na2O) with 0–100% of calcium (Ca)
replaced by Sr on a molar base was prepared. pH change, ion release and apatite formation
during immersion of glass powder in simulated body fluid and Tris buffer at 378C over up
to 8 h were investigated and showed that substituting Sr for Ca increased glass dissolution
and ion release, an effect owing to an expansion of the glass network caused by the larger
ionic radius of Sr ions compared with Ca. Sr release increased linearly with Sr substitution,
and apatite formation was enhanced significantly in the fully Sr-substituted glass, which
allowed for enhanced osteoblast attachment as well as proliferation and control of osteoblast
and osteoclast activity as shown previously. Studying the composition–structure–property
relationship in bioactive glasses enables us to successfully design next-generation
biomaterials that combine the bone regenerative properties of bioactive glasses with the release
of therapeutically active Sr ions.
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1. INTRODUCTION

In osteoporotic bone, osteoclasts resorb too much bone,
while osteoblastic bone formation is not sufficient to
counterbalance this, resulting in reduced bone mineral
density. This leads to weak and brittle bones, which
can break easily even during everyday activities. Typical
sites for osteoporotic fractures are hip, spine, forearm and
humerus, and women in western Europe over the age of
50 were shown to have a 47 per cent likelihood of fractures
during their remaining lifetime [1]. In 2000, the number
of osteoporotic fractures in Europe was estimated to be
nearly 3.8 million, causing an estimated total cost of
31.7 billion euros [2]. Strontium (Sr) ions have been
shown to stimulate osteoblastic bone formation and to
inhibit osteoclastic bone resorption both in vitro and in
vivo [3,4]. Indeed, strontium ranelate (Protelos) is a
drug approved for treatment and prevention of osteo-
porosis [5,6], whereas Sr-containing bioactive glasses
were shown to combine the known bone regenerative
orrespondence (d.brauer@qmul.ac.uk).
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properties of bioactive glasses with the anabolic and
anti-catabolic effects of Sr cations in vitro [7].

Bioactive glasses undergo surface reactions and form
a layer of hydroxy-carbonate apatite (HCA) on their
surface when exposed to body fluids. These glasses are
being used as bone substitute materials as they promote
bone formation and osseointegration [8,9]. The HCA
surface layer is thought to play a critical role for attach-
ment of proteins such as fibronectin and vitronectin,
which osteoblasts bind to and proliferate on [10],
thereby allowing for the formation of an intimate
bond to bone. Bioactive glasses also release ions that
promote the osteoblast phenotype [11,12], and new
compositions can be tailored to release specific ions to
address clinical needs.

We have recently shown that Sr-substituted bio-
active glasses are promising as bone repair and
regeneration therapies with benefits comparable with
those of strontium ranelate [7], making Sr-containing
bioactive glasses a promising material for bone substi-
tution and therapeutic release of Sr ions. We have
also shown that when Sr is substituted for Ca on a
This journal is q 2011 The Royal Society
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Table 1. Nominal glass composition (mol%) and molar strontium for calcium substitution (%).

glass Sr for Ca substitution SiO2 P2O5 CaO SrO Na2O

Sr0 0 49.47 1.07 23.08 — 26.38
Sr2.5 2.5 49.47 1.07 22.50 0.58 26.38
Sr10 10 49.47 1.07 20.77 2.31 26.38
Sr50 50 49.47 1.07 11.54 11.54 26.38
Sr100 100 49.47 1.07 — 23.08 26.38
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molar base, the glass network expands owing to the
larger ionic radius of Sr compared with Ca [13]. Here,
we present a detailed study of dissolution, ion release
and apatite formation of bioactive glasses in the
system 49.46 SiO2 2 1.07 P2O5 2 (23.08-X ) CaO-X
SrO-26.38Na2O (X ¼ 0–23.08), showing how the struc-
tural changes caused by Sr substitution significantly
alter the in vitro behaviour of the glasses.
2. MATERIAL AND METHODS

2.1. Glass synthesis

Glasses in the system SiO2–P2O5–CaO–SrO–Na2O
were prepared using a melt–quench route. Zero, 2.5,
10, 50 and 100 per cent of Ca were replaced by Sr on a
molar base (glasses Sr0–Sr100; table 1) in order to main-
tain the structure of the silicate glass matrix [14].
Mixtures of analytical grade SiO2 (Prince Minerals
Ltd, Stoke-on-Trent, UK), P2O5, CaCO3, SrCO3 and
Na2CO3 (all chemicals from Sigma-Aldrich, Gillingham,
UK) were melted in a platinum–rhodium crucible for
1.5 h at 14008C in an electric furnace (Lenton, Hope
Valley, UK). A batch size of approximately 100 g was
used. After melting, the glasses were rapidly quenched
into water to prevent crystallization. After drying, the
glass was ground using a vibratory mill (Gyro Mill,
Glen Creston, London, UK) for 7 min and sieved to a
particle size below 38 mm. The amorphous structure of
the glasses was confirmed by powder X-ray diffraction
(XRD) as shown previously [13].

