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Abstract

The effect of the substitution of strontium for calcium in the tertiary the

Si0,-Ca0O-P>0s sol-gel bioactive glass 58S (60SiO2-36Ca0O-4P,0s5, mol%) on its

structure and its chemical durability on soaking in simulated body fluids was

investigated. 58S was selected as a starting composition and substitution for calcium

was carried out from 0 to 100% with an increment of 25%. A novel phosphate source of

diethylphosphatoethyltriethoxysilane (DEPETES), which consists of Si and P connected

with ethylene group, was used in this work. XRD and FTIR showed that the gels

obtained following drying at 130 °C had a typical sol-gel structure, where a continuous

amorphous silica gel network and surface bound mineral salts of Ca(NOs)> and

Sr(NOs3)2. Once the gels were heat stabilised to decompose nitrates and incorporate the

cations into the network, samples containing Sr formed a strontium silicate crystalline

phase. With increasing levels of Sr in the composition, the overall crystallinity of the

glass-ceramic increased, while, at the maximum substitution of 100% SrO, macroscopic

phase separation was observed, characterised by needle-like crystals of strontium apatite

(Srs(PO4)30H) and strontium silicate (Sr2S104) phases in addition to amorphous regions.

Dissolution experiments in Tris buffered solution showed Sr successfully released into

the media even though it existed as a crystalline phase in the glass-ceramic. Further, the



glass-ceramics induced nucleation and growth of carbonated hydroxyapatite (HA) on

their surface suggesting potential bioactivity of the materials. At higher substitutions

(75% and 100% SrO for CaO) HA nucleation was not found to occur this may have

been due to low amount of phosphate released from the original glass-ceramic as a

result of it being locked up in the strontium apatite phase.
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1. Introduction

Larry Hench’s discovery of Bioglass® revolutionised the field of biomaterials,

introducing the concept of bioactive materials, and was his first seminal discovery [1].

He also introduced the concept of sol-gel derived bioactive glasses.[2] His third seminal

discovery was the key aspect of bioactive glasses, their ability to give chemical cues to

surrounding cells, to either enhance their metabolism and accelerate the healing of the

damaged broken bone or wounded skin, or trigger apoptosis in cancerous tissues [3-5].

In bioactive glasses (BG), chemical cues are produced by the release of inorganic ions

from the glasses, which represents an exciting and safer alternative to conventional

organic drugs such as BMPs. For instance, soluble silica was shown to be important for

bone regeneration, increasing significantly the expression of collagen type I,

up-regulating the expression of growth factors key to vascularization and inhibiting the

osteoclastic activity [6-9]. Phosphate can stimulate the expression of matrix Gla protein,

which plays a significant role in the organization of bone tissues [10], while calcium can

activate cell receptors triggering the production of growth factors for bone regeneration

[10-13]. These therapeutic ions can be released upon hydrolytic degradation of BGs.

Efforts are currently being made in the field of medical glasses to 1) understand the

effect of ions on different cell/tissue types; ii) tailor the release of these ions by
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correlating dissolution behaviours to glass structures.

With this mindset, strontium has been incorporated into bioactive glasses as it
has multiple benefits for the regeneration of hard tissues. In the presence of Sr** ions,
osteoblast metabolism is increased due to activation of calcium-sensing receptors
[12,14-16]. In addition, 0.1 to 1 mM of Sr*" ions enhances the alkaline phosphatase
(ALP) activity, which is a marker for osteoblast differentiation, but inhibits osteoclast
differentiation [17-19]. Multiple reports have described the incorporation of strontium
in bioactive glasses, especially in their sol-gel derived form, from either a binary
(S10,2-Ca0) [20-24] or ternary (SiO2-P20s5-Ca0O) [25-32] systems, with the common
denominator of substituting calcium for strontium.

