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Abstract

The composition of a CaO-rich silicate bioglass (BG_Ca-Mix, in mol%: 2.3 Na:0; 2.3 Kz0;
45.6 Ca0; 2.6 P20s; 47.2 SiO2) was modified by replacing a fixed 10 mol% of CaO with
MgO or SrO or fifty-fifty MgO-SrO. The thermal behavior of the modified glasses was
accurately evaluated via differential thermal analysis (DTA), heating microscopy and
direct sintering tests. The presence of MgO and/or SrO didn’t interfere with the thermal
stability of the parent glass, since all the new glasses remained completely amorphous
after sintering (treatment performed at 753 °C for the glass with MgO; at 750 °C with SrO;
at 759 °C with MgO and SrO). The sintered samples achieved good mechanical properties,
with a Young’s modulus ranging between 57.9 + 6.7 for the MgO-5rO modified



composition and 112.6 + 8.0 GPa for the MgO-modified one If immersed in a simulated
body fluid (SBF), the modified glasses after sintering retained the strong apatite forming
ability of the parent glass, in spite of the presence of MgO and/or SrO. Moreover, the
sintered glasses, tested with MLO-Y4 osteocytes by means of a multi-parametrical
approach, showed a good bioactivity in vitro, since neither the glasses nor their extracts
caused any negative effect on cell viability or any inhibition on cell growth. The best
results were achieved by the MgO-modified glasses, both BGMIX_Mg and BGMIX_MgSr,
which were able to exert a strong stimulating effect on the cell growth, thus confirming the

beneficial effect of MgO on the glass bioactivity.

Keywords: Bioactive glass; Strontium oxide; Magnesium oxide; Bioactivity; Bone

regeneration; Cell culture.

1. Introduction

Bioactive glasses are nowadays well-established biomaterials for orthopaedic applications
and bone tissue regeneration. The first scientific evidence of the bone-bonding ability of
bioactive glasses dates back to the second half of the 20" century, thanks to the research
activity carried out by Prof. Hench and co-workers. In 1969, Hench and colleagues
formulated indeed a new specific glass in the Na20O-CaO-P:05-5i02 system and implanted
it into the femurs of rats. The in vivo tests proved that the glass was able to bond to bone
directly, without the non-adherent fibrous capsule that typically grows up as a result of
foreign-body response [1]. The name of the new glass, 4555 Bioglass®, reflected its
composition, which included 45 wt% of SiO: as network former. Na:O and CaO, 24.5 wt%
each, were added as glass modifiers, whereas 6 wt% of P20s was introduced to simulate
the Ca/P ratio of hydroxyapatite (Cas(POs)3(OH), “HA” in the following), which is the
main mineral component of bone [2]. Subsequent investigations proved that 4555
Bioglass® and other specific silicate-based bioactive glasses are able to bond not only to

bone, but also to soft tissues; moreover they are able to stimulate angiogenesis and



osteoblast turnover [3, 4]. On account of its excellent bioactivity, 4555 Bioglass® is
nowadays used in several clinical applications. In 2009, the same year of the 40t
anniversary of the first discovery of the glass, two sale records were set, since both the one
millionth dose of bone graft product (NovaBone and Perioglas) and the one millionth tube
of tooth paste containing 45S5 particulate (NovaMin) were sold [5].

However, the original glass formulation suffers from some drawbacks. In more detail,
thermal processing of 4555 Bioglass® and related glasses, in order to obtain sintered
materials, scaffolds and coatings, is known to promote a wide devitrification. The optimal
temperature range to sinter 4555 Bioglass® (550 °C up to 610 °C) is indeed very close to its
crystallization temperature (about 610 °C) and high temperature treatments are further
required to complete the densification thanks to a second sintering step, between around
950 °C and 1100 °C. The crystallization may improve the mechanical properties of the final
material, but it inhibits sintering, since it reduces the volume fraction of glass for viscous
flow sintering. Moreover, crystallization may also affect the glass bioactivity, since,
according to the available literature, the new crystal phases are less reactive and hence less
bioactive than the amorphous counterpart. It is reported that devitrification of 4555
Bioglass® reduces the rate of conversion to HA , and the ability for a given bioactive glass
to stimulate tissue regeneration at a cellular level is related to its rate of dissolution in a
physiological environment and to the conversion to HA [6-11]. Finally, a partial
crystallization can lead to instability, since the remaining amorphous areas degrade
preferentially in vivo [12] and this fact may cause the implant to fail due to long-term
instability of interphase boundaries.

Over the years, various attempts have been made to improve the sinterability of the glass
through an appropriate change in composition [13, 14]. For example, increasing the CaO-
to-Na:z0 ratio proved to be a valuable way to raise the crystallization temperature and
hence to promote the sintering process, which could be completed at 800 °C instead of
about 950-1100 °C, as usually observed for 4555 Bioglass® [15, 16]. Additional
investigations showed that the thermal behaviour of the glass could be modified further

by partially or completely substituting the residual Na20O with K2O [17-19]. The modified



formulations did not impair the biocompatibility of the glass, but they greatly favoured
the fabrication of glass-based coatings, composites and scaffolds [20-22].

