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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini The antioxidant activity of Mn as additive in a 45S5 type glass system with and without P,Os was studied by
mimicking the activity of catalase (CMA) and superoxide dismutase (SOD) enzymes. Glasses were melted either
under oxidizing or reducing atmosphere (N2/H3) to compare the processing influence on the Mn oxidation state.
Thermal (DTA) and optical (UV-Vis) characterizations of the glass powders were carried out to obtain further

insight into the structural role of Mn. A correlation of in vitro apatite formation between Tris buffer solution and
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Sulrﬁzl:;: dismutase Simulated Body Fluid (SBF) was performed to optimise Mn substitution, where a decrease in apatite formation
Apatite was observed by increasing Mn content. Despite this, glasses with up to 1.0 mol% MnO did not show any delay in

apatite formation and maintained their CMA and SOD activity. The antioxidant effect of Mn can be attributed to
the interconversion Mn?* « Mn>* occurring on the glass surface through a heterogeneous catalysis. P2Os plays
an important role in the antioxidant effect of the glass, possibly by charge balancing Mn ions and forming more
stable units compared to those formed with Ca and Na. The amount of Mn®" is predominant in the glass network
with respect to Mn®" in all synthetized glasses. Moreover, glass melting in a reducing atmosphere further avoided

Mn oxidation.

1. Introduction

The implantation of biomaterials to treat and repair tissues has
inherent inflammatory and repair mechanisms. During these processes,
redox reactions occur and cells such as platelets and macrophages
release reactive oxygen species (ROS). With this regard, the effect of
oxidative stress in biomaterials has been overlooked despite the influ-
ence of the chemical composition, surface properties and by-products
being of importance in the production of oxidant molecules. Further-
more, low levels of oxidative stress can lead to a low immunological
response and infections while high levels are associated with implant
rejection [1].

It has been investigated that an in vitro decrease in superoxide-
dismutase (SOD) enzymes after exposure to Ti6Al4V implants, with
high ROS levels such as superoxide anion (O3), was associated with
pathological events after implantation of coronary artery stents. Addi-
tionally, pre-existing inflammation in the host tissue was reported to be
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an affecting factor of the redox balance and tissue repair [1].

As the first biomaterial to be considered bioactive, Bioglass® 45S5
[2,3] has extensive potential applications owing to the multiple options
in which its glass network can be modified, by means of doping with
alkaline, alkaline earth and transition metal ions [4,5]. It has been
proved that one of the main factors controlling the
composition-degradation relationship is the silicate network connec-
tivity (NC) given by its chemical composition [6,7]. Consequently, the
glass dissolution mechanism plays a key role in its bioactivity, allowing
for tissue regrowth and actively stimulating cells to produce new tissue.
During the first few hours of contact in a biological environment, a
complex mechanism of alkaline ions release occurs. The exchange of
these ions with H' from the surrounding aqueous solution leads to the
formation of the initial reaction film, which evolves into a silica-gel
layer and consecutively into a mineralized hydroxyapatite layer [2].

The incorporation of functional ions in the glass structure has shown
to improve their physical and therapeutic properties by adapting their
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chemistry depending on the final application. These effects are associ-
ated with antibacterial activity (Ag [8-11] and Ga [12,13]), stimulation
of bone development and maintenance (Mg [14], Sr [15], Zn [16,17],
and Co [18]), fluorapatite precipitation (F [19-21]), mechanical prop-
erties (K [22,23]), reduction of local oxidative stress (Ce [24], Sr [25]),
and in magnetic localised hyperthermia for tumours treatment (Fe
[26]).

Amongst the different ions with therapeutic properties, Mn has
attracted attention in recent years for incorporation in different bio-
ceramics [27-29]. Recent works highlight advantages of glasses doped
with Mn compared to other materials doped, for example, with Mg [30],
Sr29, Ag [31], Te [32] or Se [33]. The incorporation of Mn into bioactive
glasses synthesized by melt [34,35] or sol-gel [36-39] routes, were done
because Mn has an important role in relevant biological processes. As a
redox-active metal, Mn is important in the oxygen chemistry within the
body by acting as a catalytic cofactor for SOD metalloenzymes, which
remove toxic products from Oy metabolism such as superoxide (03) and
hydrogen peroxide [40]. Mn also acts as a mediator of interactions be-
tween cells and the surrounding environment, and as an activator of
integrins and glycoproteins of the cellular membrane [41].