However, the majority of these attempts only carried out partial substitution,
making it difficult to appreciate the full impact of the substitution on the glass network
and the resulting ability to release therapeutic cues. Nonetheless, Taherkhani ef al. [32]
reported the gradual and full substitution of calcium for strontium in 58S
(60S102-36Ca0-4P,0s, mol%) sol-gel glass system, highlighting the impact on
structure and mesoporosity. Upon substitution (5-100%), strontium silicate (Sr2SiO4)
crystallized, suggesting that strontium cannot diffuse within the silica network as

calcium does, which could hinder the delivery of strontium and silicate ions into body
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fluids. However, they did not carry out a dissolution study, which is one of the main

focus of the present manuscript. Here, strontium containing 58S bioactive glasses

(substituted for calcium from 0% to 100%) were immersed in Tris buffered solution and

simulated body fluid to evaluate the effect of the Sr2SiO4 crystallization onto their

dissolution behaviour and the ability to surface nucleate calcium-phosphate crystals,

respectively. Structural characterization was also conducted to affirmatively correlate

the dissolution behaviour to the obtained structures. In addition, the present manuscript

employs a phosphonate ester precursor in an attempt to reduce the tendency to form

strontium apatite crystals, as orthophosphate is required for the formation of apatite.

2. Materials and methods

2.1. Synthesis of the glasses

Strontium-containing 58S (60S10,-36Ca0-4P>0s, mol%) were prepared with

tetraethylorthosilicate  (TEOS, Sigma-Aldrich), calcium nitrate tetrahydrate

(Ca(NOs3)2:4H20, Sigma-Aldrich), strontium nitrate (Sr(NOzs)2, Sigma-Aldrich) and

diethylphosphatoethyltriethoxysilane (DEPETES, fluorochem), using the sol-gel

process. Nominal compositions of the glasses are given in Table 1: the sample code

denoted as xSr, and x means SrO substitution ratio (%). TEOS and distilled water were
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placed in a polytetrafluoroethylene (PTFE) container at a H;O:TEOS molar ratio of
12:1 and mixed for 5 minutes. 2 M nitric acid (HNO3) was used as a catalyst and added
to the sol at HO:HNOs volume ratio of 6:1 [33]. The resulting solution was vigorously
mixed for 1 h, at room temperature, to ensure complete hydrolysis of TEOS. DEPETES
was then added and mixed for 1 h followed by the addition of calcium nitrate and
strontium nitrate and a further mixing of 1 h. The containers were then sealed (screw
top) and the sol aged at 60 °C for 72 h (sealed PTFE container). The obtained gels were
dried by loosening the screw top in a sequential program starting at 60 °C (20 h), then
going at 90 °C (24 h) and 130 °C (40 h) with heating rate 0.1 °C/min. The dried gels
were thermally stabilized using a sequential program of 100 °C (5 min) with heating rate
1 °C/min, then at 300 °C (2h) with heating rate 0.5 °C/min and 700 °C (5 h) with heating

rate 1 °C/min, and then cooling down to room temperature with cooling rate 5 °C/min.

2.2. Glass composition

The resulting glass compositions were examined using inductivity coupled
plasma optical emission spectroscopy (ICP-OES, Thermo iCAP, Thermo scientific): 25
mg of the glass powders and 125 mg of LiBO2-Li>B4O7 (80:20 w/w%, Spectroflux®

100B, Alfa Aesar) were mixed and heat-treated for 10 min at 950 °C in platinum
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crucible, and the resulting mixture were dissolved 100 mL of 2 M HNO3 and then the

solution evaluated by ICP-OES.

2.3. Characterisation of the glass structures

Before and after stabilisation, glasses were examined by attenuated total
reflectance Fourier transform infrared spectroscopy (FTIR, Nicolet iS10, Thermo
scientific), focusing on the spectral range from 400 to 1600 cm™! with scan number of
50; and powder X-ray diffraction (XRD, X’pert-MPD, PANalytical) with 26 ranging
from 10° to 40° with scan speed 0.04 °/s. Non-stabilized glasses were examined by
thermogravimetry differential thermal analysis (TG-DTA, heating rate: 5 K/min,

Thermoplus TG8120, Rigaku).

