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ABSTRACT

Bioactive glasses (BGs) have emerged as invaluable resources for bone tissue engineering due to their remarkable
properties such as bioactivity, resorbability, cell compatibility, and osteoconductivity. However, these materials
exhibit certain limitations when subjected to high temperatures, for their tendency to crystallize, thus leading to
diminished bioactivity, reduced mechanical strength, and altered dissolution kinetics. One promising approach
to counteract this problem is to reduce the alkaline element content in BGs while simultaneously adding
strontium and magnesium. Building on previous studies of Bio_MS, a recently developed experimental formu-
lation, we investigated the contributions of strontium and magnesium to the thermal, mechanical, and biological
properties of various bioactive glasses, including commercially available options. Differential thermal analysis,
heating microscopy, X-ray diffractometry, environmental scanning electron microscopy, measurement of the
Young’s modulus, simulated body fluid testing, cytotoxicity tests, cell viability, growth, adhesion and
morphology were assessed through an integrated approach and compared for a complete evaluation of BGs, and
of doped BGs, also undergoing thermal treatments. The results demonstrated improved thermal, mechanical and
biological behaviors of the magnesium-strontium-doped BGs, thus paving the way for the development of BGs
with enhanced biomedical perspectives.

1. Introduction

conventional silicates, exemplified by 45S5, alongside phosphate-based
and borate-based glasses. Essential characteristics for BG suitability in

45S5 Bioglass® (composition: 46.1 mol% SiOs, 26.9 mol% CaO,
24.4 mol% Nay0, 2.6 mol% P50s) stands as the pioneering bioactive
glass (BG) developed in the 1970s due to the visionary work and
serendipity of L.L. Hench [1]. Presently, it finds extensive use in or-
thopaedic and dental applications. However, 45S5 is not the only
contender in the market. Indeed, extensive bioactive glass research in
Finland resulted in the commercialization of the S53P4 formulation
(53.8 mol.% SiO,, 21.8 mol.% CaO, 22.7 mol.% Na50, 1.7 mol.% P50s),
known as Bonalive®. The significance of BGs lies in their remarkable
propensity to elicit a positive response within the body, particularly in
fostering bonding and/or interactions with host tissues [2]. This
groundbreaking discovery led to the development of various BG types:
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the human body encompass biocompatibility, non-cytotoxicity, immu-
nogenicity, and bioactivity, ensuring they do not induce fibrous tissue
formation or implant rejection at the application site.

A notable limitation of 45S5 and S53P4 is their challenge in being
formed into amorphous bioactive glass scaffolds and, more broadly, in
being sintered without experiencing significant crystallization. This
issue arises from their tendency to crystallize during sintering, mainly
because of a limited sintering window (called also processing window),
which is defined as the difference between the crystallization onset
temperature and the glass transition temperature [2]. Indeed, typical
applications require thermal treatments to obtain products, such as
sintered parts, scaffolds, and coatings [3,4]. In this context,
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understanding the crystallization behaviour holds crucial significance,
as it is widely acknowledged that crystallization can hinder or reduce
bioactivity [2]. In certain cases, it may even jeopardize the stability of
the implant after it has been placed in the body, given that the residual
amorphous phase of the material and the crystalline phase exhibit
different reactivity and dissolution rates [5]. Consequently, extensive
efforts have been devoted to the identification of BG compositions with
broader sintering windows, exemplified by formulations like 13-93,
Bio_MS, and BGMS10 [6-8]. Among these glasses, Bio_MS (46.1 mol%
SiO9, 31.3 mol% CaO, 5 mol% Nay0, 2.6 mol% P50s, 5 mol% MgO, 10
mol% SrO) has exhibited an exceptionally high crystallization temper-
ature (T¢) while showcasing outstanding biological performance [7].
These distinct properties are attributed to the lower content of alkaline
elements and the presence of magnesium (Mg) or strontium (Sr) in the
BG composition, recognized for their positive biological effects and their
ability to modify thermal and mechanical properties [9-12]. In partic-
ular, Mg is regarded as functioning both as a network former and as an
intermediate oxide [13,14]. It acknowledged that Mg decreases the glass
transition temperature (Tg) of BGs [11,15] due to the lower strength of
Si-O-Mg bond compared to Si-O-Si bond. Moreover, Mg doping can in-
fluence mechanical properties [16-18] because of its higher ionic field
strength [18]. Additionally, Mg-doped BGs present optimal biocom-
patibility, osteogenic and cell differentiation effects [19,20], despite a
possible reduction in hydroxyapatite precipitation in vitro on the mate-
rial, compared to the case of undoped BGs [21]. On the other hand, Sr is
recognized for improving apatite formation [22], while still demon-
strating optimal biological and cyto-differentiation properties [23]. The
effects of Sr on mechanical and thermal properties remain, however, a
subject of debate [24-26].

As previously stated, numerous studies have explored the individual
role of Mg and Sr in BGs behaviour. Despite the recognized beneficial
effects of Mg and Sr doping on both physical and biological properties
[7,8], a significant gap in the literature remains regarding systematic
studies on co-doping with Mg and Sr in silicate BG composition and
corresponding thermal treatments. Considering this knowledge gap, our
research focuses on a set of BGs to elucidate on the non-trivial re-
lationships between composition, sintering, crystallization, and biolog-
ical responses. The chosen reference BGs for this investigation include
two widely known commercial variants, namely 45S5 and S53P4.
Additionally, the study considers a patented BG known as Bio_MS,
distinguished by its unique composition, which includes Mg and Sr
among other elements. Furthermore, our study extends its exploration
by introducing doped versions of the commercial BGs. Specifically, Mg
and Sr are introduced as substitutes for sodium (Na). This research fo-
cuses on two interconnected aims. The primary goal is to investigate the
impact of sintering and crystallization on BGs. Simultaneously, it aims to
assess how doping, specifically with ions such as Mg and Sr, influences
the processes of sintering and crystallization, and the biological response
of these BGs.

2. Materials and methods
2.1. Preparation of the bioactive glass

This study aims to comprehensively investigate and characterize the
effects of thermal treatment on the physical, chemical, and biological
properties of BGs. The production of the glasses in this study utilized a
well-established melt-quenching method, which has previously been
employed for the production of other BGs [1]. High-quality raw mate-
rials in powder form (Carlo Erba Reagenti, Rodano-Milano, Italy) were
accurately weighed and mixed for 2 h in a laboratory rotary mixer. The
mixture was melted in a platinum crucible following this thermal
treatment: heated from room temperature to 1100 °C at 10 °C/min;
decarbonated at 1100 °C for 1.5 h; then heated from 1100 °C to 1450 °C
at 10 °C/min and held for 1 h at 1450 °C to obtain a homogeneous melt.
The molten glass was subsequently quenched in water to achieve rapid
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cooling, resulting in the formation of a frit. The frit was then dried at
110 °C for 12 h.