Glass monoliths were produced by re-melting glass
frit for 30 min at 14508C, pouring the melt into a pre-
heated graphite mould and placing the moulds in a fur-
nace pre-heated to 5508C. The glass was then allowed
to cool slowly to room temperature in a furnace over-
night. The rods were cut into 1 mm thick discs using
a low-speed diamond saw (IsoMet, Buehler GmbH,
Düsseldorf, Germany).
2.2. pH and ion release in simulated body fluid
and Tris buffer

Simulated body fluid (SBF) was prepared using 7.996 g
sodium chloride, 0.350 g NaHCO3, 0.224 g potassium
chloride, 0.228 g K2HPO4 � 3H2O, 0.305 g MgCl2 �
6H2O, 0.368 g CaCl2 � 2H2O, 0.071 g sodium sulphate
and 6.057 g tris(hydroxymethyl)amino methane, (CH2-

OH)3CNH2, (Tris) per litre SBF. The pH was adjusted
to 7.25 using 1 N hydrochloric acid (all chemicals from
Sigma-Aldrich) as described by Kokubo et al. [15] using
a pH meter (Oakton Instruments, Nijkerk, The
Netherlands).
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Tris buffer solution was prepared by dissolving
15.090 g Tris in ca 800 ml deionized water, adding
44.2 ml 1 M hydrochloric acid, heating to 378C over
night, adjusting the pH to 7.25 using 1 M hydrochloric
acid and filling to a total volume of 2000 ml using
deionized water. Both solutions were kept at 378C.

Fifty millilitres SBF were pipetted into 150 ml PE
bottles, and 75 mg of glass powder (less than 38 mm)
were dispersed in the solution, corresponding to a con-
centration of 1.5 g l21. Experiments were performed in
duplicate. Samples were placed in an orbital shaker at
378C at an agitation rate of 60 r.p.m. for 5, 15, 30, 60,
120, 240 and 480 min. At the end of each time period,
the pH was measured and the solution filtered through
medium porosity filter paper (5 mm particle retention,
VWR International, Lutterworth, UK), stored at 48C
and analysed by inductively coupled plasma optical
emission spectroscopy (Thermo FI ARL 3580 B).
Glass powder treated in SBF was rinsed with acetone
to stop any further reaction. Studies in Tris were per-
formed in an analogous fashion. Glass discs were
immersed in SBF for 1 week at 378C.

2.3. Characterization of glass powders after
immersion in simulated body fluid

Filter paper with retained SBF-treated powders was
dried at 378C, and the dried powders were analysed
using Fourier-transform infrared spectroscopy (FTIR;
Spectrum GX, Perkin-Elmer, Waltham, MA, USA)
and XRD (Philips PW 1700, Leiden, The Netherlands;
40 kV/40 mA, CuKa, data collected at room
temperature).

2.4. Scanning electron microscopy

Glass discs treated in SBF were mounted in epoxy resin,
cross-sectioned, and polished and characterized in a
scanning electron microscope (SEM; JSM-840A,
JEOL, Tokyo, Japan) using secondary and back-
scattered electrons modes at 15 kV on polished cross
sections of glass discs. Energy-dispersive X-ray spec-
troscopy analysis (EDX) was carried out to determine
the composition of the different layers observed as a
function of the distance from the surface.

2.5. Solid-state nuclear magnetic resonance
spectroscopy

Glass powders before and after immersion in SBF were
analysed using 31P magic angle spinning nuclear mag-
netic resonance (MAS-NMR) on a Bruker 200 MHz
(4.7 T) spectrometer. 31P MAS-NMR spectra were col-
lected at 81.0 MHz in a 4 mm rotor spinning at about
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Figure 1. pH changes of (a,b) Tris buffer and (c,d) SBF after immersion of glass powders. (Lines are drawn as a guide to the eye.)