2.4. Characterisation of dissolution to Tris buffer solution and simulated body fluids

Tris buffer solution (TBS) was prepared according the procedure, 15.090 g of
tris-(hydroxymethyl)aminomethane (VMR Chemicals) was dissolved in 2000 mL of
deionized water, and the pH adjusted to 7.30 with 1 M hydrochloric acid. 100 mg of
glass powder was immersed in 150 mL of TBS and agitated at 120 rpm using orbital

shaker at 37 °C [34]. Aliquots of 1 mL were taken and replaced with 1 mL fresh TBS at
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1,2,4,8,24, 72,120, 168 and 336 h. The aliquots were then diluted 10 times using 2 M

HNO3 and subsequently measured using ICP-OES. Samples soaked in TBS for 336 h

were filtered and dried at 37 °C, and examined using FTIR, XRD and SEM (LEO

Gemini 1525, ZEISS). Simulated body fluid (SBF) was prepared following the method

of Kokubo et al. [35] and dissolution test process as that with TBS was conducted.

3. Results and discussion

Strontium-containing 58S (60SiO:(36—x)Ca0-4P20s-xSrO, mol%) were

synthesised here with different degrees of calcium to strontium substitution from 0 to

100 % (e.g. x = 0 to x = 36) with a gradual increase of 25 %, namely 0Sr, 25Sr, 508Sr,

75Sr and 100Sr, corresponding to x = 0, 9, 18, 27 and 36 respectively. Details of the

nominal compositions of the glasses are given in Table 1. Before evaluating the effect

of Sr substitution on the dissolution behaviour, the evolution of the glass structure upon

heat stabilisation was studied using FTIR, XRD, SEM and TG-DTA.

3.1. Glass structure

3.1.1. Before heat stabilisation

After drying the glasses, no phase separation could be observed. XRD and
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FTIR were performed on the dried gels as shown in Fig. 1. All FTIR spectra revealed
bands characteristic of a dried bioactive sol-gel glass prepared with mineral salts, with:
i) vibrational features of silicon bridging oxygen (Si-O-Si) at vsi-0-siro = 430 cm™ in
rocking mode [36], Vsi-0-siben = 780 cm™ in bending mode [36] and vsi-o0-sistret from 1000
to 1300 cm™ in asymmetric stretching mode both optically transverse and longitudinal
resonant mode were observed [36-38]. The Si-O stretching mode of non-bridging
oxygen atoms (NBO) could be observed at 951 ¢cm™, originating from the free silanol
present on the surface of the mesopores or silicate moieties that stabilised calcium or
strontium within the silica network [36,38]; ii) vibration characteristic of nitrate (NO3")
in a crystalline form were also observed, with broad bands between 1250 and 1500 cm’!
and sharp bands at 815 and 738 cm™! [33,39,40]. The presence of mineral salts was
confirmed by the XRD as shown in Fig. 1 (b). OSr displayed diffraction peaks
characteristic of Ca(NO3),4H.O (ICCD card: 26-1406), while a mixture of
Cao.33510.67(NO3)2 (ICCD card: 26-1073) and calcium nitrate was observed with 25Sr
and 50Sr. Strontium nitrate, St(NOs3)> (ICCD card: 76-1375), was the only crystalline
phase detected above 50% of calcium substitution.

The observations made here by XRD and FTIR were in line with previous

structural characterisations of bioactive glasses synthesized by the sol-gel process using

10
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mineral salts as cation precursors. For instance, Lin ef al. demonstrated, with a binary

system of silica and calcium, that calcium nitrate redeposits onto the surface of silica

secondary particles upon drying of the gel [41]. Calcium diffused within the silica

network, through the breaking of bridging oxygen, upon heat stabilisation above 450 °C.