However, it is worth noting that the composition of a bioactive glass exerts a prominent
effect not only on its thermal and mechanical behaviour, but also on its biological role. For
example, it is known that the addition of as little as 3 wt% Al:Os to 4555 Bioglass® is
enough to restrain the bone-bonding ability of the glass [2, 13]. As a matter of fact, the
ionic dissolution products of bioactive glasses and related glass-ceramics are expected to
play a specific role in relation to both osteogenesis and angiogenesis. As a consequence,
the addition of specific elements such as magnesium, zinc, fluorine, copper, strontium and
boron can be used to modulate the biological, as well as the mechanical performance of
materials for bone replacement [23]. In particular, magnesium (Mg) is essential for
numerous biological processes in the human body and it is one of the most important ions
associated with biological apatites: for example, dentin and bone are composed by 1.11
wt% and 0.47 wt% of Mg, respectively [24]. Mg is known to stimulate osteoblast
proliferation, differentiation and bone mineralization ability [25]; it was also reported that
Mg regulates active calcium transport and activates phagocytosis, while in calcified tissues
it is involved in the calcification process [23, 26]. Mg deficiency may be related to reduced
osteoclastic and osteoblastic activities, leading to bone fragility and/or decreased bone
growth [25, 27]. A comprehensive review describing the role of Mg in bone tissue
engineering and the biological properties of Mg-containing bioactive glasses can be found
in [28].

The importance of strontium (Sr) in the human body makes it a very interesting element as
a component/dopant of bioactive glasses [23]. Strontium incorporation in bioactive glasses
can accelerate bone-healing processes, stimulate osteoblasts and inhibit osteoclasts in vitro
[29, 30]; this means that the addition of Sr can be used to increase osteogenesis in vivo and,
at the same time, to reduce bone resorption. For this reason Sr is considered a promising
agent for treating osteoporosis [23] and it has been employed as the active ingredient of
antiosteoporotic drugs such as strontium ranelate [31]. The positive effects of magnesium

and strontium in terms of bone generation are witnessed by their diffused presence as



dopants in hydroxyapatite and other calcium-phosphate based systems [32, 33]. On the
other hand, in the literature there is a lack of specific investigations focused on bioactive
glasses containing both Mg and Sr, in order to study the combined effects of such ions on
the properties of the final product.

The main target of the present contribution is to combine the favourable thermal
behaviour of Ca-rich silicate glasses with the improved biological outcomes of MgO- and
SrO-modified glasses, where MgO and SrO were preferred to other oxides on account of
their documented benefits to bone generation [23]. With this aim, the parent glass (BG_Ca-
Mix, in mol%: 2.3 Na:0; 2.3 K:0; 45.6 CaO; 2.6 P:0s; 47.2 SiO2) [17] was modified by
replacing a fixed 10 mol% of CaO with the same amount of MgO (BGMIX_Mg) or 5rO
(BGMIX_Sr) or fifty-fifty MgO-5rO (BGMIX_MgSr). The combined substitution of 10
mol% CaO with fifty-fifty MgO-5rO specifically aims to reveal any possible interaction
between the two modifiers, an issue scarcely investigated in the literature. The new
compositions are reported in Table 1. The effect of the addition of MgO and/or SrO was
carefully analysed in terms of thermal behaviour, mechanical properties and in vitro

bioactivity.

2. Materials and Methods

2.1 Preparation of glass powders

The glasses (BG_Ca-Mix, BGMIX_Mg, BGMIX_Sr, BGMIX_MgSr) were produced by a
melt-quenching route as described previously [14, 17, 19]. Briefly, the commercial raw
powders (S5iO2, Cas(PO4)2, CaCOs, Na2COs, K2COs, (MgCOs): Mg(OH)2 5H20, SrCOs, all
reagent grade - Carlo Erba Reagenti, Italy) were weighted, mixed for 2 h in a laboratory
shaker (M63a4 — Motori Elettrici Carpanelli, Bologna, Italy) and then melted in a Pt
crucible in air. The following thermal cycle was performed: from room temperature to
1100 °C at 10 °C/min; a decarbonation step at 1100 °C for 1 h; from 1100 °C to 1450 °C at 10

°C/min; 1 h at 1450 °C to obtain a homogeneous melt. The molten glass was quickly



quenched in room-temperature water to obtain a frit, which was subsequently dried
overnight at 110 °C. The frit was then ground for 20 minutes in dry conditions in a

porcelain jar and sieved to produce a powder with a final grain size lower than 67 um.
2.2 Analysis of thermal behaviour

The glasses were characterized by Differential Thermal Analysis (DTA) using a Netzsch
Differential Thermal Analyzer DSC 404 (NETZSCH-Geratebau GmbH, Selb, Germany). 30
mg of each glass powder were put in an inert Pt crucible and heated from room
temperature to 1200 °C, at a constant heating rate of 10 °C/min. The glass transition
temperature (T;), the onset crystallization temperature (Tconset) and the peak crystallization
temperature (Tc) were then defined for each sample from the corresponding DTA graph.
Heating microscopy (Misura 3.32; Expert System Solutions, Modena, Italy) was performed
on the glass powders from room temperature to 1300 °C at 10 °C/min in order to
determine the sintering temperature (Ts) and melting one (Tw).

The sintering attitude of the MgO and/or SrO modified glasses was estimated by the
sinterability parameter, Sc, defined according to the equation [34]:

SC = chonset — Ts (1)
2.3 Sintering

BGMIX_Mg, BGMIX_Sr, BGMIX_MgSr powders were wetted with acetone and then
pressed in order to obtain 15 mm-diameter disks (green bodies). The green bodies were
sintered for 3 h at the final temperatures T: identified by the heating microscopy analysis
as reported in Table 2 (heating rate of 10 °C/min from room temperature to Ts). In
particular, the densification of the green bodies was monitored by evaluating their volume

shrinkage Av after the thermal treatment. A% was calculated according to the equation

As = dod;d 100 2)

0



where do and d. are the nominal diameter of the press (15 mm) and the measured diameter
of the sample after heat treatment, respectively. In order to evaluate the effect of
crystallization, a second set of samples was treated at T =1000 °C (i.e. > Tc) for 3 h;
moreover, an additional group of BGMIX_Mg samples was treated at T. = 876 °C for 3 h.
For comparison purposes, especially in terms of biological responsiveness, in-lab
produced BG_Ca-Mix powders and commercially available Bioglass® 4555 powders (MO-
SCI Corporation, Rolla, MO, USA) were processed in the same way. BG_Ca-Mix and 4555
samples were indeed pressed and subsequently sintered for 3hat Ts = 800 °C and Ts =

1050 °C, respectively, according to the findings reported in previous works [17, 18, 35].