A portion of each frit was then ground in a porcelain jar and sieved to
obtain powders with a particle size below 63 pm. Another portion was
ground and sieved to produce granules with a grain size ranging be-
tween 250 and 500 pm. This specific grain size was chosen to optimize
the in vitro biological response, based on insights from prior studies [2,
27].

The compositions of the BGs employed for the present study,
expressed in mol%, are detailed in Table 1. Please note that the MgO and
SrO contents in 45S5_MS and S53P4_MS were chosen to be comparable
to that of Bio_MS.

2.2. Thermal analysis

The thermal behaviour of the produced BGs, in both powder and
granule form (250-500 pm), was investigated via Differential Thermal
Analysis (DTA) using a Differential Thermal Analyzer (STA 429 CD,
Netzsch-Geratebau GmbH, Selb, Germany). In this analysis, 30 mg of
glass were placed in a platinum crucible and heated from room tem-
perature to 1200 °C at a rate of 20 °C/min. The DTA curve obtained
allowed for the determination of characteristic temperatures of the BGs,
which are the glass transition temperature (Tg), onset crystallization
temperature (Tconset); and peak crystallization temperature (Tc).
Additionally, a heating microscope (HM) was employed to examine the
behaviour of the glass powders over a broader temperature range, from
room temperature to 1600 °C, with a heating rate of 10 °C/min. This was
conducted using a Misura 3.32 equipment (Expert System Solutions,
Modena, Italy). The purpose of this analysis was to identify the sintering
temperature (Ts) and the melting temperature (Ty;) of the BGs.

2.3. Sintering behaviour

To explore the impact of temperature on sintering, the glass powders
were used to create disks that underwent heat treatment for 3 h at five
arbitrarily chosen temperatures: 650 °C, 750 °C, 850 °C, 950 °C, and
1050 °C. The evaluation of sintering quality was based on the observed
degree of shrinkage. The process to create the green bodies involved
subjecting the glass powders to uniaxial pressing at a pressure of 7 bar
for 10 s. Subsequently, five green bodies of each BG were placed in a
muffle furnace (AWF 13/12, Lenton - Laboratory Scientific Equipment,
Randburg, South Africa) and subjected to heat treatment at the specified
temperatures, employing a heating rate of 10 °C/min. Following the
thermal treatment, the samples were air-cooled to reach room temper-
ature. To assess the changes in size resulting from shrinkage, the di-
ameters of the samples were measured using a digital calliper (LTF
327.09, LTF S.p.A., Antegnate, Italy). The temperature associated with
the maximum observed shrinkage was considered the best sintering
temperature (Tgg).

2.4. Phases analysis

To compare the impact of heat treatment on the five BG composi-
tions, granules were subjected to heat treatment at two specific tem-
peratures: T determined via DTA analysis, and Tps determined as
previously described. Both treatments lasted 3 h. The phase composition

Table 1

Composition in mol% of the five BGs.
Sample SiO, P,05 Na,O CaO MgO SrO
45S5 46.1 2.6 24.4 26.9 - -
S53P4 53.8 1.7 22.7 21.8 - -
Bio_MS 46.1 2.6 5 31.3 5 10
45S5_MS 46.1 2.6 9.4 26.9 5 10
S53P4_MS 53.8 1.7 7.7 21.8 5 10
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of both untreated and treated granules, along with the potential for-
mation of crystalline phases, was examined using X-Ray Diffractometry
(XRD: X’Pert PRO; Panalytical, Almelo, the Netherlands). Data collec-
tion was obtained by a 26 scan method in the range of 10-90° using Cu-
ka X-ray line (step size: 0.017° 26).

2.5. Physical and mechanical properties

To determine the density of the samples treated at Tgg, cross-
sectional analysis was conducted using image analysis techniques. The
Environmental Scanning Electron Microscope (ESEM) (Quanta 2000, Fei
Co., Eindhoven, Netherlands) was employed to capture images of the
samples, and ImageJ software was used to assess the porosity from the
images. Following the density evaluation, the mechanical properties
were examined using Open Platform equipment (CSM Instruments,
Peseux, Switzerland) with a Vickers indenter tip. A load of 1000 mN was
applied during indentation, with a loading/unloading rate of 2000 mN/
min and a hold time of 15 s. Each sample was tested at least 15 times,
and the load-penetration depth curve was automatically recorded for
each indentation. Young’s modulus was automatically calculated using
the method proposed by Oliver and Pharr [28].

2.6. SBF testing

The assessment of the bioactivity of the BG granules involved their
immersion in Simulated Body Fluid (SBF), following the Kokubo pro-
tocol [29,30]. Specifically, 1.5 g of BG granules were submerged in 50
mL of SBF and incubated at 37 °C for durations of 3, 7, and 14 days. The
pH of the solution was monitored, and the SBF was replaced every 48 h.
The starting pH of the solution was 7.4 as specified by the Kokubo
protocol [30,31]. After each time interval, the granules were collected
via filtration and washed with distilled water. At the end of the test, the
samples were air-dried at room temperature for 24 h.

The apatite-forming ability of both heat treated and untreated
glasses was assessed using XRD and micro-Raman spectroscopy (Lab-
RAM, Horiba Jobin-Yvon, Villeneuve D’Aseq, France). The spectrometer
was equipped with a diode laser operating at a wavelength of 632.8 nm
and delivering 20 mW of power to the sample. The scattered photons
were dispersed using a grating monochromator with a resolution of
1800 lines/mm and then captured by a CCD camera. An optic with a
100x Ultra Long Working Distance (ULWD) objective was utilized. The
spectral data were collected through a series of 15 acquisitions, each
lasting 20 s. Lastly, the microstructure of the samples was examined
using ESEM equipped with X-ray energy dispersive spectroscopy (EDS)
(Inca, Oxford Instruments, UK), conducted under low-vacuum condi-
tions (~0.5 Torr).

2.7. Cytotoxicity according to ISO 10993

To prepare the eluates, BGs were incubated with Dulbecco Modified
Eagle Medium (DMEM) (Thermo Fisher Scientific, MA, USA) at 37 °C for
16 h, as recommended by ISO 10993-12 procedures [32]. Eluates were
sterilised using 0.22 pm filters (Merck-Life Science, Darmstadt,
Germany).