Similar observations were made for binary systems composed of silica and strontium,

where Sr(NO3), precipitated upon drying [42]. Structural characterization performed on

similar compositions to these reported here suggests that an acidic catalysed (below the

pKa of silicic acid) sol-gel process favours the formation of silanol (Si-OH) as opposed

to silicate (Si-O"), enhancing the precipitation of mineral salt [28].

In order to yield nitrate-free bioactive glasses, the dried gels must be heat

stabilised [41]. The stabilisation temperature was selected based on the TG-DTA

measurement shown in Fig. 2, where 0Sr and 100Sr are displayed. TG-DTA traces of

258r, 50Sr and 75Sr are shown in the supplementary information (Fig. S1). The residual

mass for OSr decreased quasi-steadily from 200 °C to 550 °C, whereas a sharp weight

loss was observed for 100Sr around 580 °C. From the DTA traces, OSr and 100Sr

showed exothermic peaks between 200 °C and 400 °C, corresponding to a weight loss

25% and 6%, respectively, and caused by restricted dehydration of the nitrate salt, along

with the dehydroxylation of vicinal silanols [43,44]. The weight loss of 0Sr was more

11
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pronounced than 100Sr, as 0Sr contained hydrated Ca(NO3)2, as shown by XRD (Fig. 1.

(b)). In addition, it is likely that the presence of water in the Ca(NO3); structure induced

a more gentle decomposition/evaporation of the nitrate counter ions, supported by the

water desorption, which in turn favoured the diffusion of calcium ions within the silica

[41]. Taherkhani ef al. also reported an increased and more drastic weight loss with fully

substituted dried gels [28]. The hypothesis made above could also explain why the onset

endothermic peak generated by the decomposition of nitrate was lower for 0Sr (~550

°C) than for 100Sr (~610 °C). A stabilisation temperature of 700 °C was selected for heat

stabilisation, as nitrate was fully decomposed/evaporated at this temperature regardless

of the compositions.

3.1.2. Post heat stabilisation

After heat stabilisation, no macroscopic phase separation was observed, except

when calcium was fully substituted for strontium (100Sr), which had a mix of particle

morphologies. 100Sr was manually separated into needle-like (100Stnecdie-tike) and glassy

(100Srgissy) particles, extracting the macroscopic needles using tweezers, and their

compositions analysed (Table 2). SEM, FTIR and XRD analysis were performed on the

collected powders as shown in Fig. 3 (a-d). From the infrared measurements,

12
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100Srnecdie-lice Showed all the characteristics of a silicate containing crystalline lattice
with sharp Si-O NBO bands between 800 to 1000 cm™'. While, the Si-O-Si asymmetric
stretching band at 1074 cm™ was the dominating vibration in 100Srglassy, indicating that
the main phase was composed of an amorphous silica network. These observations were
corroborated by the XRD measurements as shown in Fig. 3 (d). The 100Srglassy samples
had an amorphous halo centred around 22 ° 2 0 with low diffraction peaks from
strontium silicate Sr2Si04 (ICCD card: 76-1630), while only strong diffraction peaks
from Sr2Si04 and strontium apatite Srs(PO4)3OH (ICCD card: 33-1348) were observed
for 100Sr needle-like. Since the glassy and crystalline phases could not be completely
manually separated, the glass-ceramic composite was mixed ground together for
dissolution tests.