2.4 Microstructural and mechanical characterization

After the thermal treatment, the samples were investigated by means of X-ray diffraction
(XRD) employing a Panalytical X'pertPRO diffractometer (Panalytical, Almelo, The
Netherlands) equipped with a copper (Cu Ka) X-ray source. The samples were scanned
between 20 = 10° and 20 = 70° with a step size of 20 = 0.02°. The microstructure of the
samples was observed in an Environmental Scanning Electron Microscope (ESEM Quanta
2000, FEI Co., Eindhoven, The Netherland) before and after immersion in a Simulated
Body Fluid solution (SBF, see following sections). The ESEM was employed in low-
vacuum conditions (~0.5 Torr). X-ray energy dispersion spectroscopy (EDS) (Inca, Oxford
Instruments, UK) was used to perform qualitative compositional analyses.

The sintered samples were cut and the cross sections were ground and polished according
to a standard ceramographic procedure [36]. In order to determine the Vickers hardness of
the sintered glasses, Vickers micro-indentation tests (Wolpert Group, Micro-Vickers
Hardness Tester digital auto turret, Mod. 402MVD) were performed on the polished cross-
sections. A maximum load of 100 gt was applied for 15 s and at least 15 indents (clear and

crack-free) were considered and analysed for each material [37].



As for the local elastic modulus, a depth-sensing micro-indentation technique was
applied, operating with an Open-Platform instrument (CSM Instruments, Peseux,
Switzerland) equipped with a Vickers indenter tip. For each indentation, the applied load
and the corresponding penetration depth were measured and the elastic modulus was
calculated from the unloading part of the load—depth graph by means of the Oliver-Pharr
method [38]. For each material, at least fifteen indentations were performed on the
polished cross section using standard parameters: maximum applied load: 1 N;

loading/unloading rate: 1.5 N/min; loading time at maximum load: 15 s.

2.5 Investigation of the in vitro bioactivity

The bioactivity of the sintered samples was investigated by soaking them in 25 ml of
Simulated Body Fluid solution (SBF), according to the protocol originally developed by
Kokubo et al [39]. The samples were stored in plastic flasks and maintained at 37 °C; the
solution was periodically refreshed every 48 hours to simulate the fluid circulation in the
body. The samples were removed from the SBF after 1, 3, 7 and 14 days, rinsed with
distilled water and dried at room temperature. The formation of a HA layer on the
samples’ surface was evaluated by means of ESEM, XRD and micro-Raman spectroscopy.
For the micro-Raman analysis, a Jobin-Yvon Raman Microscope spectrometer (Horiba
Jobin-Yvon, Villeneuve D"Aseq, France) was used, with a 632.8 nm He-Ne diode laser

source focused through a 100x objective.

2.6 Biological tests

MLO-Y4 (murine long bone osteocyte Y4 cell line) cells were used in order to investigate
the biocompatibility of the prepared glasses in vitro. In particular, the materials’
cytotoxicity was evaluated according to International Standards 10993-5 and 1099312 [40,
41]. Neutral Red (NR) uptake, tetrazolium salt XTT (2,3-bis(2-methoxy-4-nitro-5-

sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide) and



Bromodeoxyuridine (BrdU) assays were employed to investigate cell viability and
proliferation. The cytotoxicity of the sintered glasses was evaluated through direct and
indirect contact, in order to investigate possible cytotoxic effects of the glasses’ eluates.
The samples (10 mm diameter sintered discs) were sterilized in ethylene oxide before

biological tests.

2.6.1. Culture of MLO-Y4 cells

MLO-Y4 cells were grown as a confluent monolayer in Dulbecco’s modified Eagle’s
medium (DMEM) containing L-Glutamine 2mM, 1 mM sodium pyruvate, pen-
streptomycin and 10% (v/v) FBS (fetal bovine serum — Invitrogen). The cells were cultured
in 6-well plates for NR uptake assay (i.e. direct contact with the samples) and in 96-well
plates containing the glasses’ extracts for XTT and BrdU tests (i.e. indirect contact tests, see
tollowing paragraphs). The cells were maintained in an incubator at 37°C +1°C, 5.0 % + 1

% COz/air and 90 % + 5 % humidity.

2.6.2. Preparation of the glasses’ eluates

The samples were treated in centrifuge tubes, 6 cm?/ml area, each containing DMEM.
DMEM supplemented with 0.45% (v/v) of phenol solution, a cytotoxic agent, was
employed as positive reference (CTRL +), while DMEM only was used as negative control
(CTRL-). The flasks were incubated at 37°C for 5 days. Finally, the pH was measured and

the eluates were filtered using a 0.22 um filter.

2.6.3. NR uptake and morphological evaluations

MLO-Y4 cells were cultured in 6-well plates in direct contact with the sintered glasses, at

37°C +1°C, 5.0 % +1 % COz/air and 90 % = 5 % humidity. After 24h of incubation, the

morphology of the cells was observed by means of an optical microscope (Nikon TMF,



Japan). Subsequently, the culture medium was removed and 250 ul of NR solution was
added to each well. The plates were incubated for 3 h at 37°C £ 1°C, 5.0 % + 1 % COx/air
and 90 % = 5 % humidity, then the NR solution was removed and the cells were washed to
remove the excess NR solution. 100 ul of extraction solution (freshly prepared
ethanol/acetic acid) was added to each well and the plate was incubated at room
temperature for 20 min in order to extract NR from the cells. The test was repeated in
triplicate for each glass. Finally, the amount of dye concentrated within the cells was
evaluated by measuring the absorbance at 540 nm of all wells, including the CTRL+ and
CTRL- ones, by means of a spectrophotometer (Multiscan RC by Thermolab system,

Finland).