Balb/3T3 embryonic mouse fibroblast cell line (American Type
Culture Collection, ATCC) is widely used for testing cytotoxicity. Cells
were seeded at a density of 10° cells/well in 96-well plates and cultured
in DMEM supplemented with 10 % foetal bovine serum, 1 % penicillin-
streptomycin and 1 % non-essential amino acids (Thermo Fisher Sci-
entific). After 24 h, the culture medium was replaced with eluates at
different concentrations (i.e., 100 %, 50 %, 25 % and 12.5 %). Negative
and positive controls were set using the culture medium only, or the
culture medium plus 0.1 % sodium dodecyl sulphate (SDS, Merck-Life
Science), respectively. After additional 24 h, cell morphology was
evaluated under a phase-contrast microscope (DIAPHOT-TMD, Nikon,
Japan) and cytotoxicity was assessed with the MTT assay as
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recommended by the ISO 10993-5 protocol (Biological Evaluation of
Medical Devices - Part 5: Tests for In Vitro Cytotoxicity). Briefly, tetra-
zolium salts (1 mg/mL in DMEM) were added to the cell culture and
incubated at 37 °C in humidified atmosphere (95 % air and 5 % CO>) for
2 h, then the medium was removed, and 200 pL of dimethyl sulphoxide
were added to each well to dissolve formazan crystals. The optical
density (0.D.) was measured at 540 nm using a multiplate reader
(Multiskan FC, Thermo Fisher Scientific). Data were expressed as per-
centage of O.D. values of metabolically active living cells in cultures
with the presence of eluates compared to cells incubated in the absence
of eluates set at 100 %. Blank absorbance was represented by the me-
dium alone. MTT assay was performed in sextuplicate.

2.8. Cell viability and cell adhesion

Human dermal fibroblasts (HDFs) from adult donors (Cat #C-013-
5C, Invitrogen, USA) were cultured and maintained according to Boraldi
et al. [33]. BGs were sterilised by UV light and placed into 96-well
ultra-low adhesion plates (Cat #3474, Corning, USA) without
washing. HDFs were seeded onto BG (1.5x10° cells/50 mg of BG) and
cultured in standard cell culture conditions for 7 days. The culture
medium was changed every two days. At different times of culture (i.e.,
1h, 4 and 7 days), cell viability and cell morphology were evaluated by
MTT assay and by optical digital microscopy (VHX-7000, Keyence,
Japan), respectively. For cell morphology, the cells were fixed with 20 %
cold methanol and stained with 0.5 % crystal violet [34]. Area (total
area of each cell), perimeter, aspect ratio (the ratio between the major
and minor axis of a cell) were evaluated using the Image software
(v.1.53t) on approximately 80 cells/sample.

2.9. Cell growth

For cell growth assessment, 12-well plates (Falcon) were prepared
with a cell density of 6.0 x 10* cells/well in 1 mL of complete DMEM or
in 1 mL of 100 % eluate obtained from BG 45S5 Tgg (for the preparation
of the eluate see paragraph 2.7). Cells were cultured for 7 days with
changes of the medium (DMEM or eluate) on the fifth day of culture. Cell
counts were performed at day 1, 4 and 7 after seeding using the Neu-
bauer chamber.

2.10. Statistical analysis

One-way analysis of variance (ANOVA) was used for multiple com-
parisons and a Tukey post-hoc test was applied. Statistical analyses were
performed using GraphPad Prism 8.0 software (San Diego, CA). Values
are reported as mean + standard deviation (SD). Differences were
considered significant for p < 0.05.

3. Results and discussion
3.1. Thermal analysis

Fig. 1(A-E) presents the DTA curves of the BGs, acquired while
heating at a rate of 20 °C/min using fine powders (<63 pm). The
observed glass transition temperatures Tg for 45S5 and S53P4,
measuring 520 °C and 530 °C, respectively, are consistent with data
documented in existing literature [35-39]. Similarly, the data obtained
for Bio_MS aligns with the analysis conducted in prior research [7],
thereby establishing a foundational platform for comparing with other
MS-doped BGs. However, it’s important to note that while the findings
concerning the crystallization temperature T of 45S5 and Bio_MS align
with literature [7,35-37,39], the data for S53P4 contradicts existing
studies. Specifically, the recorded T is 648 °C, unlike the range found in
other studies, which report a T¢ between 730 °C and 805 °C [38,40].
This discrepancy could potentially be attributed to the granulometry
used for the DTA analysis or the heating rate employed during
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Fig. 1. DTA and HM analyses of: (A) 45S5, (B) S53P4, (C) Bio_MS, (D) 4555_MS and (E) S53P4_MS. The characteristic temperatures Tg, T¢ onset and T¢ are shown on
the DTA curves.

sintering temperature. However, this analysis alone does not compre-
hensively reveal the optimal sintering conditions for BGs but rather in-
dicates the temperature at which the glass begins to contract. Therefore,
additional studies were conducted to explore BGs behaviour under

evaluation. Further DTA analyses on BG coarse powder showed the
well-known effect of grain size on the thermal behaviour of the glasses.
Comparative data between powders and granules for each composition
are provided in the Supplementary Materials (Fig. S1), highlighting an
increase in T¢ with increasing grain size, consistent with literature various sintering conditions.
findings [41].
Fig. 1 also illustrates the results of the HM analysis, delineating the 3.2. Sintering behaviour

sintering, softening (marking the initiation of BG collapse owing to

viscous flow), and melting temperatures of the samples. The data Table 2 showcases the results obtained from a shrinkage assessment
highlighted that the “MS” samples exhibit higher sintering temperature conducted at different temperatures, highlighting the best sintering
compared to their parent glass, with Bio_MS showing to have the highest temperature Tgg in green. For 45S5, as observed by Bretcanu et al. [35]
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Table 2

Values of shrinking (expressed as percentages) of the BG disks after heat treat-
ment for 3 h at different temperatures. The highlighted values represent the
highest value of shrinkage measured for each BG.

Shrinkage % at the respective temperatures

Sample 650 °C 750 °C 850 °C 950 °C 1050 °C

4585 2% 2% 3% 7 % 10 %
(+0.48) (£0.91) (+0.52) (+0.96) (£1.21)

S53P4 10 % 7 % 7 % 8% -
(£0.68) (£1.81) (£0.96) (£1.51)

Bio_MS 0% 13 % 13 % 10 % 10 %
(+0.40) (+0.55) (£1.24) (+£0.62) (£1.30)

45S5_MS 13 % 14 % 13 % 9 % 9 %
(+0.62) (+0.96) (£1.44) (£1.02) (£0.35)

S53P4MS 8% 14 % 11 % 7 % 14 %
(£1.33) (£1.08) (£1.30) (£2.41) (£1.07)

and Lefebvre et al. [42], the sintering process reveals two distinct stages:
an initial phase followed by a more prolonged and marked stage.
Densification initiates at 650 °C during the first step, while the second
densification phase starts at 950 °C, peaking at 1050 °C. The shrinkage
associated with the first step measures approximately 2 %, whereas a
higher shrinkage rate of around 10 % was recorded during the subse-
quent phase of densification. Remarkably, the Tpg identified in this study
aligns with findings reported by Chen et al. [43]. In the case of the
S53P4, the glass exhibited the highest level of shrinkage at 650 °C,
suggesting this temperature as potentially ideal for the sintering process.
However, this observation contradicts other studies that identified
720 °C as the optimal sintering temperature [38,44]. It is worth noting
that in these studies, the determination of the optimal sintering tem-
perature relied on manually testing the fragility of BG-scaffolds pro-
duced at different temperatures. It is noteworthy to mention that the
S53P4 samples encountered difficulty in being sintered at 1050 °C due to
glass softening, thus making the measurement of shrinkage impossible
in those conditions. Regarding Bio_MS, its identified Tpg aligns with the
findings of a previous study [7]. Similarly, for other MS-doped bioactive
glasses, the maximum densification occurred at 750 °C, diverging from
the sintering temperatures suggested by the HM analysis, which were
50-100 °C lower. Notably, Bio_MS, 4555_MS, and S53P4_MS also exhibit
superior sinterability compared to commercial BGs.