Structural characterizations (FTIR and XRD) were also performed on the other
stabilized gels as shown in Fig. 4. According to the FTIR measurements, nitrate-free
samples were obtained, regardless of the compositions, confirming that 700 °C was an
adequate temperature for heat stabilization. The FTIR spectrum from 58S (0Sr) was in
agreement with previous report, with absorption bands characteristic of an amorphous
silica network (as described above for non-stabilized samples) [45]. Similar bands were

observed with 25% of substitution. However, at 50Sr and above, noticeable and gradual

13
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variations could be seen, with an increase in absorption from the silicon non-bridging
oxygen, at 951 cm™, as the degree of substitution increased, characteristic of the
devitrification of sol-gel glasses [46]. In addition, bands characteristic of the bending
mode of phosphate (P-O) in a crystal lattice at 567 and 597 cm’! [42], along with the
vibration of carbonate species (CO3%) at 710 and 1467 cm™ could be observed. [36].
This suggests that glass-ceramics with strontium apatite as a crystalline phase were
produced from 50% of calcium to strontium substitution and was confirmed by XRD as
shown in Fig. 4 (b). Diethylphosphatoethyltriethoxysilane (DEPETES), an
organo-phosphonosilane, was used in this work as a phosphate source instead of the
conventional triethylphosphate (TEP) in order to prevent the formation of apatite crystal
during stabilization [32,47]. It appears that the carbon bridge of DEPETES decomposed
at low temperature, generating phosphite residues, which then underwent oxidation with
the surrounding oxygen (heat stabilisation in air) to orthophosphate. In addition to the
precipitation of apatite, peaks characteristic to strontium silicate were also detected
using XRD at 50Sr and above with a gradual increase in intensity as the amount of
strontium increased in the samples. Finally, the actual compositions of the
heat-stabilised gels were in relatively good agreement with the nominal as shown in

Table 2.

14
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From the observations, along with the TG-DTA data, we can hypothesise that

the difference in crystallization of the calcium and strontium with the other elements

present is primarily due to the difference in decomposition of their nitrate counterpart

during heat stabilization; The rapid decomposition of strontium nitrate produced a

higher concentration of strontium in the mesopores compared to calcium, which

gradually diffused in the silica network. At this stage of the stabilisation, the thermal

energy is high enough that strontium ions charged balance with silicates via a

heterogeneous crystallisation where the silanols present at the mesopores acted as

nucleation sites [48]. However, it was not possible to confirm this hypothesis.

3.2. Dissolution behaviour and apatite forming ability in Tris buffered solution and

SBE

In order to evaluate whether the crystallization of the gels containing strontium

had impaired the dissolution behaviour, the glasses and glass-ceramics were immersed

in Tris buffered solution (TBS). Since part of the phosphate crystallized into strontium

apatite during heat stabilization, the release of phosphorus was expected to be low or

below the detection limit of ICP-OES (P2Os only represents 4 mol% of the composition

in 58S). Thus, TBS was selected as media as it does not contain any ions, facilitating the

15
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monitoring of the phosphate release.

The concentration profiles of silicate, phosphate, calcium and strontium upon

immersion in TBS over 2 weeks are shown in Fig. 5 (a). The silicate dissolution

behaviour showed no significant difference between the samples, with a rapid increase

in its concentration within the first two days, then plateauing off. The initial silicate ion

release rate was 0.09 mM/h, leading to a total released of 2.1 + 0.02 mM after 336 h of

immersion, regardless of the compositions.

The release profiles of phosphorus depended on the composition. The amount

of P released from OSr, 25Sr and 50Sr increased within the first 8 h, with initial release

rate of 0.13 mM/h, 0.07 mM/h and 0.03 mM/h, respectively. Then, a decline in

concentration was observed with increasing soaking time, and indicated 0 mM after 24

h, 72 h and 120 h of immersion for 0Sr, 25Sr and 50Sr, respectively, suggesting the

precipitation/nucleation of phosphate-containing phase. The amount of P released in

TBS from 75Sr and 100Sr increased up to 24 h at a rate of 0.018 and 0.005 mM/h and

stood constant with concentration of 0.43 + 0.02 and 0.13 + 0.01 mM, respectively. The

fact that P was released from all the compositions suggests that phosphate residues only

partially devitrified to form Srs(PO4);OH during the heat stabilization.