2.6.4. XTT test

Cells were grown in 96-well plates and then incubated at 37°C +1°C, 5.0 % + 1 % COx/air
and 90 % * 5 % humidity with the eluates of the samples for 24 h. Subsequently, XTT
labelling solution (Cell Proliferation Kit II (XTT) Roche diagnostics, USA) was added to
each well (final concentration 0.3 mg/ml). After 4 h at the same incubation conditions, XTT
is reduced to a water-soluble product, i.e. an orange formazan dye, whose amount is
proportional to the number of living cells. To quantify the amount of the newly

synthesized formazan, the absorbance of all wells was measured at 490 nm.

2.6.5. Bromodeoxyuridine (BrdU) test

MLO-Y4 cells were cultured in 96-well multi plates at a concentration of 7x10° cells per
well. The extracts of the samples were added directly to the medium. After 24 h exposure
to the samples’ eluates, 10 ul/well of BrdU labeling solution (Cell Proliferation ELISA,
BrdU , Roche, Germany) was added and the plates were incubated for 5 h at 37°C + 1°C,
5.0 % =1 % COz/air and 90 % * 5 % humidity. During this period, BrdU is incorporated by

the cycling cells in place of thymidine into their newly synthesized DNA. The labeling

10



medium was then removed, 200 pl/well of FixDenat solution (Cell Proliferation ELISA,
BrdU, Roche, Germany) was added and the plates were incubated for 30 minutes at room
temperature, in order to fix the cells and to denature DNA in a single step. After removing
FixDenat, the anti-BrdU-POD antibody, i.e. an antibody conjugated to peroxidise, was
added (100 pl/well). The anti-BrdU-POD antibody binds to the BrdU incorporated into the
newly synthesized cellular DNA. After 90 min incubation at room temperature, the
antibody conjugate was removed, the wells were rinsed with washing solution [washing
buffer (phosphate-buffered saline) 1:10 with double distilled water; Roche, Germany], 100
ul/well of substrate solution (tetramethyl-benzidine 100 ml, ready-to-use; Roche,
Germany) was added and the plates were further incubated for 15 min. Finally, the
absorbance of the samples was measured at a wavelength of 370 nm. The intensity of the
signal is correlated to the amount of the newly synthesized DNA, i.e. to the number of

proliferating cells.

2.6.6. Statistical analyses

One-way variance analysis (ANOVA) was employed to statistically treat the results, which
are expressed as the mean + standard deviation. Statistical differences among groups (p <
0.05) were established based on a t-test analysis, in which a two-population comparison

was considered.

3. Results and Discussion

3.1 Thermal behaviour, sinterability and microstructural characterization

The results of the DTA investigations performed on the glasses are presented in Figure 1.
Independently of the glass composition, the curves are characterized by (1) a change in the
baseline between 650°C and 680°C, when the glasses undergo a glass transition, and (2) a
sharp exothermal peak between 860°C and 885°C, which is associated to the glass

11



crystallization. While the BGMIX_Sr and BGMIX_MgSr DTA traces show similar trends,
the BGMIX_Mg curve presents a second broad exothermal peak at higher temperature
(960°C+980°C), which could be ascribed to a further crystallization process. The
characteristic temperatures of the glasses extrapolated by the DTA are listed in Table 2,
together with the sintering (Ts) and the melting (T») temperatures defined via heating
microscopy.

The values in Table 2 indicate that the glass transition temperature T; of the modified
glasses is lower than that of the original BG_Ca-Mix glass, while the trend is less clear for
the crystallization temperature, since the peak crystallization temperature (T¢) is
comparable for all the glasses, whereas the onset crystallization temperature Tc_onst is lower
for the modified glasses than for the parent one. As far as the effect of Sr is concerned, a
general decrease in Ty with increasing SrO addition was reported in [42], although a direct
comparison is difficult because the glass composition employed by Lotfibakhshaiesh et al
[42] (i.e. a glass belonging to the Na:0-K:20-MgO-ZnO-CaO-5i0:-P20s system) strongly
differs from the ones discussed in the present work. According to Lotfibakhshaiesh et al,
the decrease in T; of the strontium-modified systems is ascribable to an expansion of their
glass network with increasing substitution of Sr for Ca. In fact, the ionic radius of Sr ions is
larger than that of Ca ions and therefore non-bridging oxygens are less attracted. This
hypothesis was also confirmed by the XRD investigation performed on the glasses [42],
which reported a shift towards smaller 20 values of the maximum of the amorphous halo,
which means larger interplanar spacing. Fredholm et al. reported similar conclusions, i.e.
an increase in molar volume of the samples, in their study on strontium substituted
bioactive glasses [43, 44]. A weaker glass network is also likely to promote the viscous
tlow, thus resulting in a more efficient sintering.