Table 3 summarizes the characteristic temperatures found for the
five glass compositions. The processing window, defined as the differ-
ence between the temperature of crystallization onset and Tg, and the
sinterability parameter (S¢ = Tc onset - Tps) are reported as well. The
sinterability parameter Sc of a glass is an estimate of its sintering ability
versus its crystallization trend. In particular, if T¢ onset is lower than the
sintering temperature, then Sc < 0 and the glass is likely to crystallize
before it can sinter; this usually results in non-optimal densification. On
the other hand, if Sc > 0, the glass can sinter without crystallizing, and
thus compaction is promoted.

It is crucial to highlight the beneficial effect of reducing the alkaline
content and doping with Mg-Sr on the sintering behaviour of BGs. This

Table 3

Characteristic temperatures of the five BGs, obtained through various tech-
niques: Tg glass transition temperature; Tc onset ONSet crystallization tempera-
ture; Tc peak crystallization temperature; Tps best sintering temperature;
processing window (T¢ onset - Tg), and sinterability parameter (S¢ = Tc onset -
Tgs)-

T Tconset Tc Tgs Processing Sc
window
4585 520°C 560°C 638°C 1050°C 40°C <0
S53P4 530 °C 615 °C 648 °C 650 °C 85°C <0
Bio_MS 635°C 830°C 869°C 750°C 195°C 80 °C
45S85_MS 570°C 740°C 779°C  750°C 170 °C <0
S53P4MS 620°C 810°C 874°C 750°C 190 °C 60 °C
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leads to increased sample shrinkage and widens the processing window
of doped BGs. This observed trend likely results from various factors
contributing to higher T¢: lower Na content in doped BGs, potentially
reducing glass network mobility [45], enhanced stability of MgO-doped
glasses due to MgO’s inhibitory effect on crystallization [9], higher
entropy supporting the preservation of the BG network’s amorphous
structure, and the possible augmentation of flow viscosity owing to the
presence of Sr2* [46].

3.3. Phases analysis

Fig. 2 presents XRD analysis results of 45S5 and 45S5_MS subjected
to different heat treatments: untreated and heated at T¢ and Tgg for 3 h.
Our analysis indicates that after post-thermal treatment, the primary
crystalline phase identified is combeite (NasCa4SigO18, JCPSD no. 01-
079-1086). This aligns with previous studies on the crystallization of
45S5 [47,48], although other crystalline phases have also been identi-
fied [49,50]. The influence of Mg and Sr on the crystallization behaviour
must be considered. Notably, the doped glass exhibits a lower degree of
crystallization compared to pure 45S5. This finding suggests the po-
tential for significant control over the crystallization of doped BG,
enabling regulation of the crystalline-to-amorphous BG ratio. Such
control could potentially dictate the mechanical and bioactive proper-
ties of the BG [51]. It is important to note that the analysed samples do
not display any peak associated with crystalline phases of Mg and/or Sr,
as confirmed in previous studies [52]. Fig. 3 displays the XRD analysis of
the five BG compositions treated at Tgg for 3 h. The analysis indicated
the formation of combeite (Na4Ca4Si6018, JCPSD no. 01-079-1086) in
thermally treated S53P4, as reported elsewhere [53]. The impact of
Mg-Sr doping and the concurrent reduction in the alkaline element
content on crystallization is readily apparent, as the doped BGs exhibit
minimal to no crystallization. Specifically, a lower tendency to crystal-
lize is observed in BioMS and S53P4_MS. This tendency could be
attributed to their lower sodium content, resulting in reduced diffusion
coefficients and slower rates of crystal growth [54].

3.4. Physical and mechanical properties

Fig. 4 presents the cross-section images of BG samples heat treated at
their respective Tgs. The diagram in Fig. 5 illustrates the density ob-
tained through image analysis. Notably, all examined BG compositions
demonstrate exceptional density levels, surpassing 95 %. While Bio_MS
exhibits higher shrinkage compared to the commercial BGs, its density is
slightly lower. This discrepancy in density may be attributed to larger
pore dimensions observed in Bio_MS compared to those of other BG
compositions. Regarding other MS-doped BG compositions, the higher
shrinkage aligns with the increased density found by image analysis,
confirming the superior sinterability of these BG compositions.

The chart depicted in Fig. 6 provides the results of the mechanical
properties of the BGs analysed in the present study. Consistently, the
hardness values obtained for 45S5 and S53P4 align with established
literature sources [55,56]. However, there is a noticeable scarcity of
studies specifically investigating the hardness of Bio MS or the
MS-doped compositions, although the results presented here indicate
higher values compared to other Mg or Sr doped BGs [12,57]. The
impact of Mg and Sr on the hardness of 45S5_MS is clearly discernible
from the data, as it results higher than the reference commercial BG. In
contrast, data suggest a marginal reduction in hardness within the
S53P4_MS sample. This distinct behaviour might be linked to the
different Mg-Sr/Si ratios. Notably, Mg exhibits dual characteristics as
both a network modifier and a network former [58], potentially
resulting in the formation of quite strong Mg-O-Si bond [57] or the
weakening of the overall glass network [15]. In the case of Sr-doped BGs,
the potential weakening of the glass structure is attributed to the small
but significant expansion of the glass network as a consequence of the
substitution of Ca by Sr [59]. This expansion occurs due to the larger size
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Fig. 3. XRD spectra of the five BGs after heat treatment at Tgg for 3 h.
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of the Sr?* cation compared to Ca?". The impact of doping on the elastic
modulus (E) appears to be minimal, aligning with findings similar to
those reported by Sharifianjazi et al. [57]. Nonetheless, direct compar-
isons with existing literature present challenges due to the scarcity of
studies specifically addressing the mechanical properties of bulk BG. It’s
important to note that the presence of residual pores and variations in
powder granulometry might significantly impact the mechanical prop-
erties of sintered BGs [12,60]. This aspect warrants further investigation
and consideration in interpreting the presented results.