Concerning the clinical applications of bioactive glasses, it is known
that Mn plays an essential role in key cellular processes involved in the
metabolism of hard tissues [4,42], such as: extracellular matrix
remodelling (ECM) [43], improvement of bone mineralization [37,44],
cell adhesion, proliferation [45] and bone mass maintenance [46].
Therefore, further research dealing with its potential use in clinical
applications in bone regeneration is of great interest. For example,
incorporation of small amounts of Mn in bioactive silicate glasses
showed positive effects such as in vitro osteoblast growth and osteogenic
activity [39,47]. A previous study on CMA activity of a series of doping
ions [48] showed that Mn had the highest decomposition rate (k) after
Co, with other tested ions being Cu > Ce > Fe > V > Ti > Zr. Similarly,
Kapoor et al. [39] found that a 1 mol% MnO doping in a bioactive type
glass showed the best outcome when tested under oxidative stress con-
ditions among other ions (Co, Cu, Fe) [39]. The antioxidant activity was
also described to be dose-dependant [39] with its effect being gradually
reduced up to a 5 mol% content in a bioactive type glass. In view of these
results, a more detailed to study on Mn-containing potential bioactive
glasses is very important to find the best compositions for obtaining
glasses with bioactivity and CMA.

The significance of adjusting Mn concentration is also fundamental
since more than 1 mol% of MnO, was reported to have a negative effect
on bioactivity for 45S5 containing glasses [35]. However, the confir-
mation for this trend should be further investigated, since this study by
Srivastava et al. [35] substituted MnO by CaO on a weight basis instead
of a molar basis. While Ca and Mn have comparable charge/size ratio,
leading to the hypothesis that Mn?" acts also as a modifier ion [34,36,
49], substitution in wt.% was reported to lead to significant changes in
the glass dissolution because of structural modifications [50].

The substitution of Ca?" with Mn?* was previously reported to
maintain the glass NC, since both are divalent ions [51] and therefore
should have a comparable effect on the bioactivity [36]. Moreover,
during the melting process, a portion of the Mn2* ions can be oxidized to
Mn3+ [52-54], and the coexistence of Mn in two oxidation states, as
Mn?* 3%%7 or as Mn®* [55], can lead to variation in properties such as
coordination number, ligand field strength and optical absorption.

Therefore, the aim of this work is to substitute Ca®>* by Mn2* in
increasing quantities up to 4 mol% MnO. The glass systems are based on
the 45S5 glass (46.1 SiO; - 24.4 NayO - 26.9 CaO - 2.6 P50s mol% [5])
and its phosphate free counterpart (called N25C25S50 glass), as
described by Kokubo and co-workers (50 SiOs - 25 Na3O - 25 CaO mol%)
[56]. In addition, the influence of glass synthesis in a reducing atmo-
sphere is evaluated with particular emphasis given to the structural role
of Mn?*/Mn®" and the correlation between glass composition and in
vitro bioactivity. The antioxidant activity is assessed by quantification of
CMA and SOD enzymes.
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2. Materials and methods
2.1. Glass synthesis

Table 1 shows the melt-derived bioactive glass series modified by
molar substitution of CaO for MnO (0.5, 1.0, 2.0 and 4.0 mol%) pro-
duced in oxidizing (air) and reducing (N2/Hz) atmospheres. Glasses
were prepared by mixing SiOy (>99.0%), NayCO3 (>99.0%), CaCOs3
(>99.0%), NaPOs (pure grade) and MnCOs3 (>99.5) all from Carl Roth,
Germany. 4585 based glasses are labelled as “H xMn” while the phos-
phate free series are labelled as “K xMn”, where x is the MnO content in
mol%. For each composition, raw materials were weighed and mixed
with the aid of alumina balls before being transferred into a Pt crucible
and covered with a Pt lid. A preheating step at 600 °C for 30 min was
carried out to avoid foaming, after which the glass was melted at
1340 °C for 1 h. The melt was then water-quenched to obtain a frit and
dried in an oven at 100 °C overnight. Glass powders were obtained by
grinding the frit with an agate pestle. The powders were sieved to a
particle size range between 125 and 250 pm and stored in a desiccator
until further use.

In addition, a selection of Mn-containing bioactive glasses based on
compositions 45S5 (0.5 or 1.0 mol% MnO) and N25C25S50 (1.0 mol%
MnO) were prepared by melting in a reducing atmosphere (N/Hgz
90:10) within an electric furnace to avoid oxidation of Mn?* to Mn®" at
1340 °C for 1 h. Melts were quenched onto a block using a graphite
stamp to obtain samples. The samples are named as “H xMn_red” or “K
xMn_red”. Samples with 1 mol% MnO (H 1.0Mn_red and K 1.0Mn_red)
were not visually homogeneous, probably owing to partial crystalliza-
tion during the melting process, as confirmed by XRD. Hence, these were
not processed further.

2.2. Chemical characterization

Compositional analysis of the glass powders (125-250 pm size range)
was performed by X-ray fluorescence (XRF) spectroscopy with a PW
1480 instrument (Philips, Netherlands). Argon methane mix was used as
the inert gas. An error of <0.7% was calculated after quantitative
analysis obtained from calibration with silicate references containing
Mn.