As to the effect of Mg, several investigations have reported a decrease in Tg with increasing
amounts of MgO in silicate glasses [26, 45]. This effect may be explained by the formation
of new Si-O-Mg bonds, which are characterized by a lower average bond strength with
respect to the original Si-O-5i bonds. In more detail, if the effect of the substitution of

MgO for CaO is considered, a pioneering work by Swift et al. analyzed a series of glasses
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based on the ternary composition: 16% Na20, 10% CaO, 74% SiOz, where CaO was
replaced in 2 wt% steps by MgO. The Authors proved that, up to 6 % MgQO, the stability of
the glasses increased, since the liquidus temperature decreased progressively and the
crystallization rates decreased correspondingly. However, a further replacement of CaO
by MgO had the opposite result and the stability of the glass decreased [46]. A progressive
increase in Tc as a result of the replacement of CaO by MgO is frequently reported in the
literature for silicate based glasses, which means that MgO would exert an inhibitory
effect on crystallization [47, 48]. However, it should be stressed that, in general, the role
played by MgO in silicate glasses has not been completely clarified yet. In fact it has been
reported that MgO (at least up to a certain compositional limit) acts as an intermediate
oxide [26, 49], while other investigations suggest that MgO mainly behaves as a glass
network modifier [50]. Both the Mg-containing glasses developed in the present work, i.e.
BGMIX_Mg and BGMIX_MgSr, are characterized by a T. rather similar to that of the
unmodified parent glass, even if Tconst is slightly lower than that of the unmodified
BG_Ca-Mix (Table 2). Besides the aforementioned ambiguous role of MgO in silicate
glasses, in the case of BGMIX_MgSr this fact my be explained in terms of two competing
mechanisms which counterbalance each other: on the one hand, the possible inhibitory
effect of MgO on crystallization; on the other hand, a weaker glass network caused by the
presence of SrO (see previous paragraphs).

To conclude, the effect of the partial substitution of CaO with MgO and/or SrO on the
thermal behaviour of the glasses cannot be generalized, since two opposing factors are
involved: (1) an increase in the entropy of mixing, which is expected to promote the
disordered glass state, thus retarding the crystallization process; (2) a weaker glass
network, by which the crystallization would be promoted. As a consequence, the thermal
behavior is governed both by the MgO/SrO ratio and by the specific glass composition.
The sintering temperature (Ts) identified by heating microscopy is also reported in Table 2.
Preliminary sintering tests were carried out to define adequate sintering conditions for
each glass composition. The sintering attitude of the MgO and/or SrO modified glasses

was estimated by measuring their volume shrinkage for different sintering conditions and
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by calculating a specific sinterability parameter Sc (see Eq. 1) [34, 51, 52]. From a physical
point of view, the sinterability parameter Sc of a glass is representative of its sintering
ability vs. its crystallization trend. In more detail, if Tec_onset < Ts and hence Sc <0, the glass
crystallizes before sintering, which is expected to result in limited densification; vice versa,
if Te_onset > Ts and hence Sc > 0, sintering occurs prior to crystallization and hence a good
densification should be achieved [34]. Moreover, as a general trend, the greater is the
value of S., the more independent are the kinetics of sintering and crystallization, which is
likely to promote the sintering and compaction process of the glass [34]. On account of the
results of the DTA and the heating microscopy reported in Table 2, it is possible to
calculate Sc =78 °C for the original BG_Ca-Mix glass, Sc =79 °C for BGMIX_Mg, Sc =88 °C
for BGMIX_Sr and Sc =82 °C for BGMIX_MgSr. The sinterability parameter is therefore
greater than zero for all the glasses, with high values that suggest a strong attitude to
sinter. This fact is further confirmed by the remarkably strong volume shrinkage
associated with sintering (Table 2). This is indicative of the achievement of well-sintered
glasses for all the compositions considered in the present contribution, independently of
the specific modifier oxide introduced, MgO and/or SrO.
As an alternative to the previous sinterability parameter, the Hruby parameter provides a
first-hand idea of the stability of the glass against crystallization on heating and, vice
versa, on its vitrifiability on cooling [53]. The Hruby parameter Ku is defined as

T T

c_onset 'g

N T -T
m ~ 'c_onset (3)

where Tconset, Ty and T are the onset crystallization (on heating), the glass transition and
the melting temperatures, respectively [53].

Again, introducing the values for Tconset, Ty and Tw as reported in Table 2, it is possible to
calculate Ku = 0.29 for the original BG_Ca-Mix glass, K = 0.45 for BGMIX_Mg, K1 = 0.37 for
BGMIX_Sr and Ku = 0.46 for BGMIX_MgSr. The obtained Ku values are indicative of the
increased stability against crystallization of the modified glasses, especially those

containing MgO, with respect to the parent glass. The very limited tendency to crystallize
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of the modified glasses was confirmed by the XRD performed on the sintered glasses,
which remained indeed completely amorphous (data not shown).

The cross section of the sintered glasses are reported in Figure 2. All the samples are
adequately consolidated and possess a dense microstructure, as proved by the shrinkage
data (Table 2). This fact confirms the effectiveness of the sintering process which occurs in
the investigated glasses. Some fine residual porosity can be observed in the cross sections
for all the samples, but it has been widely reported in the literature that the presence of
micro-porosity in the implant is not adverse from a biological point of view, because it can
favour the osteointegration process [54, 55].

In order to characterize further the thermal behaviour of the glasses, a set of samples was
treated at higher temperature, i.e. 1000 °C, which is above T for all the glass compositions
(in particular, for BGMIX_Mg it is above both crystallization temperatures). The XRD
spectra, which refer to the samples sintered at 1000 °C for three hours, are reported in
Figure 3. All the glasses showed the formation of CaSiOs, as previously observed for the
parent glass BG_Ca-Mix [18, 52]. Several investigations in the literature report that calcium
silicate ceramics belonging to the CaSiOs family have excellent bioactivity and
biocompatibility [56-58]. Besides CaSiOs, other specific crystalline phases were observed
for each glass composition (see Figure 3). However, the attribution of these secondary
phases was difficult due to peak overlapping. As an additional analysis, the BGMIX_Mg
glass was also fired at T (= 876°C) for three hours. As a matter of fact, since the DTA curve
of BGMIX_Mg (Figure 1) was characterized by a first crystallization temperature at T. =
876 °C and by a second broad crystallization peak between 960 °C and 980 °C, some
differences might occur between the crystallization outcome of the BGMIX_Mg sample
treated at T. (= 876°C) and that obtained at T = 1000°C. The diffractogram acquired on the
BGMIX_Mg sample fired at 876 °C is reported in the same Figure 3 for comparison
purposes. It is worth noting that, even if they refer to two different temperature ranges,
the two spectra associated to BGMIX_Mg, at 876 °C and at 1000°C, look qualitatively
similar, being characterized by the peaks of CaSiOs (though with different ICDD codes)
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and MgSiOs. The XRD peaks of the sample sintered at higher temperature are sharper,

thus indicating a more extensive crystallization.