882 Strontium-substituted bioactive glasses Y. C. Fredholm et al.
5 kHz with a 30 s recycle delay and eight scans before
counting. 31P chemical shift was referenced to 85%
H3PO4.
3. RESULTS AND DISCUSSION

3.1. pH changes and ion release in Tris buffer
and simulated body fluid

The glasses showed a pronounced pH rise upon immer-
sion in both Tris buffer and SBF (shown in figure 1a,c),
which is a typical effect of bioactive glasses [16] and is
known to aid apatite formation [17,18]. The pH
increased with time for all the glasses, but there was a
slight reduction in pH at 480 min in SBF, while no
such pH decrease was observed in Tris buffer. The
reduction in pH in SBF is likely to be caused by the for-
mation of carbonates once all phosphate ions have been
consumed for apatite formation, and this was confirmed
by a strong carbonate absorption band in the FTIR
studies and the observation of a strong diffraction line
for a mixed Sr/Ca carbonate in the XRD patterns dis-
cussed later. Owing to a larger buffering capacity of
the Tris buffer used, the overall pH change in Tris
buffer was less than in SBF.

pH in SBF also showed a correlation with Sr substi-
tution, with pH increasing for increasing Sr content in
the glass (figure 1d). As the glass powders all had par-
ticle size distributions in the same range (results not
shown), the greater pH increase found with increasing
Sr substitution indicates an increase in dissolution
J. R. Soc. Interface (2012)
rate of the glasses, which can be explained on the
basis of the more weakly bonded and more expanded
network observed previously [13]. A fixed amount of
glass (75 mg) was used in these experiments; however,
the atomic weight of Sr is 87 compared with
40 g mol21 for Ca. As a result, the molar amount of
glass decreased with increasing Sr substitution, and a
reduced pH rise with increasing Sr would have been
expected if the glasses all dissolved at the same rate.

Figure 2 shows the Ca, phosphorus, silicon and Sr
release into Tris buffer and SBF as a function of time.
Elemental concentrations of Ca, silicon and—with
increasing Sr content in the glass—Sr and phosphorus
in Tris buffer increased with time. Figure 3a shows the
Sr release to be directly proportional to the Sr content
in the glass, an effect that is observed at all time points.
While the decrease in Ca release with increasing Sr (i.e.
decreasing Ca) in the glass is linear for Sr substitutions
of 10 per cent or above, we see an increase in Ca release
for 2.5 per cent substitution (Sr2.5) despite the fact
that the Ca content in the glass is reduced. Figure 3b
(accounting for the differences between Ca and Sr in
atomic weight as discussed earlier) confirms this effect.
It is thought to be a result of the effect Sr has on the
glass structure, as substituting even small amounts of
Sr for Ca expands the glass network [13] owing to the
larger ionic radius of Sr (1.16 Å) compared with Ca
(0.94 Å). The effect on solubility, however, seems to
become less pronounced for larger Sr for Ca substitution.

Phosphate release increased with increasing Sr for Ca
substitution (figure 3a), whereas silicon and combined
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Ca þ Sr concentrations remained constant. This, again,
could be caused by the more expanded and more easily
degradable silicate network [13], which facilitates dissol-
ution of the dispersed orthophosphate droplet phase.
Alternatively, the strontium phosphate phase in the
substituted glasses might dissolve more readily than
the calcium phosphate phase in Sr0.

The initial elemental concentrations of silicon and Sr
are a linear function of the square root of time (figure 4)
up to about 120 min, which indicates a diffusion-
controlled process. Similar release kinetics were found
for ions in all the glasses studied, although there was con-
siderable more experimental scatter on the figures for the
2.5 per cent and 10 per cent Sr glasses owing to their low
Sr contents and the smaller amounts of ions released.

SBF was designed to give ionic concentrations com-
parable with those found in blood plasma, and initial
ionic concentrations in SBF for Ca, Na and P are 2.5,
141 and 1 mmol l21, respectively. The ionic concen-
trations of Ca, phosphate and carbonate in SBF are
close to the solubility limit of HCA; therefore, a slight
change in the concentrations of these ions or a slight
pH increase favour precipitation of HCA. The release
of ions into SBF (figure 2) is complicated by the ions
already present in SBF, but also by apatite formation,
which consumes ions such as Ca2þ, Sr2þ or PO3�

4 , and
this accounts for the differences between results for
Tris buffer and SBF seen in figure 2.