Finally, it is important to note that BGs are intrinsically brittle ma-
terials and, therefore, in load bearing applications, are used as coatings,
e.g. on metallic prostheses. In this case, besides the fact that the BGs are
thermally treated, it is important to pay attention to the mismatch of the
coefficient of thermal expansion of the BG and the metallic substrate. In
fact, due to such mismatch, thermal stresses may arise [61,62].

3.5. SBF assesment

Fig. 7(A-C) compares the effects of different composition on the pH

Fig. 4. (A-E). SEM micrographs of the cross-sections of the five BGs disks samples heat treated at their respective Tgs.

52824



D. Bellucci et al.

) “III

Hin %14 ATHT WS REIPE NS

v

]
7

[enisi

Fig. 5. Calculated density of the BG disks after sintering at Tps. Results were
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of the SBF, to show the pH variation in the same heat treatment con-
ditions. Results show that the heat treatment can influence the reactivity
of BG compositions, as reported in other studies [63]. In the same figure,
the optimal pH range for tissue regeneration has been added [64].
Indeed, it has been demonstrated that a weakly alkaline environment,
up to pH 8, can enhance osteogenic activities and promote antibacterial
effects without toxic effects on cells [65-68]. Taking this into account, a
delayed and lower reactivity of BG can be seen positively, considering
the need for a controlled, slower reaction while retaining bioactivity.
This result was achieved with BGs doped with Mg and Sr and a lower
alkali content. Moreover, these findings are consistent with the litera-
ture, which reports that Mg and Sr influence the reactivity of BG in vitro
[11,69]. Furthermore, it can be seen how the doped samples heat treated
at Tgg are able to maintain a lower pH than the samples heat treated at
Tc. This finding is promising for glasses containing Mg and Sr, since it
may point to a greater propensity of these compositions for the appli-
cation as sintered BGs, allowing a simpler and more successful devel-
opment of sintered parts.

The in vitro bioactivity of a BG, specifically its ability to induce an HA
precipitation, can be assessed using Raman spectroscopy. The results of
the analysis are depicted in Fig. 8, illustrating the Raman spectra of
untreated granules of 45S5, S53P4, Bio_MS, 45S5_MS and S53P4_MS
after soaking in SBF for 7 days. Analogous results were obtained from
the analyses of crystals grown on the surfaces of heat-treated BGs. A
representative Raman spectrum acquired on the precipitates of a heat-
treated sample is reported in the Supplementary Materials (Fig. S2).
Examination of the spectra reveals the presence of typical peaks attrib-
utable to in vitro precipitated HA: one around 430 cm ™!, another at 590
em™!, and a prominent narrow peak at about 960 cm L. These peaks can
be attributed to the bond stretching of the (PO4)3' groups [71,72].
Moreover, a peak at 1070 cm™?, related to the stretching of the car-
bonate groups, confirms that the HA formed is carbonated, as reported
in the literature [73]. These observations apply to all untreated samples
following a 7-day immersion in SBF, thus confirming their bioactivity.
However, the kinetics of HA deposition on the surface of the granules
varies among the samples. The diminished reactivity of BGs containing
Mg and Sr, which may ultimately lead to less HA precipitation, can be
observed through the analysis of the Raman spectra. An example of this
behaviour is illustrated in Fig. 9(A and B), which shows the Raman
spectra of untreated S53P4 and S53P4_MS granules, both as-fritted and
after soaking in SBF for 3 and 7 days. Examination of the spectra of both
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Fig. 7. (A-C). pH variation induced by the untreated samples (A), and by the heat-treated samples at T (B), and Tgs (C). The green area represents the optimal pH for
osteoblast activity [70]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Raman spectra acquired on untreated BG granules after immersion for 7
days in SBF.

samples before immersion in SBF reveals a broad peak at 625 cm™,

corresponding to the vibration of the Si-O-Si silicate groups [74].
Additionally, a broad peak around 940 cm ™! is due to the vibration of
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the (PO4)3' groups present in the BG structure [75]. After 3 days
S53P4_MS exhibits result similar to those at time 0 day (Fig. 9B),
whereas the spectrum of S53P4 showed peaks at 430 cm ™}, 590 cm ™,
960 cm ! and at 1070 cm ™! (Fig. 9A). Similar results were obtained for
untreated 45S5 and 45S5_MS granules soaked in SBF; the Raman spectra
observed for Bio_MS granules closely resemble those seen in glasses that
contain strontium and magnesium (data not shown).

The surfaces of the samples after immersion in SBF were observed
using SEM. A qualitative chemical analysis was conducted by means of
EDS. Figs. 10 and 11 present the results of the SEM/EDS analysis of the
surfaces of some representative BGs after soaking in SBF. Specifically,
Fig. 10(A-D) shows the SEM/EDS of the S53P4 (A-B) and S53P4_MS (C-
D) samples after 3 days of soaking in SBF solution, respectively. Results
show that the surface of S53P4 is covered by spherical particles with a
cauliflower-like structure, which is typical of the HA formed in vitro.
However, these kinds of deposits cannot be detected on the surface of the
S53P4_MS samples, apart from local formations, supporting the previous
hypothesis of the slower reactivity of this composition compared to its
counterpart that does not contain strontium and magnesium. Additional
considerations can be made based on the EDS analysis. In fact, in the EDS
spectrum of S53P4_MS, a pronounced presence of silicon is observed,
indicative of the formation of a superficial silica gel layer. The gel for-
mation is an essential part of the reactions leading to the precipitation of
HA and dehydrates after extraction from SBF, resulting in the typical

-l
| ;

Fig. 10. (A-D). (A) SEM micrograph of S53P4 sample after 3 days of soaking in SBF, and (B) EDS analysis of the highlighter (red) area in micrograph (A). (C) SEM
micrograph of S53P4_MS sample after 3 days of soaking in SBF, and (D) EDS analysis of the highlighter (red) area in micrograph (C). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 11. (A-D). (A) SEM micrograph of 45S5_MS sample, heat treated at T¢ after 7 days of soaking in SBF, and (B) EDS analysis of the highlighter (red) area in
micrograph (A). (C) SEM micrograph of S53P4_MS sample, heat treated at T after 7 days of soaking in SBF, and (D) EDS analysis of the highlighter (red) area in
micrograph (C). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cracked surface visible in Fig. 10 (C) [75,76]. Furthermore, the EDS
analysis shows an increase in the phosphorus peak, attributable to the
formation of localized precipitates rich in phosphorus and calcium,
precursors of HA [77]. It can therefore be concluded that the HA for-
mation process on S53P4_MS is at a less advanced stage. The presence of
small amounts of magnesium and chlorine on the S53P4 sample (Fig. 10
(A)) is likely due to the deposition of salts precipitating from the SBF, as
reported by the literature [78]. Similar observations can be made for the
45S5 and 45S5_MS samples. Regarding Bio_MS, after 3 days, it tends to
behave in vitro like the other glasses containing magnesium and stron-
tium (data not shown).