Thermal analysis was performed by differential scanning calorimetry
(DSC) with a PT-1600 instrument (Linseis, Germany). Glass powders (90
mg/125-250 pm) were heated at 10 °C/min in a platinum crucible in
two steps: from RT to 580 °C, cooling down to 150 °C, followed by
heating up to 1000 °C. All measurements were corrected with a back-
ground analysis carried out with an empty platinum crucible.

Temperature-Programmed Reduction (TPR) is a characterization
technique widely used to determine the reduction properties of bulk
and/or supported metal oxides as temperature is linearly increased in a

Table 1

Experimental composition (mol%) of the synthesized samples obtained by XRF
analysis and nominal values (in parenthesis). An error <0.7% was calculated
from calibration curves.

Glass SiO, NaO CaO P,0s5 MnO

H 46.3 (46.1) 24.1(24.4) 27.1(269) 25(2.6) -

H 0.5Mn 46.3 (46.1) 24.1(24.4) 26.5(26.4) 2.6(2.6) 0.5(0.5)
H 1.0Mn 46.3 (46.1) 24.1 (24.4) 26.1 (25.9) 2.5(2.6) 1.0 (1.0)
H 2.0Mn 46.2 (46.1) 24.0(24.4) 25.2(249) 26(2.6) 2.0(2.0)
H 4.0Mn 45.6 (46.1) 24.5(24.4) 23.3(22.9) 26(2.6) 4.0(4.0)
K 50.0 (50.0) 25.6(25.0) 24.4(25.0) - -

K 0.5Mn 49.9 (50.0) 25.4 (25.0) 24.2 (24.5) - 0.5 (0.5)
K 1.0Mn 49.9 (50.0) 25.4(25.0) 23.8(24.0) - 0.9 (1.0)
K 2.0Mn 49.9 (50.0) 25.2(25.0) 22.9(23.0) - 2.0 (2.0)
K 4.0Mn 49.8 (50.0) 24.9 (25.0) 21.3 (21.0) - 4.0 (4.0)
HO.5Mnred 46.5(46.1) 24.2(24.4) 26.1(26.4) 27(2.6) 0.5(0.5)
H1.0Mnred 454 (46.1) 24.6(24.4) 26.1(259) 28(26) 1.1(1.0)
K1.0Mnred 485(50.0) 25.9(25.0) 24.5(24.0) - 1.1 (1.0)
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reducing flow. TPR analyses are usually carried out using a standardized
experimental protocol and conditions such as solid mass, flow rate,
reducing/oxidizing concentration and heating rate [57]. In particular,
this technique was reported to successfully investigate the MnO3 — MnO
reduction on bulk manganese oxide catalysts [58].

In this study Hp-TPR was conducted in a ChemiSorb 2750 (Micro-
meritics, USA) equipped with a thermal conductivity detector (TCD).
The glass powder (250 mg, 125-250 pm) was placed in a quartz reactor,
degassed at 200 °C under a 20 mL/min N; flow and reduced under a 20
mL/min Hy/N3 (10% v/v) flow at a heating rate of 10 °C/min from RT up
to 900 °C. The TCD signal was then converted to concentration of active
gas (Hy) using a level calibration. The Hy consumption was calibrated
using TPR of Ag,0 at the same experimental conditions. The fraction of
Mn®>" is calculated according to (1):

Mn3+/Mnmm](%) = (Hp(mmol/g)*2/(Mn (4, (mmol/g))*100 (@D)]
While the occurring, chemical reaction is represented by:
2 Mn** 4+ Hy —» 2 Mn?* 4 2HT

X-ray diffraction (XRD) analyses were performed on crystallized
glass samples obtained performing a thermal treatment (2 h) at crys-
tallization temperature (T.) on glass sample powders. The measures
were done using a Panalytical X’Pert Pro XRD (Malvern Panalytical,
Netherlands), with Ni-filtered Cu Ko radiation (A = 1.54060 fo\). A
generator voltage of 40 kV and a tube current of 40 mA was employed.
The conditions for data collections were 20 < 20 < 60° range and step
size 0.033°. X-ray diffraction patterns of the glasses before and after
immersion in Tris buffer solution and SBF were collected using the same
instrument. Diffraction patterns were collected at RT in the 15-55° 260
range, with a step size of 0.033°.

Infrared spectra of all glasses were collected using attenuated total
reflection (ATR) Fourier transform infrared spectroscopy (FT-IR; Agilent
Cary 630 ATR FT-IR Spectrometer, Agilent Technologies GmbH, Ger-
many), to qualitatively characterize the glass structure before and after
immersion in Tris buffer solution and SBF to detect apatite formation.
The spectra were collected from 4000 to 400 cm™! with a 2 cm™! res-
olution and 32 scans per measurement.