The release of calcium and strontium were in proportion to the nominal

16
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composition of the stabilized gels and followed the same trends. The initial release rate

of Ca ions decreased as the degree of substitution increased, from 0.79 mM/h for OSr to

0.09 mM/h for 75Sr, while the opposite trend was observed for Sr, with initial rates

going from 0.19 mM/h for 25Sr to 0.80 mM/h for 100Sr. After 72h of soaking, the Ca

and Sr concentration showed no significant variation with increasing soaking time, with

values ranging from 4.98 + 0.09 to 0.93 £ 0.07 mM for calcium and from 1.16 + 0.03 to

5.44 £ 0.34 mM for strontium. Most of the strontium was present in the crystal form of

strontium silicate (Sr2SiO4). To our knowledge, the solubility constant of Sr2SiO4 has

never been published. The ICP-OES data presented in this report suggests that this

crystal is highly soluble, allowing for the release of strontium in solution, regardless of

the dissolution condition used. However, it is not possible to know whether strontium

was released as ions or as nanocrystal of Sr2S104.

The surfaces of the samples after 2 weeks of immersion were analyzed by XRD,

FTIR and SEM as shown in Fig. 5 (c) and (d) and Fig. 6. The hypothesis made on the

solubility of Sr»Si04 was reinforced by the surface analysis with a drastic decrease of

the intensity of the silica NBO in FTIR (Sr2Si04 contains only silica NBO), as

compared to the samples before immersion, and the absence of Sr2S104 diffraction peaks

in XRD. Similarity between the samples were seen in FTIR with bands related to

17
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vibration of silica networks (Si-O-Si at 454, 797, 1025 and 1218 cm™) [36,37,45],
carbonates (COs> at 862-877 and 1410-1464 cm™) [36] and orthophosphate in
crystalline phase (P-O in POs* at 564-600 cm™) [45] seen in all samples, usually
indicating the surface nucleation of phosphate containing crystals. XRD measurement
revealed that hydroxyapatite was present on OSr and 25Sr; while a mix of
hydroxyapatite and strontium apatite was observed at 50Sr. Strontium apatite was the
only phase detected for 75Sr and 100Sr. However, for 0Sr to 50Sr, SEM images showed
needle-like crystals, which are characteristic of hydroxyapatite, formed as a result of a
dissolution/nucleation mechanism (Fig. 6 (a-c)). Any strontium apatite formation was
below detection limits for these compositions. In contrast, smooth surfaces were
observed in SEM images of 75Sr and 100Sr (Fig. 6 (d-¢)), which, in combination with
the result that the TBS containing 75Sr and 100Sr did not decrease in phosphate
concentration at any point, indicates that any precipitation of strontium apatite was
below detection limits. The Srs(PO4);OH present in the XRD patterns of 75Sr and 100Sr
was already present before the immersion from these compositions.

The stabilised gels were also immersed in simulated body fluid (SBF) for two
weeks in order to investigate whether an increase in ionic strength of the media could

result in an increase in the calcium phosphate nucleation for the sample with 50% of

18
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substitution and above [49]. FTIR, XRD and SEM of collected powder after immersion

are shown in Fig. 7. No differences were seen between the sample immersed in TBS and

SBF in terms of surface analysis. Several reports on the dissolution behaviour of

partially substituted sol-gel glasses (equivalent to 25Sr) described an increase in quality

and speed of the nucleation of calcium-phosphate in SBF, compared to no strontium

[25,50,51]. When fully substituted in melt-derived glass

(49.46S10,-1.07P205-23.08-SrO-26.38Na,0, in mol%), glass degradation and apatite

formation was significantly increased [52,53]. Therefore, it is likely that the reduction in

apatite formation at a high degree of substitution was not due to the release of strontium

in solution but to devitrification of the glass upon heat stabilization, which as a result

altered the surface chemistry of the samples.