Fig. 11(A-D) shows the EDS analysis for the 45S5_MS (A-B) and
S53P4_MS (C-D) samples after heat treatment at T¢ and 7 days of im-
mersion in SBF. This analysis aims to highlight the different effects of Mg
and Sr, as well as a lower alkali content, on two different BG composi-
tions. On the surface of the 45S5_MS (Fig. 11 (A)) some globular pre-
cipitates are clearly visible. EDS analysis confirms that these precipitates
have high concentrations of Ca and P, supporting the hypothesis of HA
formation on the surface (further confirmed by Raman investigation —
data not shown). Fig. 11(C and D) shows the results of S53P4_MS after
heat treatment at T¢. Some HA precipitates are visible, but the surface is
less covered compared to the 45S5_MS samples, indicating lower
bioactivity of the S53P4_MS sample, even after 7 days of exposure to
SBF. Nevertheless, both experimental compositions are bioactive after
heat treatment at Tc.

These results are further supported by Fig. 12, which illustrates SEM
images comparing the temporal evolution of the surfaces of untreated
BG samples containing Mg and Sr after 3, 7, and 14 days of soaking in
SBF. It is evident that, after 3 days, the samples containing Mg and Sr
present few to none deposits with the typical morphology of HA, thus
confirming, as previously discussed, that the Mg/Sr doped compositions
are less reactive than the undoped counterparts [69]. However, after 14
days of immersion, all surfaces are covered with a layer of HA, con-
firming the bioactivity of all BGs and the abundant deposition of HA on
their surfaces after 14 days of immersion.

Finally, Fig. 13(A-J) presents SEM images of BGs, both non-heat-
treated and heat-treated at T, after 14 days of soaking in SBF. These

images demonstrate that all the samples are highly bioactive after 14
days in SBF, as they exhibit HA globular precipitates on their surfaces.
This further supports the high reactivity of these BGs, even after thermal
treatment.

3.6. Biological assessment

3.6.1. Cytotoxicity test

MTT test is routinely used to evaluate the possible cytotoxicity of
biomaterials and other medical devices, before conducting more
detailed analyses on more complex experimental models [79]. MTT is a
yellow tetrazolium salt that is metabolized by mitochondrial de-
hydrogenases leading to the formation of purple formazan crystals [80].
The intensity of the purple colour is representative of the number of
metabolically active cells capable of converting MTT, as an indicator of
cell proliferation, viability and cytotoxicity. According to ISO 10993-5,
samples are considered noncytotoxic when the cell viability is never
below the threshold value of 70 % compared to cells cultured in the
absence of eluates (set ay 100 %) (Fig. 14) Balb 3T3 fibroblasts were
incubated with different concentrations (i.e., 100 %, 50 %, 25 % and
12.5 %) of eluates from the different BGs untreated and treated at
different temperatures (Fig. 14). Only the positive control (i.e., cells in
DMEM + SDS) shows cytotoxicity, while all tested BGs, regardless of
their different composition, heat treatment and eluates’ concentration,
do not exhibit any cytotoxic effect.

3.6.2. Viability and adhesion of human dermal fibroblasts grown onto BGs

BGs have several well-known clinical applications in dental or or-
thopaedic areas as scaffolds promoting bone regeneration [81,82]. Data
reported in previous sections have already highlighted the ability of BGs
to favour the deposition of hydroxyapatite due to ion exchange on the
BGs’ surface, even in the absence of cells.

Therefore, we aimed at widening the spectrum of possible applica-
tions of BGs also in the field of soft connective tissue repair, given the
clinical impact of defective wound healing [83]. In this study we have
evaluated cell viability and the interactions between BGs and human
dermal fibroblasts (HDFs) in primary culture as a prototype of soft
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Fig. 13. SEM micrographs of: 45S5 (A), S53P4 (B), Bio_MS (C), 45S5_MS (D), and S53P4_MS (E) untreated granules after 14 days of soaking in SBF, and 45S5 (F),

S53P4 (G), Bio_MS (H), 45S5_MS (I), and S53P4_MS (J) granules heat treated at T, after 14 days of soaking in SBF.
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Fig. 14. 1SO 10993-5 cytotoxicity test. The viability of the Balb 3T3 cell line was evaluated by the MTT test after 24 h in the absence (DMEM, Ctrl-) or in the
presence of different concentrations (100 %, 50 %, 25 % and 12.5 %) of eluates from the BGs. The positive control was represented by cells treated for 24 h with
DMEM plus 0.1 % SDS (Ctrl +). Optical density (0.D.) from cells cultured in DMEM was set at 100 %. The dotted line represents the threshold value of 70 %,
compared to Ctrl-, that, according to the ISO 10993-5 guidelines, is required to demonstrate the absence of cytotoxicity. Values represent the mean + SD of two
independent experiments. (T¢ = crystallization temperature; Tgs = best sintering temperature).

connective tissue mesenchymal cells producing the different compo-
nents of the extracellular matrix [84,85].

Since, we have previously demonstrated that a novel patented BG,
Bio_MS [86], due to the integration of Mg and Sr (MS) in its composition,
has promising applicative perspectives and improved thermal proper-
ties, we included in our biological evaluations also two commercially
available BGs (i.e., 45S5 and S53P4) modified with the addition of MS.

Furthermore, to better investigate the behaviour of cells directly
interacting with BGs, HDFs were seeded on the surface of BGs and cell
viability, adhesion properties and morphology of cells at different time
points, up to 7 days, were evaluated.

Data reported in Fig. 15 for Bio_MS indicate that cell viability is
affected by the treatment at T¢ but not at Tgs. To be noted, however, that
reduction of cell viability at 4 and 7 days, compared to 1h, was always

less than 20 %.

Morphological observations and morphometrical analyses per-
formed on HDFs grown on Bio_MS at different temperatures of treatment
demonstrated good adhesion properties (see Fig. 16). A consistent
number of cells adhered to the surface of BGs independently of treat-
ments. As expected, cells were round after 1 h but appeared well spread
and elongated after 4 and 7 days from seeding. At 7 days, fibroblasts on
Bio MS T. appeared slightly, but significantly smaller compared to
Bio_MS, suggesting that changes in the characteristics of the BG’s surface
may influence the way cells interact with the BG. In this case, the
bioactivity of Bio_MS treated at Tgg is not influenced by the sintering
temperature. Indeed, as demonstrated in previous studies, one of the
advantages of the Bio_MS formulation is the wide processing window
with regards to heat treatment. Developing formulations that can be
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Fig. 15. Cell viability of human dermal fibroblasts grown for 1 h (1h), 4 and 7 days (4d and 7d) on Bio_MS untreated or treated at different temperatures (T¢ =

crystallization temperature; Tgs = best sintering temperature).