Optical absorption spectra of all glasses were recorded in the
250-650 nm range (JASCO V-570 double-beam UV-Vis-NIR spectro-
photometer, JASCO, USA) with the implementation of a 60 mm inte-
grating sphere element (JASCO, USA) required for analysis on glass
powders. This technique was used to qualitatively characterize the Mn
oxidation state when incorporated in the glasses and to analyse its redox
behaviour during glass immersion in HyO» for catalase mimetic activity
(CMA).

2.3. Immersion studies

In vitro bioactivity was evaluated in SBF and Tris buffer solutions,
with both being prepared following a protocol described in the literature
[59]. The immersion tests were carried out by soaking 75 mg of glass
powders (125-250 pm, 3 independent replicates) in 50 mL of SBF so-
lution or 0.062 mol/L tris(thydroxymethyl)aminomethane-HCl buffer
solution (Tris buffer) for 1, 4, 7, 14 and 28 d. Samples were maintained
in a shaking incubator at 37 °C at 60 rpm before filtering [60]. Blank
samples consisting of 50 mL of either of these solutions were used as
controls. The elemental concentration of the ions released into Tris
buffer solution at each time-point was obtained by inductively coupled
plasma optical emission spectroscopy (ICP-OES Varian Liberty 150,
Agilent Technologies, Germany). XRD and ATR FT-IR spectroscopy were
used to identify the presence of apatite on the glass surface after
immersion.

pH measurements were performed using a portable pH-meter Sev-
enGo Starter-Kit SG2-ELK (Mettler-Toledo, USA) calibrated before each
set of measurements using pH 7.01 and 10.01 standard solutions (Hanna
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Instruments, Germany).
2.4. Antioxidant activity

The antioxidant activity of the glasses was measured by their CMA
and SOD mimetic activity. The CMA method has been previously
described in detail [25], and was performed by soaking 100 mg of glass
powder (125-250 pm, n = 3) in 20 mL of Hy02 1 mol/L and maintained
on a shaking plate at 37 °C and 60 rpm. H2O2 1 mol/L blank solutions
were measured at each time-point (1, 4 and 7 d) to normalise results
considering the spontaneous degradation of HoO9. The antioxidant ac-
tivity for each glass was determined by quantification of the peroxide
residue in solution through permanganatometric titration (n = 2).

Conversely, the SOD method is not standardized for bioactive
glasses, and therefore a previously reported procedure developed by
Ukeda et al. [61] was adapted in two different protocols to understand
whether the catalytic decomposition of O3 anions occurs homoge-
neously in solution or heterogeneously on the glass surface. The first
procedure is referred as “homogeneous” because the potential enzy-
matic activity originates from the species released from the glass into
deionized water during the incubation step. This protocol consists of
placing 100 mg of glass powder (125-250 pm) into a 15 mL PP centri-
fuge tube (Sigma-Aldrich, Italy) with 5 mL of deionized water. The
centrifuge tube was kept in a shaking incubator at 37 °C and 120 rpm for
1 h. Afterwards, the tube was centrifuged at 1000 rpm for 10 min and the
supernatant was filtered using a 0.45 pm Acrodisc® syringe filter (Sig-
ma-Aldrich, Italy), and then used for the SOD test as proposed by the
measurement kit (19160 SOD determination kit, Sigma Aldrich). The
second protocol is referred as “heterogeneous” because the potential
enzymatic activity originates directly from the glass bulk. The test was
carried out by placing 50 mg of glass powder (125-250 pm) and using it
directly with the measurement kit as per manufacturer instructions.
After each procedure, optical absorption was measured using UV-Vis
spectrophotometry (JASCO V-570, USA) and the inhibition rate % (L.R.
%) was calculated to quantify SOD activity [62].

Statistical analysis was performed using OriginPro2019 Statistics
App. One-way analysis of variance (ANOVA) and Bonferroni multiple
comparisons was used with p < 0.05 defined as the level of statistical
significance.

3. Results

Glassy materials were obtained for both series (H xMn and the K
xMn), and substitution of Ca by Mn gave a purple-like tone to the
glasses, with colour intensity increasing with Mn content. This was
associated with the presence of Mn3* ions [63], owing to the MnCO3
decomposition. The thermal process occurs via various steps [64], with
Mn?* being the stable redox state above 1030 °C. However, an incom-
plete decomposition of Mn30, to MnO may explain the presence of Mn>*
ions. In contrast, a yellow tone was observed for one of the glasses
melted in reducing atmosphere (H 0.5Mn_red), supporting the avoided
oxidation of Mn?*. Samples with higher Mn content (H 1.0Mn_red and K
1.0Mn_red) were not completely transparent and visually not homoge-
neously in colour when melted in a Ny/Hy atmosphere. This was asso-
ciated with the partial crystallization of the glasses, which was later
confirmed by XRD.

The experimental compositions of all synthesized glasses analysed by
XRF agree with the nominal ones (Table 1).