After about 60 min, concentrations of silicon in
SBF reach about 2.5 mmol l21 (70 ppm). This is
J. R. Soc. Interface (2012)
approximately the solubility limit of Si(OH)4, although
this varies with experimental conditions such as pH.
The time point of saturation of Si in solution would
be expected to correlate with the formation of a silica
gel and precipitation of apatites such as HCA; however,
recent experiments have shown that formation of a
silica gel layer is not necessarily a prerequisite for
apatite formation [19,20].

Phosphate concentrations in SBF increased initially,
then dropped to near zero, which can be explained by
an initial release from the glass, and subsequent
depletion owing to the formation of apatite. Similarly,
concentrations of Ca were affected by the release from
the glass (as described earlier for Tris buffer) on the
one hand and formation of apatite (and thereby con-
sumption of Ca2þ ions) on the other hand, although
trends were not as clear as for phosphate.

Ion release in SBF can be compared with that in cell
culture media, which also contain ions in varying con-
centrations and also favour apatite formation [7], and
further details will be discussed later, together with
the results for apatite formation.
3.2. Apatite deposition in simulated body fluid

FTIR spectra of all glasses showed significant changes
after immersion in Tris buffer in comparison with the
spectrum of the unreacted glass (figure 5). The bands
for the unreacted glass powder were mostly owing to
Si–O vibrational modes [21]; after immersion in SBF,
the non-bridging oxygen (Si–O2 alkaliþ) band at
920 cm21 disappeared. At the same time, new bands
appeared at about 790 cm21, which were assigned to
Si–O–Si bond vibration between two adjacent SiO4 tet-
rahedra [18]. These changes indicate formation of a silica
gel surface layer after leaching of Ca2þ and Naþ ions and
formation of Si-OH groups in this ion-depleted glass in
agreement with ion release data.

Apatitic PO3�
4 groups give characteristic split bands

at 560 and 600 cm21 [22], with a third signal at
575 cm21 [23] observed for crystallites of small size.
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This is the most characteristic region for apatite and
other phosphates. The split bands are clearly present
for synthetic strontium (Sr-HCA) and calcium
hydroxy-carbonate apatite (Ca-HCA) in figure 5.
A single peak in this area usually suggests the presence
of non-apatitic or amorphous calcium phosphate,
which is usually taken as an indication of the presence
of precursors to apatite [24]. FTIR spectra of SBF-
treated glasses in this study, however, do not show
any bands in this region, suggesting that no or only
poorly crystalline apatite has formed. Alternatively,
the absence of split bands at 560 and 600 cm21 may
be a result of a mixed Ca/Sr-HCA being formed, and
the disordered structure of such apatite may lead to
broadening of the phosphate vibrational mode and the
loss of this characteristic splitting.

In the FTIR spectra of the glass powders at 120 min,
the proportion of the bands at 920 and 1030 cm21
J. R. Soc. Interface (2012)
changes with increasing Sr content, which supports
the suggestion that Sr increases the degradation rate
of the glass. However, FTIR spectra of the Sr0, Sr10
and Sr50 compositions look very similar at 480 min in
SBF, except for the small sharp features at 715 and
870 cm21. Both we assigned to carbonate [19] either
as HCA, or as Sr/Ca carbonate, which can explain
the drop in the pH of SBF mentioned already. Only
the fully Sr-substituted glass Sr100 showed further
degradation at this time point.

Results of powder XRD experiments of Sr-substituted
glass powders treated in SBF for 8 h (480 min) showed
presence of apatite peaks (HCA; JCPDS 19–272, Joint
Committee on Powder Diffraction Standards, now the
International Centre for Diffraction Data) at 26 and
32–3482u at 480 min (figure 5). Apatite peaks became
more pronounced with increasing Sr for Ca
substitution in the glass. It is not clear whether the
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more pronounced peaks in the Sr-substituted glasses are
owing to more apatite having formed or owing to the
stronger scattering effect of Sr compared with Ca.
Glass Sr0 did not show characteristic apatite peaks,
but instead a single peak at about 29.482u, which
might indicate carbonate formation (CaCO3; JCPDS
5–586) as suggested by FTIR analysis. Sr-containing
glasses showed small peaks at 120 min, which seem
to be mostly caused by strontianite (SrCO3; JCPDS
5–418) or a mixed (Ca,Sr)CO3 (JCPDS 44–1421).
The presence of small amounts of apatite cannot be
excluded, particularly as SBF was depleted of phosphate
at this time point as shown in figure 2. The presence of
SrCO3 or mixed Sr/Ca carbonate can also explain
the enhanced intensity of the 2682u peak of the
Sr-substituted glasses after SBF treatment (480 min),
which suggests overlapping peaks of apatite and carbon-
ate. This agrees with the strong carbonate bands in the
FTIR analysis as well as decreasing pH values of SBF
solutions compared with Tris buffer.