Data are expressed as mean values & SD. Values obtained with Bio_MS at 1h without any treatment were set at 100 %.
§p value < 0.05 of 4 or 7 days vs 1h in the same experimental condition; *p value < 0.05, **p value < 0.01, ***p value < 0.001 between BGs untreated or treated at

different temperatures at the same time point.
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Fig. 16. Representative images of HDFs seeded for 1 h, 4 and 7 days on Bio_MS untreated and treated at different temperatures (T¢ = crystallization temperature;
Tps = best sintering temperature). Violin plot representing area, perimeter and aspect ratio evaluated after 7 days of culture. & p < 0.05, && p < 0.01 MS T¢ vs MS; $

p < 0.05 MS Tgs vs MS Tg; ° p < 0.05 MS Tgg vs MS.

sintered without forming crystals and that are able to maintain good cell
viability is an essential requirement for biomedical perspectives [87].
Since thermal treatments are necessary for the manufacturing of com-
posite materials, porous scaffolds or coatings [87], Bio_MS treated at Tgg
emerges as a possible candidate capable of maintaining high biocom-
patibility even after treatment at high temperatures.

The same type of analyses described for Bio-MS, were performed on

BGs used as reference standards and on the same commercial BGs also
supplemented with MS.

Fig. 17 indicates that cell viability is progressively reduced on 45S5
without addition of MS and that these effects are particularly evident
after treatment at Tgs. Data seem in contrast with the well-known
properties of this BG, that represents the gold standard for implants,
for supporting structures to be used in bone tissue regeneration [88] or

52830



D. Bellucci et al.

Ceramics International 50 (2024) 52819-52837

Fime 1555 1555 4585 4585 MS 4585 MS 4585 MS
Wy Fs Iy lis
I h 10T 9] 912 [12=14 11448 QE+R
44 SE-TeE Q3420 OepisE g4 S pLALATH Q340
Td OGTLI00E GO B LT L 10g+20 1 1340 24

Fig. 17. Cell viability of human dermal fibroblasts grown for 1 h (1h), 4 and 7 days (4d and 7d) on 45S5 and 45S5_MS untreated or treated at different temperatures
(T¢ = crystallization temperature; Tps = best sintering temperature). Data are expressed as mean values + SD. Values obtained with 45S5 without any treatment at 1

h were set at 100 %.

¥p value < 0.05, ¥p value < 0.01, *¥p value < 0.001, **p value < 0.0001 of 4 or 7 days vs 1h in the experimental condition; *p value < 0.05, *#p value < 0.01 of 7 vs
4 days; *p value < 0.05, **p value < 0.01, ***p value < 0.001, ****p value < 0.0001 between BGs untreated or treated at different temperatures at the same

time point.

for the re-mineralization of tooth enamel [89,90]. However, its appli-
cability and usability in the regeneration of loose connective tissues or in
wound repair have been poorly investigated [91-93]. Within this
context, it is worth mentioning that most of the data in the literature
concerns the use of bone-related cells. For instance, 45S5 does not
interfere with osteoblast viability, since these cells are well adapted to
the extra- and intracellular alkalinization exerted by the BG [94].
Interestingly, a previous study by Day and coworkers [95], using a
fibroblast cell line (208F) cultured on surfaces coated with 45S5,
demonstrated a reduced cell proliferation depending on the time of
culture (48 and 72 h) and/or on the concentration (0.01-0.2%wt/vol) of
45S5. In the light of these data we can suggest that HDFs in primary
culture, compared to other cells, may have different interactions with
the BG and that even local changes in the pH, without any pre-treatment
of the BG (e.g., with serum components, simulated body fluid - SBF, or
with adhesive glycoproteins) [96], can influence cell adhesion [97] and
cell proliferation, possibly mimicking in vitro what can happen in vivo, i.
e. when the BGs are implanted.

It is well known that the adsorption of proteins on the BG is influ-
enced by numerous factors, both external (e.g., pH and temperature)
and internal (e.g., surface charges and topography of the BG surface)
[98].

Interestingly, MS-doped BG showed a significantly improved cell
viability, effects being also independent of temperatures. At 7 days of
culture, the viability of cells grown on doped BGs was 1greater than on
BGs. Noteworthy data obtained with the 4555_MS Tgs vs 45S5 Tgs since
addition of MS completely abolished the cytotoxic effect of the thermal
treatment. In doped-BGs cell viability showed a general decrease at day
4 and an increase at day 7. These data suggest that 45S5_MS, regardless
of treatment, induces an initial selection within the cell population in
favour of a subpopulation capable of better adapting to the microenvi-
ronment, as already observed in the literature [99].

The better performance observed for the doped 45S5 is associated
with the addition of MS. This result is not surprising, as it has been
already demonstrated that the addition of Mg to BGs promotes the
adhesion of bone-derived cells [100]. Indeed, previous studies demon-
strated that Mg promotes cell adhesion favouring the synthesis of
collagen type I, vitronectin, fibronectin and the activation of kinases
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associated with focal adhesions in osteoblasts [101,102] as well as in
human fibroblasts [103]. Furthermore, also Sr can act as an inducer of
cell adhesion and proliferation, as shown on BGs subjected to treatments
at temperatures that can compromise the bioactivity of the biomaterial
[25], and can promote both osteogenesis and angiogenesis when added
to BG nanoparticles [10]. Furthermore, Sr can maintain an optimal pH in
the surrounding environment, thus ensuring good cell viability [104].

The interactions between cells and BGs were also assessed by eval-
uating the morphology of HDFs grown up to 7 days on 45S5 and
45S5_MS at different temperatures. Morphometric analyses were also
performed at 7 days to quantitate differences in the spreading of the
cells.

HDFs adhered well on all BGs at 1h, although, as expected, they are
still round. Over time in culture, cells acquired a more elongated shape
except for 45S5 Tgs. Due to the low number of cells on 45S5 Tgs,
morphometric analyses on these samples were not performed.

MS-doped BG allowed to maintain the number of adhered cells that
exhibited a more spread morphology compared to cells on 45S5 (Fig. 18)
confirming the beneficial role of MS addition.

Since cell viability and adhesion were severely affected on 45S5 Tgs,
we wanted to test if the observed effects were due to the release of
specific components affecting cell behaviour or if the cells negatively
responded to changes of the surface of the BGs. Therefore, HDFs were
cultured on standard multiwell plates in the presence of DMEM or of
100 % eluates from 45S5Tgs. Fibroblasts, in the presence of 100 % 45S5
Tgs eluates, exhibited good proliferation capabilities (see Fig. 19).