The effect of Mn?* ions on the glass colour was analysed by UV-Vis
spectroscopy (Fig. 1). As reported in the literature for other silicate
glasses [65,66], Mn?* has a weak absorption band at around 415-430
nm corresponding to the spin-forbidden ®A; — #A; transition that con-
fers the pale-yellow colour. By contrast, Mn>* presents an absorption
band at around 470-500 nm, corresponding to the 5Eg - 5T2g transition,
which is about one-hundred times more intense than the Mn*" band and
confers the purple colour. Fig. 1 shows the UV-Vis spectra for all the
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glasses, where the main band in the visible region is positioned at 500

—H nm and it is assigned to Mn>". However, the weak band positioned at

——H_05 430 nm, corresponding to Mn?*, was detected for the 45S5 glass with

=" H_05 red 0.5 Mn mol% produced in a reducing atmosphere. Therefore, we could

——H_1.0Mn consider that in both glass series the Mn®" band, by having a higher
H_2.0Mn . . _ 2

H 4.0Mn absorption coefficient, overlaps and disguises the Mn“" signal [66].

. In this study, the H,-TPR technique was implemented to characterize
the oxidation state of Mn [67]. For this, XPS was used to provide surface
related information, while H,-TPR also provided bulk related informa-
tion. A study on Ce containing bioactive glasses pointed out that XPS
characterization only showed evidence of a surface occurring reaction
between the powder and the HyO5 solution [24].

Hence, in this study we have chosen to characterize by Ho-TPR the
glasses with the higher Mn content (H 4.0Mn and K 4.0Mn) and their Mn
free versions. Fig. 2a shows the Hy-TPR profile for H4.0Mn and K4.0Mn

T glasses. The final Hy-consumption (mmol/g) was determined as the
600 650 difference between the redox behaviour of the glasses with and without
MnO. Therefore, it was possible to obtain the value that exclusively
corresponds to the effect of MnO in the glass composition. This analysis
showed that the change in oxidation state occurs between 200 and
700 °C. H_Mn showed the highest Hy consumption with two peaks at 270
and 350 °C, suggesting that the presence of P;0s in the glass composi-
tion induces a higher fraction of Mn®** when compared with K_4.0Mn.

The temperature range of Mn>* reduction (200-700 °C) is slightly
higher with respect to that found for Mn,Os in the literature [68]. This
was associated with the amorphous character of the studied materials.
The calculated fraction of Mn>* was 10% for H 4.0Mn and 5% for K
4.0Mn, assuming that the Hp-consuption is due to the complete reduc-
tion of Mn®* to Mn2". This result was confirmed by the UV-Vis analysis
performed after Hy-TPR (Fig. 2b). Here, an intensity reduction of the
500 nm Mn3" absorption band was observed. Moreover, the Mn?*
spin-forbidden transition band at 430 nm also appears to be a weak
band.

Figure Sla, S1b and Fig. 3a show the XRD patterns of the glasses,
confirming their amorphous character (H xMn and K xMn), and there-
fore that Mn was successfully incorporated in the glass network.

— T T T T T T T T T Conversely, the samples melted in a reducing atmosphere (H 1.0Mn_red
250 300 350 400 450 500 550 600 650 and K 1.0Mn_red) were partially crystallized to NayCaSi;08° (Fig. 3a-b).
Since it was not possible to obtain glassy samples for these compositions,
no further characterization was carried out owing to the differences in
ion release that result from partially crystallized samples when
compared with their glass counterpart [70,71].

Fig. 4 shows the DSC curves for the H xMn and K xMn glasses. The
general trend of decreasing Ty with increasing Mn content was observed
for both series. Nonetheless, this effect was not considered within the K

Abs [arb. units]

T T T T T T
250 300 350 400 450 500 550

wavelenghts [nm]

Abs [arb. units]

wavelength [nm]

Fig. 1. Total reflectance UV-Vis spectra of glass powders with increasing Mn
content upper panel: H xMn; bottom panel: K xMn.
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Fig. 2. (a) H,-TPR profile measured between 25 and 900 °C for H and K glass series with and without Mn (4 mol%). (b) Total reflectance UV-Vis spectra after Hy-TPR
analysis of Mn containing glasses H 4.0Mn and K 4.0Mn.
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Fig. 3. (a) XRD powder patterns of H 0.5Mn_red and H 1.0Mn_red glasses, and
(b) K 1.0Mn_red glass; (§) = NapCaSi»Og. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

series varying up to 1.0 Mn mol% since differences would fall within the
instrumental error. Even if both Mn?* and Mn®* act as modifier ions [34,
37,49], but with differ effect on glass network. The substitution of ca®t
with Mn®* leads to lower network connectivity, because of the forma-
tion of larger numbers of non-bridging oxygens (NBOs), which can be
expected to cause a decrease of Ty. However, Mn>" can also be expected
to form stronger bonds to oxygen compared to Ca%" or Mn%" (bond
strength z/a, Mn>* (coord. 6) = 1.50 vs Mn?" (coord. 6) = 0.92 and Ca%*
(coord. 6) = 0.85 [72]), and this can be expected to increase Tg. In
average, this value was higher for P;Os free glasses with Mn content up
to 1 mol%. This difference was associated to its NC (2.00 vs. 2.12)
leading to a less cross-linked structure. The addition of P30s
re-polymerises the silicate network as Ca and Na have a higher affinity
with the phosphate groups [73].