Diffraction lines of apatite peaks of the SBF-treated
glasses are broad compared with those of synthetic
Ca-HCA and Sr-HCA, indicating the precipitated apa-
tite to be less crystalline, and this line broadening can
be explained by the following three factors:

— small, nanometer-sized crystals are known to cause
line broadening in XRD, and apatite crystals
formed in SBF were shown to be in the nanometer
size range [25];

— solid solution formation as a result of carbonate sub-
stituting for phosphate in the lattice would be
expected to result in line broadening as described
earlier [18]; and

— similarly, solid solution formation as a result of for-
mation of a mixed Ca/Sr apatite would be expected
to cause line broadening.

While it is likely that the apatite formed on Sr-
containing bioactive glasses in SBF is also in the
nanometer size range (below 50 nm), owing to the line
broadening being affected by partial substitutions in
the apatite lattice, it is not possible to actually deter-
mine the crystallite size in this study.

The degradation and apatite formation of the Sr-
substituted bioactive glasses in SBF has been verified
by 31P MAS-NMR. Figure 6a indicates phosphorus pre-
sent as dominantly orthophosphate species in the
unreacted glass (bottom spectrum) as discussed pre-
viously [13]. Sr100 after 480 min in SBF showed a
main peak at 3.3 ppm with slight asymmetry on the
left-hand side of the peak. We assigned this main
signal at 3.3 ppm to Sr-HCA, with the asymmetry
owing to the residual glass fraction. The width of the
31P MAS-NMR line obtained for Sr-HCA precipitated
in SBF confirms poor crystallinity of the apatite com-
pared with synthetic Sr-HCA (top spectrum), which is
consistent with the XRD and FTIR results from
figure 5. In figure 6b, comparison between three differ-
ent glass compositions treated for 480 min in SBF
reveals a significant difference between glass Sr100
and Sr0. Although formation of apatite occurs for all
compositions, the fraction of the residual glass remains
J. R. Soc. Interface (2012)
small (ca 5%) in the Sr100 glass only. The spectrum for
Sr50 looks very similar to that of Sr0, but with a poorer
signal-to-noise ratio. FTIR results also showed great
similarity between the spectra of glasses Sr0–Sr50.
Thus, NMR results suggest that full Sr substitution in
the bioactive glass provides the combined benefits of
both significantly enhanced early glass dissolution and
apatite formation.

It is not quite clear how much of the Ca and phos-
phate for apatite formation comes from the glass and
how much comes from surrounding solution (SBF).
Looking at Sr-containing bioactive glasses may help
elucidate the process of HCA formation. Sr forms a
complete and continuous solid solution series with Ca
in apatites [26,27], and thus Sr may be useful as a
probe for the HCA formation process. While the fact
that Sr forms complete solid solutions with Ca in apa-
tites has been known for over 40 years, a recent
erroneous study [28] suggested that only 15 per cent
of the Ca can be substituted by Sr. There is also evi-
dence that the replacement of a small fraction of Ca
by Sr in the apatite crystal lattice results in a reduction
in the solubility product [26]. This phenomenon is the
basis of using Sr salts in remineralizing toothpastes
and is the explanation why areas in the world with
naturally strontiated water supplies have very low
rates of dental caries [29,30].

SEM analysis of the disc samples after SBF immersion
using both secondary and back-scattered electrons
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(figure 7) shows several different zones to be distin-
guished. The black area corresponds to the mounting
epoxy resin, which was used to embed the sample.
Figure 7b shows a bright layer at the surface (zone 1) cor-
responding to the interface of the glass and the SBF, a
phase with a high concentration of high atomic number
elements. SEM–EDX analysis of zone 1 (figure 7c)
shows that this phase is rich in alkaline earth ions
(Sr and Ca) and in phosphorus, suggesting it to be an
apatite surface layer. The (Ca þ Sr)/P ratio in this
zone is 1.3+ 0.2, i.e. below the ratio in apatite of 1.67;
however, we do not necessarily expect an exact stoichi-
ometry in this biomimetic apatite [31]. The lower
(Ca þ Sr)/P ratio can possibly be explained by the pres-
ence of a mixture of apatite and octacalcium phosphate
(Ca/P ratio 1.33), or it could be owing to carbonate
(B-type) substitution in the apatite lattice (with a
decrease in Ca or Sr content to compensate for CO2�

3
being substituted for PO3�

4 ), which has been observed
previously for bioactive glasses [20]. The next zone
(zone 2) has a high silica content, whereas concen-
trations of P, Na, Ca and Sr are very low. This
confirms the presence of the ion-depleted glass or silica
gel layer. Cation concentrations in zone 3 are higher
again, being closer to the original composition of glass
Sr50 (table 1). Figure 7c shows Sr and Ca concentrations
J. R. Soc. Interface (2012)
in zone 1 to be similar, reflecting the original glass com-
position despite the fact that only Ca is present in SBF.
This suggests that the HCA layer forms from Ca and Sr
initially released from the glass, rather than from the
SBF. The ions released from the glass (initially con-
trolled by diffusion; figure 4) seem to stay close to the
glass surface and precipitate apatite, rather than diffus-
ing into the SBF and then precipitating HCA from there.
3.3. Influence on in vitro cell behaviour

Bioactive glasses such as 45S5 are known to enhance
cell metabolic activity [11,12,32,33]. Sr-substituted bio-
active glasses have recently been shown to further
enhance metabolic activity of osteoblasts compared
with Sr-free bioactive glass Sr0 [7], and it was suggested
that Sr ions may act synergistically with other ions
(such as silicon) released from the glass. In addition,
glass extracts (i.e. culture medium exposed to bioactive
glass particles for defined amounts of time) were shown
to inhibit osteoclast differentiation and resorption [7].

While for experiments with glass extracts only the
ion release from the glass (i.e. the elemental concen-
trations in the culture medium) need to be considered,
culture studies on glass discs are more complex to inter-
pret. Here, both the elemental concentrations in the



888 Strontium-substituted bioactive glasses Y. C. Fredholm et al.
medium and the surface of the substrate (such as pres-
ence or absence of nanocrystalline apatite) are known to
influence cell behaviour. While the apatite-forming abil-
ity of a bioactive glass alone is not sufficient to predict
cell behaviour [34], the apatite layer is known to be
critical for adsorption of proteins such as vitronectin,
which is a prerequisite for cell attachment and prolifer-
ation [10]. If a bioactive glass forms apatite faster,
then cells can be expected to attach and, subsequently,
proliferate at earlier time points, which explains
the significantly higher cell numbers on Sr100 and
Sr50 compared with the Sr-free glass Sr0 reported
previously [7].

The combination of glass degradation and cell culture
data suggests that with a thorough understanding of the
composition–structure–property relationship, the glass
chemistry can be tailored to release an appropriate level
of Sr or other therapeutically active ions depending on
the application.

3.4. Applications

Sr-releasing bioactive glasses are of interest for use in a
wide range of orthopaedic applications such as bone
void fillers, porous scaffolds for tissue engineering appli-
cations or coatings of metallic implants [35]. Their
combined benefits of apatite formation and release
of Sr ions makes them particularly interesting for use
in patients suffering from osteoporosis [7]. Recently,
bioactive glasses have also found application in den-
tistry as a remineralizing additive for toothpastes,
particularly for treating dentine hypersensitivity by
precipitating HCA onto the tooth surface and sealing
the dentinal tubules [36,37]. Incorporation of Sr into
bioactive glasses is beneficial, as Sr was shown to
prevent dental caries [29], it improves enamel reminera-
lization [38] and Sr salts (such as strontium acetate
or chloride) are already used in remineralizing tooth-
pastes. Bioactive glasses therefore have the potential
to combine the beneficial effect of apatite formation
with a more controlled release of Sr ions for treatment
of dentine hypersensitivity and prevention of caries.
4. CONCLUSIONS

By substituting Sr for Ca on a molar base, glass degra-
dation and apatite formation can be increased, while
providing release of Sr ions, which are known to stimu-
late bone formation. Particularly by fully substituting
Ca for Sr apatite formation is significantly enhanced.
Sr-containing bioactive glasses have previously been
shown to be a promising material for bone regeneration
in patients suffering from osteoporosis, and as the Sr-
containing glasses form apatite within less than 8 h,
they are also of interest for applications in dentifrices.
While bioactive glasses and their bone-bonding proper-
ties have been known for 40 years, these results show
that glass design based on a thorough understanding
of the structure–property relationship in these
materials allows for the development of next-generation
biomaterials that combine the release of therapeutic
ions with the known bone-regenerating properties of
bioactive glasses.
J. R. Soc. Interface (2012)
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