3.2 Mechanical characterization

As shown in Table 2, the Vickers hardness of the sintered glasses ranges between 448.4 +
93.8 HV for BGMIX_Mg and 485.2 + 28.0 HV for BGMIX_Sr. However, due to the
scattering of the acquired data, it is not possible to draw a significant ranking among the
glasses under exam. In a previous contribution, working under the same experimental
conditions, a value of 564 + 47 HV was found for the Vickers hardness of the sintered
BG_Ca-Mix parent glass [18], which shows that the substitution of some CaO with the
same amount of MgO and/or SrO has a lowering effect on the hardness of the sintered
glasses, even if, in principle, the bond strength pattern varies as MgO > CaO > SrO > BaO
[59]. This is probably the result of the complicated interactions occurring among multiple
modifier oxides.

As reported in the same Table 2, the elastic modulus varies in the sequence BGMIX_Mg >
BGMIX_Sr > BGMIX_MgSr. The trend outlined for the elastic modulus matches well the
results of volume shrinkage, since the shrinkage, too, varies in the sequence BGMIX_Mg >
BGMIX_Sr > BGMIX_MgSr. As a matter of fact, the presence of residual pores deeply
influences the mechanical properties of sintered ceramic materials [60]. In a previous
paper, both 4555 Bioglass® powders and BG_Ca-Mix ones were sintered by means of the
Spark Plasma Sintering (SPS) technique. According to the specific processing conditions,
the elastic modulus, measured by means of the same depth-sensing Vickers micro-
indentation procedure applied here, varied between 66 GPa and 82 GPa for 4555 Bioglass®
and between 65 GPa and 122 GPa for BG_Ca-Mix [61]. The elastic modulus of the new
MgO and/or SrO modified glasses are therefore comparable to those of the gold-standard
45S5 Bioglass® and the BG_Ca-Mix parent glass, even if the former were sintered following
a conventional thermal treatment, whereas the latter were produced with the SPS

technique. Only the elastic modulus of the BGMIX_MgSr sintered glass is slightly lower,
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but it should be kept in mind that the present contribution is a starting point, and further
improvements to the sintering process and related mechanical properties are expected as a
result of appropriate changes in the sintering times and, most of all, in the granulometric

distribution of the initial powders.

3.3 In vitro bioactivity

According to the picture proposed by Larry Hench and co-workers [2], bioactive glasses
chemically bond to bone through the formation of a surface film of hydroxycarbonate
apatite (HCA), which mimics the mineral component of bone, i.e. the biological apatite.
HCA is able to support new bone tissue growth along the implant at the interface between
bone and the implant itself. This property is called osteoconductivity [62]. The first five
stages of the osteointegration process, which usually finish by the initial 24 hours, imply
the release of soluble ionic species from the glass and the subsequent development of a bi-
layer deposit composed of hydrated silica (silica gel) and polycrystalline HCA on the
surface of the implant. The following six stages require the intervention of growth factors
and macrophages, the attachment, differentiation and proliferation of osteoblasts, and, to
conclude, the generation and crystallization of the bone matrix [63]. The development of
HCA highly depends on the glass composition, type (i.e. sol-gel vs melt) and morphology
(pellets, powders, scaffolds, fibres, etc). At the beginning of the 90’s, Kokubo et al.
proposed to reproduce in vitro in SBF the in vivo HCA formation on the surface of a
bioactive material [64]. Today the protocol developed by Kokubo and Takadama [39] is a
widely diffused tool to preliminary investigate the bioactivity of new materials, although
some criticisms have been expressed, in particular because (1) SBF tests look too simplistic
to simulate the complexity of a dynamic biological environment, and (2) they may lead to
false negative and false positive results [65].

Previous investigations demonstrated that the BG_Ca-Mix parent glass, both produced by
melt quenching and by sol-gel method, showed a high in vitro bioactivity after sintering
[18, 66]. Figure 4 shows the surface of the new sintered glass samples after soaking in SBF

for increasing times; BGMIX_Mg was considered as a representative example. After 1 day
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all the glasses have already started their dissolution and it is possible to observe the local
formation of some globular deposits. For short immersion times, BGMIX_Mg seems to be
the most bioactive composition; in particular, its surface is covered by white aggregates
with the typical morphology of HA already after 3 days in SBF. A progressive increase in
the amount of HA precipitation with increasing incubation time was observed for all the
samples; after 7 and 14 days the surface of the sintered glasses looked indeed rather
similar, being completely covered by HA. Apart from local fluctuations, the EDS analysis
on the white aggregates measured a Ca/P ratio of about 1.7 (data not shown). This value is
comparable to that of stoichiometric apatite (~1.67) [67]. The identification of the
precipitates as HCA was confirmed by XRD and Raman analysis. Again, as a
representative example, Figure 5 shows the XRD spectra of a BGMIX_Mg sample soaked
in SBF for increasing times (for comparison purposes, the spectrum of the sintered
BGMIX_Mg sample, not immersed in SBF, is included as well); since the results for
BGMIX_Sr and BGMIX_MgSr were similar to the BGMIX_Mg ones, they are not presented
for the sake of brevity. Already after one day of immersion, a silica gel film forms on the
surface of BGMIX_Mg. This fact is proved by the broad halo in the range 20 = 20-25° of the
spectrum. After three days in SBF, the first peaks ascribable to HA can be observed (20 =
25-26° and 20 = 31-33°). The peaks of HA become more clear with increasing soaking
times, as the silica gel film is progressively covered by the HA aggregates. After 2 weeks
in SBF the XRD of the sintered glasses are rather similar, regardless of the specific
composition. All the diffractograms are characterized by HA peaks, detectable but broad
due to the presence of structural defects and the microcrystalline nature of the precipitated
apatite [68]. After 14 days in SBF, the halo related to the silica gel is less visible in the
BGMIX_Mg diffractogram than in the BGMIX_Sr and BGMIX_MgSr ones. This fact can be
explained in terms of a thicker HA layer which forms on the BGMIX_Mg glass, which is
therefore the most bioactive composition according to the findings of the ESEM
investigation.