For both the H xMn and K xMn glass series, crystallization temper-
ature (T.) did not significantly change with Mn content, except for H
4.0Mn, which showed a lower T.. One possible explanation could be that
glasses with up to 2 mol% of MnO crystallise to comparable phases,
whereas the decrease of T, at 4 mol% MnO in the H xMn glass series may
indicate that a different crystalline phase is formed, or that an interac-
tion with the phosphate phase occurs. In general, the T, of the H xMn
series is higher than T, of the K xMn series, owing to the presence of the
phosphate phase that increases the disorder in the network and, thus,
hinders the mobility of ions to form crystals. This observation was
confirmed by XRD analysis performed on H 2.0Mn, H 4.0Mn and
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K4.0Mn glassy powder after thermal treatment at T, respectively, for 2
h. The introduction of 4.0% of MnO in the H system promoted the for-
mation of the crystal phase p-NaCaPO4 (Fig. 5).

The processing window (T—Ty) is larger for the phosphate contain-
ing glasses (H xMn) resulting in reduced tendency to crystallise when
compared with the K xMn series, making synthesis and further glass
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Fig. 6. Normalized ATR FT-IR absorption spectra of (a) H xMn and (b) K xMn
glass series. The assignment of bands labelled (a), (b), (c), (d) and (e) to vi-
bration modes is shown in Supplementary Table S1.

processing more difficult for the latter [74].

Fig. 6 shows the normalized ATR FT-IR spectra of the glasses (Fig. 6a
and b). The weak band at 1450 cm ! (CO5~ asymmetric stretching,
Table S1) is caused by a surface aging process that leads to carbonatation

[75]. The band positioned at 850 cm_l, associated with Si-O-2NBOs,
has a higher intensity in the K xMn series compared to the H xMn series,
as a consequence of the latter having a higher BOs/NBOs ratio (Table 2)
due to the higher content of network modifiers. This was explained by
the presence of phosphate in the 45S5 type compositions, because,
despite these glasses having a higher molar quantity of modifier ions
compared to the SiO, content than the P;Os5 free composition, some of
these are associated to the phosphate phase, leading to a lower number
of Si04 tetrahedra with two NBOs. In the H xMn series the BO/NBO ratio
is larger than in the K xMn series (Table 2), which is reflected in the
calculated network connectivity [76] value of glass H, this being 2.12
[77] respect to a value of 2.00 for the phosphate free glass (K).

The structural role of Mn in the H xMn and K xMn glass series was
qualitatively studied by calculating the ratio between the absorption
intensity of the Si-O-Si band and the NBO bands (Si-O-NBO and
Si—-O-2NBO bands) and analysing changes with the amount of MnO
(Fig. 6). For further discussion, both ratios Absg;.o.si/Abssi.o.nso and
AbsSi-O-Si/AbsSi-O-2NBO will be labelled as “AbSBO/NBO ratio” since a
similar trend was observed (Table 2).

It is well known that Ca?* acts as a modifier ion in the glass structure.
Assuming that both Mn?* and Mn®" act as modifier ions by replacing
Ca?*, the BO/NBO molar ratio would not be expected to change in the
presence of Mn>", as both metal ions have the same charge leading to
the formation of two NBOs for charge-balancing. On the other hand,
molar substitution of Ca®>* with Mn®* could be expected to increase the
number of NBOs needed to charge balance, and the BO/NBO ratio would
then be expected to decrease. According to the results presented in
Table 2, the Abspo,/Npo ratio slightly decreased within the K xMn series
with increasing Mn content. This trend can be explained by the presence
of small amounts of Mn>* ions, as detected by H,-TPR analysis, acting as
modifiers. On the other hand, the Abspg,/Npo ratio did not vary signifi-
cantly with Mn content in the H xMn series. A noticeable decrease of the
Absgo,Npo ratio is detected only for H 4.0Mn glass compared to Mn-free
glass, which could be explained with the effect previously described for
the K xMn series.

The influence of Mn in both glass series with respect to in vitro apatite
formation was tested after immersion in Tris buffer or SBF solution, in
combination with pH measurement and ionic concentration with im-
mersion time.