4. Conclusions

Strontium-containing 58S were prepared using the sol-gel method employing a

novel phosphate source. With increasing amounts of SrO substituted in the place of CaO,

the materials showed phase separation with the formation of amorphous and crystalline

phases, strontium apatite (Srs(PO4);OH) and strontium silicate (Sr2SiO4). This indicated

that the use of DEPETES did not suppress apatite formation, suggesting conversion of

19
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phosphanate to orthophosphate during thermal stabilisation. TGA and XRD studies

suggested that the devitrification that occurred during thermal stabilisation of the SrO

substituted glasses may be explained by the rapid desorption of water from the Sr(NO3)>

upon heating, causing supersaturation of Sr within the mesopores of the gels leading to

phase separation and crystallisation. Dissolution experiments showed, upon soaking the

samples in Tris buffered solution (TBS) and SBF, the SrSiO4 peaks from the

glass-ceramics dissolved out. Suggesting that the strontium silicate formed on

devitrification of the glasses exhibited high solubility in simulated body fluids.

Hydroxyapatite (Cas(PO4)3;0H) precipitated on 0Sr, 25Sr and 50Sr samples in TBS

indicating good bioactivity of 0Sr, 25Sr and 50Sr. Samples soaked in SBF for 336 h had

formed Cas(PO4)3OH on their surfaces while 25Sr, 50Sr, 75Sr and 100Sr had formed

both Cas(PO4)3;0H and Srs(PO4);OH.This suggests that both strontium apatite and

hydroxyapatite had precipitated on their surfaces.
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Figure and table captions

Figure 1: (a) FT-IR spectra and (b) XRD patterns of non-stabilized glasses.

Figure 2: TG-DTA traces of non-stabilized OSr and 100Sr.

Figure 3: SEM images of (a) 100Srneedie-like and (b) 100Srglassy, and (¢) FT-IR spectra and

(d) XRD patterns of 100Sr, 100Srneedie-like and 100Srgiassy.

Figure 4: (a) FT-IR spectra and (b) XRD patterns of stabilized glasses. (eg. Dash line:

TGA, plain: DTA)

Figure 5: (a) lons concentration in TBS after soaking the glasses, and (b) FT-IR spectra

and (c) XRD patterns of the glasses after soaked in TBS for 336 h.

Figure 6: SEM images of the glasses after soaked in TBS for 336h. (a) 0Sr, (b) 25Sr, (¢)

508Sr, (d) 75Sr and (e) 100Sr.

Figure 7: (a) FT-IR spectra and (b) XRD patterns of the glasses after soaked in SBF for

336 h. SEM images of the glasses after soaked in SBF for 336h. (c) OSr, (d)

258, (e) 50Sr, (f) 75Sr and (g) 100Sr.

Table 1: Nominal and analyzed compositions of the glasses and sample codes. The glass

powders dissolved in 2M HNO3 and measured compositions by ICP-OES. The

analyzed compositions are shown in round brackets with standard deviation.

Table 2: The analyzed compositions of 100Sr, 100Srneedie-like and 100Srglassy with
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Tables

Table 1
Composition (mol%)
Sample code )
SiO; P20s CaO SrO
0Sr 60 4 36 -
(61.0 +0.6) (4.0 +£0.0) (35.0 + 0.6) -
255r 60 4 27 9
(61.7 £ 0.4) (4.3+0.0) (26.5 +0.3) (7.5+0.1)
50Sr 60 4 18 18
(59.5 + 0.6) (4.1+0.0) (17.7 £0.3) (18.7 £0.3)
75Sr 60 4 9 27
(57.8 +0.2) (4.1+0.0) (9.1+0.0) (29.0 +0.5)
100Sr 60 4 - 36
(55.0 +0.7) (3.8+0.0) - (41.2 £ 0.5)
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Table 2
Sample Composition (mol%)
Code SiO, P,0Os SrO
100Sr 55.0+0.7 3.8+0.0 41.2+0.5
100Srneedic-like 42.7+0.5 5.4+0.0 51.9+0.8
100Srglassy 75.6+0.8 9.8+0.1 14.6+0.1
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