The formation of HA and its chemical nature were investigated further by means of

Raman spectroscopy, which is an useful tool to study the precipitation of apatite, as the
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Raman peaks associated to the vibration of the P-O group are particularly intense.
Moreover, it is possible to identify if the apatite is carbonated, thanks to the Raman
response of the C-O groups. The Raman spectra acquired on the globular aggregates that
grew on the BGMIX_Mg surface for increasing soaking times are presented in Figure 6.
Analogous results were obtained for BGMIX_Sr and BGMIX_MgSr (data not reported for
brevity). It is possible to observe the typical Raman signals ascribable to apatite, i.e. two
peaks at about 590 cm™! and 430 cm”, together with a strong sharp peak at 960 cm™ [69-71].
The peak at about 1070 cm™, which is related to the stretching of C-O groups, confirms

that the apatite formed on the sample surface is carbonated [72].

3.4 Biological tests

The biological tests were performed on the BGMIX_Mg, BGMIX_Sr and BGMIX_MgSr
sintered samples. As previously mentioned, two terms of comparison were also
considered, namely (i) the BG_Ca-Mix (= parent glass) powders, which were pressed and
sintered for 3 hours at Ts = 800 °C; and (ii) the commercially available Bioglass® 4555
powders, which were pressed and sintered for 3 hours at Ts = 1050 °C [17, 18, 35]. It is
worth noting that all the biological tests were focused on sintered samples because the
new glasses were formulated specifically to facilitate thermal processing, in view to
tabricate scaffolds and other sintered devices.

As previously mentioned, even if soaking in SBF is commonly recognized as a simple and
inexpensive way to investigate the apatite forming ability of new materials, several
concerns exist about the real significance of this experimental approach, since SBF, being a
solution which mimics the acellular and protein-free component of plasma, is unable to
reproduce the dynamic physiological environment of the human body and its delicate
equilibrium of trace elements [73, 74]. Moreover, various false-positive and false-negative
results have been described in the literature [75-78]. Besides this, it has been argued that
the apatite-forming ability in vitro does not automatically imply the bioactivity in vivo [65,

79].
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For these reasons, the cytotoxicity of the sintered glasses was tested with respect to MLO-
Y4, which is an osteocite-like immortalized cell line isolated from murine long bones,
whose properties reproduce those of primary osteocytes [80-83].

As shown in Figure 7, after 24 h of direct contact with the sintered glasses, no relevant
effects could be detected on the behaviour of the MLO-Y4 cells. In fact, no significant
changes in cellular morphology, including lysis, rounding, etc. were observed. To the
contrary, the MLO-Y4 cells grew well on all the sintered glasses and they developed a
morphology analogous to that of the corresponding cells grown on the CTRL-. The
cellular growth on the new MgO and/or SrO modified glasses, especially on the
BGMIX_Mg one, even surpassed that on the sintered 4555 sample.

These outcomes are backed by the results of the viability test with NR uptake. As a matter
of fact, the graph in Figure 8(a) shows that the NR uptake after 24 h of direct contact to the
sintered glasses is comparable to CRTL-, which means that no significant decreases in
lysosomal activity imputable to cytotoxic effects could be observed, since any alteration of
the cell surface or the lysosomal membrane due to the action of xenobiotics is known to
result in a decreased uptake and binding of NR [84].

The results of the XTT test of the MLO-Y4 cells cultured in eluates from the glasses are
proposed in Figure 8(b). XTT is a valuable micro-culture tetrazolium assay, since XTT
involves the development of soluble formazans, which makes superfluous the error-prone
solubilization step required in similar tests, such as MTT. In fact, MTT results inan
insoluble formazan compound which requires dissolving the dye in order to measure it.
Eliminating the final solubilization step means less manipulation and thus reduced risk of
error [85]. The XTT results in Figure 8(b) show that none of the sintered glasses affected
negatively the vitality of the cells; in particular, the MgO and/or SrO modified glasses
exceeded the 4555 reference, with a remarkably good outcome for BGMIX_Mg.