Fig. 7a—e show the ATR FT-IR spectra of the H xMn glasses before and
after immersion in Tris buffer solution. The release of modifier ions (Na™
and Ca?") and the formation of an amorphous silica gel layer on the glass
surface are related to the bands positioned between 1140 and 1270 and
800 cm~!, which are associated to Si-O-Si stretching and Si-O-Si
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Table 2
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Normalized FTIR absorbance attributed to Si-O-Si, Si-O-NBO and Si-O-2NBO bands and their ratio relative of spectra reported in Fig. 5.

Glass Abssi.osi Abssi.o-NBO Abssi.o2nBo Abss;.o0.5i/AbSsi.0.NBO Abss;.o0-si/AbSsi.0-2nBO
H 0.82 0.99 0.89 0.83 0.92
H 0.5Mn 0.82 0.99 0.88 0.83 0.94
H 1.0Mn 0.82 0.99 0.86 0.83 0.95
H 2.0Mn 0.83 1.00 0.89 0.83 0.93
H 4.0Mn 0.80 1.00 0.89 0.80 0.90
K 0.76 1.00 0.89 0.76 0.85
K 0.5Mn 0.74 1.00 0.91 0.74 0.82
K 1.0Mn 0.75 1.00 0.92 0.75 0.81
K 2.0Mn 0.74 1.00 0.94 0.74 0.78
K 4.0Mn 0.73 1.00 0.92 0.73 0.79
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Fig. 7. (a-e) ATR FT-IR absorption spectra of H xMn glass series before and after immersion in Tris buffer solution. (f) ATR FT-IR absorption spectra of K xMn glass
series after 7 d of immersion in Tris buffer solution. The assignment of bands labelled A, B, §, +, (*) and * to vibration modes is shown in Supplementary Table S2 [75,

94,95].

bending modes, respectively. The ion release occurrence is then
confirmed by an increase in the intensity of the BO band with a simul-
taneous decrease of the NBO band (Table S2). These changes can be
observed for the H series with Mn content up to 2.0 mol% after 1 d of
immersion, while this change was observed later (4 d) for the H 4.0Mn
glass. The formation of the apatite layer is considered as an indication of
in vitro bioactivity, which was confirmed with the split band at 560-565

and 600-605 cm ! together with a sharp band positioned between 1035
and 1050 cm ™! (Table S2). Apatite formation was detected for glass H
(45S5) after 1 d of immersion, while 0.5 and 1.0 mol% Mn contents
increased the onset to 4 and 14 d respectively. For samples with higher
MnO content (2.0 and 4.0 mol% MnO), the formation of the amorphous
calcium phosphate layer was detected only after 28 d.

Fig. 7f shows the ATR FT-IR spectra of the K xMn glasses after
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immersion in Tris buffer solution for 7 d. Here, apatite formation is not
feasible, as neither the glass nor the immersion medium contains
phosphate. The spectra only show the characteristic bands related to
cation (Na' and Ca2+) release and the formation of an amorphous silica
gel layer on the surface. For the glass with the maximum Mn content (K
4.0Mn), these two steps appeared to be delayed.

Fig. 8 shows the relative ion concentrations in Tris buffer solution
after immersion for up to 28 d. The concentration of Si, Na, Ca, P and Mn
ions in the Tris buffer solution before glass immersion was lower than
the limit of quantification of the ICP-OES instrument, meaning that this
solution did not contribute to the ion concentration measured at later
time points. For this reason, no normalization with respect to initial
values detected in the blank samples was necessary. Na concentration
was considered to indicate the glass degradability in solution since other
ions like Si, Ca and P are involved in the silica gel formation and apatite
precipitation.

Similarly, such ion release was clearly seen by ICP analysis (Fig. 8)
with a variation of relative Na % in solution varying from 80% to
approximately 55% with increasing Mn content. This suggests that the
incorporation of Mn increases the glass durability, probably caused by
the replacement of Ca?-O bonds with stronger Mn?-O or Mn3*-O
bonds. Na* and Ca2" release in Tris buffer solution was lower for H xMn
series when compared with K xMn after 7 d of immersion. This is
probably due to the lower NC (or lower BO/NBO ratio, Table 2) of the K
xMn glasses in comparison with H xMn glasses [71] According to this,
Mn release was higher for the K xMn series with respect to H xMn series,
with a maximum of nearly 20 and 10% MnO relative ion concentration,
respectively.