Data demonstrate that the reduced cell viability observed with 45S5
Tpgs is not due to cytotoxic components released by the BG but could be
linked to modifications of the microstructure of the BG following heat
treatment, as suggested by previous studies [105]. The operating con-
ditions adopted during the sintering process for the consolidation of the
powders, can modify the compositional and structural characteristics of
the BG, which in turn influence mechanical and biological properties.
Indeed, it has been observed that, as the temperature increases, the
surface of 45S5 goes from smooth to wrinkled with consequences on the
bioactivity of the BG [105]. Therefore, cell viability is not influenced by
ions and/or toxic components released by the BG, but more likely by
changes occurring on the surface of the BG after treatment at sintering
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Fig. 18. Representative images of HDFs seeded for 1 h, 4 and 7 days on 45S5 and 45S5_MS untreated and treated at different temperatures (T¢ = crystallization
temperature; Tps = best sintering temperature). Violin plot representing area, perimeter and aspect ratio evaluated after 7 days of culture. **p < 0.01, ***p < 0.001,
*xx%p < 0.0001 all conditions vs 45S5; &p < 0.05, ¥¢p < 0.01 MS T¢ vs MS; °p < 0.0001 MS Tgg vs MS; *p < 0.01 MS Tyg vs MS Tc.
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Fig. 19. Cell proliferation. HDF were grown in DMEM or in DMEM+ 100 %
eluate from 45S5 Tpg (Tgs= best sintering temperature) and cell number
evaluated at different time points after seeding. There are no significant dif-
ferences between the two experimental conditions. Data are expressed as mean
values + SD.

temperature.

In Fig. 20 data show the viability of cells grown on the S53P4, that
was developed and mainly used in clinical applications related to bone
healing, vascularization, and cartilage repair [106,107]. Although there
are several data in the literature related to the effect of BG S53P4 on
bone-derived cells (osteoblasts and osteoclasts) [108-110], to our
knowledge, there are no studies on the use of dermal fibroblasts.

In the present study, cell viability is progressively reduced on the BG
both without any heat treatment or at temperatures T¢/Tgg. Similarly, to
45S5_MS, also S53P4_MS showed significantly improved cell viability,

effects being independent on temperatures.

The interactions between cells and S53P4 BGs were assessed by
evaluating the morphology of HDFs grown up to 7 days on the BGs.
Morphometric analyses were also performed at 7 days to quantitate
differences in the spreading of cells.

When HDFs were grown on S53P4, after 1h, cell behaviour was
similar to that on 45S5. By contrast after 4 and 7 days, the number of
adhered cells was reduced on BG treated at T¢/Tgs, thus underlining the
effect of treatment on adhesion and cell viability of cells in contact with
BGs. On the contrary, S53P4_MS exhibited nicely spread and typically
elongated HDFs. Data, once more, clearly demonstrated the positive
effect of the addition of Mg and Sr to the BG (Fig. 21).

Finally, to better evaluate cell viability of HDFs in the different
experimental conditions, BGs were compared to each other based on
their formulation, regardless of the heat treatment. In particular, cell
viability was evaluated on BGs without heat treatment (NHT), on BGs
treated at crystallization temperatures (Tc) and on BGs treated at best
sintering temperatures (Tgg). The cell viability data were compared with
results of the non-thermally treated 45S5, considered the gold standard
of BGs currently on the market [88].

In group NHT, cell viability on 45S5_MS and Bio_MS was higher than
on standard BG (45S5) (Fig. 22).

In group T, cell viability was significantly higher for all BGs with MS
compared to the same BGs without MS (Fig. 22).

In group Tgg it clearly emerges that the addition of MS to the BGs
significantly increased the cell viability of HDFs compared to formula-
tions without MS. Furthermore, cell viability was similar among the
three MS-containing BGs (Fig. 22).
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Fig. 20. Cell viability of human dermal fibroblasts grown for 1 h (1h), 4 and 7 days (4d and 7d) on S53P4 and S53P4_MS untreated or treated at different tem-
peratures (T¢ = crystallization temperature; Tgg = best sintering temperature). Data are expressed as mean values + SD. Values obtained with S53P4 were set at 100
%. §p value < 0.05, §5p value < 0.01, §§5p value < 0.001, §5§5p value < 0.0001 of 4 or 7 days vs 1h in the same experimental condition; *p value < 0.05, *#p value <
0.01 of 7 vs 4 days; *p value < 0.05, **p value < 0.01, ***p value < 0.001, ****p value < 0.0001 between BGs untreated or treated at different temperatures at the
same time point.
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Fig. 21. Representative images of HDFs seeded for 1 h, 4 and 7 days on S53P4 and S53P4_MS untreated and treated at different temperatures (T¢ = crystallization
temperature; Tgs = best sintering temperature). Violin plot representing area, perimeter and aspect ratio evaluated after 7 days of culture. *p < 0.05, **p < 0.01,
wxkp < 0,001, ****p < 0.0001 all conditions vs $53P4; % p < 0.01, ¥44& p < 0.0001 MS T¢ vs MS; ° p < 0.0001 MS Tgg vs MS; ++-++ p < 0.0001 T¢/Tgg vs MS Tg; ™
p < 0.01, ™ p < 0.0001 T¢/Tps vs MS Ts.
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Fig. 22. Violin plot representation of the cell viability of HDFs grown on non-heat-treated (NHT) or heat-treated bioglasses (BGs) for 7 days. T¢ = crystallization
temperature; Tps = best sintering temperature. Values of optical density (O.D.) obtained with 45S5 at 7 days were set to 100 %. *p value < 0.05; **p value < 0.01;

***p value < 0.001; ****p value < 0.0001.
4. Conclusions

The results show several positive effects of the substitution of Mg?*
and Sr?* ions in the “MS” BG compositions. Specifically:

e Both Tg and T¢ show a significant increase in value in MS-doped BGs,
while also showcasing a wider sintering window. This may allow for
low temperature sintering of the BGs.

Heat treating the MS-doped BGs resulted in quasi-amorphous or low-
crystallites-containing structures. Lower temperatures were able to
create sintered BG samples while retaining a mostly amorphous
structure. Densification was also higher for the MS-doped BGs.
45S85_MS showed better mechanical properties after sintering heat
treatment compared to sintered 45S5. Meanwhile, S53P4_MS
showed mechanical properties similar to other BGs in this study.
The MS-doped BGs resulted bioactive after SBF testing, although
they presented slower reaction kinetic. This can also prove benefi-
cial, as the pH of the solution increased less compared to the undoped
BGs.

e A good interaction between bioglasses and HDF suggesting their
possible use in soft connective tissues, in addition to what has
already been demonstrated for bone and cartilaginous tissues.
Treatment at high temperatures can modify the surface of BGs with
consequences on cellular adhesion, as highlighted in the case of 45S5
Tgs.

Bio_MS, a recently formulated BG, confirms its excellent biocom-
patibility also using HDF.

The integration of MS in two BGs which, in the standard formulation,
are already widely used for orthopaedic and dental applications,
further improves the performance of BGs;

The positive effect of MS is particularly evident when BGs are treated
at T¢ and Tgs.
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