According to the BrdU test results in Figure 8(c), the sintered glasses did not interact
negatively with the cell proliferation. Once more, the best results were achieved by the

BGMIX_Mg sample, which surpassed by far the 4555 sintered reference.
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4. Conclusions

A CaO-rich, K2O-containing silicate bioglass (BG_Ca-Mix, in mol%: 2.3 Na:0; 2.3 Kz0; 45.6
Ca0; 2.6 P20s; 47.2 SiO2) was modified by introducing MgO and/or SrO in fixed amounts
in order to investigate the effect of such oxides, commonly present in human bone tissue,
on the thermal behaviour, mechanical properties and bioactivity after sintering. In more
detail, a fixed 10 mol% of CaO was replaced with MgO (BGMIX_Mg glass) or SrO
(BGMIX_Sr) or fifty-fifty MgO-SrO (BGMIX_MgSr). In the modified glasses, the thermal
behavior was governed both by the magnesium oxide/strontium oxide ratio and by the
specific glass composition. Basically, the presence of MgO and/or SrO didn’t interfere with
the thermal stability of the parent glass, since all the new glasses could be sintered without
any devitrification at relatively low temperatures, close to 750°C (sintering temperature:
753 °C for BGMIX_Mg; 750 °C for BGMIX_Sr; 759 °C for BGMIX_MgSr). This derives from
the high crystallization temperatures of the modified glasses (peak crystallization
temperature: 876 °C for BGMIX_Mg; 865 °C for BGMIX_Sr; 883 °C for BGMIX_MgSr),
which systematically exceeded the corresponding sintering temperatures. Moreover the
sintered glasses showed a strong volume shrinkage, from 11.97+0.89 % for BGMIX_MgSr
up to 14.37+0.69 for BGMIX_Mg. The very limited residual porosity resulted in good
mechanical properties, with a Young’s modulus that ranged between 57.9 + 6.7 GPa for
BGMIX_MgSr and 112.6 + 8.0 GPa for BGMIX_Mg. Besides a pronounced apatite-forming
ability in a simulated body fluid (SBF), all the sintered glasses, tested with MLO-Y4
osteocytes by means of a multi-parametrical approach, showed a good bioactivity in vitro,
since the samples themselves and their extracts did not cause any negative effect on cell
viability and they didn’t inhibit cell growth. To the contrary, the MgO-modified glasses,
BGMIX_MgSr and especially BGMIX_Mg, were able to exert a particularly strong
stimulating effect on cell growth, even superior to that of the sintered BG_Ca-Mix parent
glass and the sintered 4555 reference sample, thus proving to be optimal candidates for the
fabrication of bioactive scaffolds and other sintered biomedical devices for dental implants

and bone regeneration. To conclude, the partial replacement of CaO with MgO and/or SrO
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preserves the strong sintering ability and limited tendency to crystallize of the parent

glass, but the presence of such oxides, especially MgO, further improves the bioactivity.
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Figure captions

Figure 1. DTA curves of BGMIX_MgSr, BGMIX_Sr and BGMIX_Mg.

Figure 2. Cross sections of the BGMIX_Mg (a), BGMIX_Sr (b) and BGMIX_MgSr (c)

samples treated at T (see Table 2 for specific temperatures) for 3 hours.
Figure 3. XRD spectra of the samples after specific thermal treatments for 3 hours.
BGMIX_Mg samples were sintered at the final temperatures T = 876 °C and T = 1000 °C;

BGMIX_Sr and BGMIX_MgSr were sintered at the final temperature T = 1000 °C.

Figure 4. HA formed on the surfaces of the BGMIX_Mg samples after 1 day (a), 3 days (b),
7 days (c) and 14 days (d) in SBF.

Figure 5. XRD spectra of a BGMIX_Mg sample soaked in SBF for increasing times
Figure 6. Raman spectra acquired on globular precipitates formed on the BGMIX_Mg
surface after increasing soaking times in SBF; the inset reports an optical microscope

image of the HA precipitates.

Figure 7. Morphological evaluation of MLO-Y4 cells after 24h direct contact with the

samples using optical microscopy 10x magnification.
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Figure 8. NR uptake after 24 h in the different glasses (a), XTT test of MLO-Y4 cells
cultured in eluates from the glasses (b) and BrdU test of MLO-Y4 cells cultured in eluates

from the different samples (c).

Table captions

Table 1. Compositions (in oxides mol%) of the produced glasses.

Table 2 Characteristic temperatures, sinterability parameter (Sc), Hruby parameter (Kx),

volume shrinkage, Vickers hardness (HV) and Young’s modulus (Ei) of the glasses.
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Fig. 7
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Oxides Composition [mol%]

BG_Ca-Mix [18] BGMIX_Mg BGMIX_Sr BGMIX_MgSr
SiO:2 47.2 47.2 47.2 47.2
P20Os 2.6 2.6 2.6 2.6
NaO 2.3 2.3 2.3 2.3
K20 2.3 2.3 2.3 2.3
CaO 45.6 35.6 35.6 35.6
MgO 0 10 0 5
SrO 0 0 10 5

Table 1. Compositions (in oxides mol%) of the produced glasses.
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Sample Code  Ty(°C) Teowa (°C) Te(°C) Tn(°C) T.(°C)  S.(°C) K Shrinkage (%)  HV (Vickers)  Eit (GPa)
E']g]—ca-Mlx 720 860 880 1339 782 78 0.29 12.93+0.67 564 + 47 65 to 122*
BGMIX_Mg 660 832 876 1214 753 79 0.45 14.37+0.69 448.4 +93.8 1126 £8.0
BGMIX_Sr 675 838 865 1282 750 88 0.37 13.68+0.51 485.2 +28.0 93.6+27
BGMIX_MgSr 655 841 883 1243 759 82 0.46 11.97+0.89 458.6 +91.2 57.9+6.7

*

conditions [61].

values obtained for BG_Ca-Mix samples sintered by Spark Plasma Sintering under various processing

Table 2. Characteristic temperatures, sinterability parameter (Sc), Hruby parameter (Ku),

volume shrinkage, Vickers hardness (HV) and Young’s modulus (Ei) of the glasses.
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Highlights

e The composition of a CaO-rich, K2O-containing silicate bioglass was modified:

e A fixed 10 mol% of CaO was replaced with MgO or SrO or fifty-fifty MgO-SrO.

e The sintered glasses showed a strong volume shrinkage with low residual porosity;

e The samples showed good mechanical performance and apatite-forming ability in
vitro;

e The presence of such oxides, especially MgO, improves the samples’ bioactivity.
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