Fig. 8 shows the ATR FT-IR spectra and XRD patterns of H xMn and K
xMn glasses at different immersion times in SBF solution. Results sug-
gested that the incorporation of Mn into the glasses lowered their ability
to induce apatite precipitation [35]. Individual peaks in the XRD pattern
were not detected, which is typical for bioactive glasses owing to the
high degree of substitution in the apatite lattice and to the
nanometre-size of the crystals [78]. The shape of the XRD patterns of
samples with low or no Mn content in the H xMn series are typical for
apatite formation on bioactive glass surfaces. This agrees with the
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appearance of the characteristic split band in ATR FT-IR for these
compositions. Combined results showed that H xMn glasses with MnO
up to 1 mol% induced apatite formation within 7 d. Conversely, glasses
with higher MnO content, such as H 2.0Mn glass, induced apatite for-
mation within 28 d, and H 4.0Mn glass did not form apatite within the
duration of the experiment. Regarding the K xMn series, K and K 0.5Mn
glasses formed apatite within 7 d. Apatite formation was observed on K
1.0Mn glass surface within 14 d, while higher MnO content appeared to
inhibit its formation within the duration of the experiment. Fig. 9 shows
that the apatite formation, denoted by the presence of the CaP associated
stretching band, is faster for the H xMn glass series, suggesting the
fundamental role of phosphate in the glass for the precipitation of this
phase. The ATR FT-IR bands attributed to carbonate (CO%’) incorpora-
tion into apatite (1500-1400 and 870 em™ ) were not intense. Therefore,
it was not possible to neither confirm nor exclude the formation of
carbonated apatite. However, calcite (CaCO3) formation [69] was
detected by XRD on the K glass series with up to 2.0 MnO mol%, which
could explain the formation of carbonated apatite or -calcite
precipitation.

Table 3 shows the CMA results with the molar H,O5 concentration
before and after immersion at various time points. During CMA exper-
iments, gas formation at the glass powder surface was observed, which
was most likely related to Oz decomposition from H30,. The data re-
ported in Table 3 highlight that increasing Mn content in the glass has a
beneficial effect on the HyO, decomposition rate. These results showed
that there is a positive correlation between the Mn and the CMA of both
H xMn and K xMn glass series, conferring them an increase of antioxi-
dant activity properties.

At earlier time points (1 and 4 d) significant differences between the
H50, decomposition activities were observed between the glass series.
For example, there was a HyO2 concentration difference of slightly over
30% after 1 d between the best performing glass in the H series (H 4.0
Mn) and the composition with the highest HyO, concentration from the
K series (K_0.5 Mn). Interestingly, K xMn glass series showed total HyO,
decomposition after 4 d of immersion, while a comparable result was
only obtained after 7 d for the H xMn glasses.

The glass melted in a reduced atmosphere (H 0.5Mn_red) seemed to
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Fig. 8. Relative concentrations (percentage of the ions present in the untreated glass; in %) present in Tris buffer solution for the H (a), H 0.5Mn (b), H 1.0Mn (c), H
2.0Mn (d) and H 4.0Mn (e) glasses after 1, 4, or 7 d of immersion and for the K xMn glass series (f) after 7 d of immersion.
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Table 3

Molar H,0, concentration (mol/L) and ratios between the UV-Vis absorption intensity of the Mn>* (500 nm) and Mn?* bands (406 nm) (AbsMn>*/AbsMn>*) before
(0 d) and after (at 1, 4 or 7 d) immersion in 1.00 mol/L H,0, solution (+ standard deviation, n = 3).

od 1d 4d 7d
H,0, conc. AbsMn®*/ H,0, conc. AbsMn®*t/ H,0, conc. AbsMn®*/ H,0, conc. AbsMn®*/
[mol/L] AbsMn?* [mol/L] AbsMn?* [mol/L] AbsMn?* [mol/L] AbsMn?*

Blank 1.00 + 0.00 - 1.00 + 0.00 - 1.00 + 0.00 - 0.99 + 0.01 -

(H202)

H 1.00 + 0.00 0.96 0.97 £ 0.02 1.06 0.87 £ 0.00 1.07 0.86 £+ 0.02 1.07

H 0.5Mn 1.00 + 0.00 1.81 0.81 £ 0.01 1.78 0.15 £ 0.01 1.51 0.07 £ 0.00 1.55

H 0.5Mn_red 1.00 + 0.00 0.79 0.74 £ 0.02 0.88 0.23 £ 0.02 0.90 0.09 £ 0.00 0.90

H 1.0Mn 1.00 + 0.00 2.26 0.69 £+ 0.01 1.98 0.09 £ 0.02 1.59 0.02 £ 0.00 1.65

H 2.0Mn 1.00 + 0.00 2.69 0.70 £ 0.01 2.28 0.07 £ 0.00 1.77 0.02 £ 0.00 1.75

H 4.0Mn 1.00 + 0.00 2.70 0.64 + 0.01 2.37 0.08 £+ 0.00 1.98 0.02 £ 0.01 1.85

K 1.00 + 0.00 1.06 0.97 £+ 0.02 1.07 0.95 + 0.02 1.06 0.90 + 0.04 1.07

K 0.5Mn 1.00 + 0.00 2.27 0.42 £ 0.01 1.87 0.03 £ 0.00 1.83 0.00 £ 0.00 1.73

K 1.0Mn 1.00 + 0.00 2.77 0.20 £ 0.01 2.20 0.00 £ 0.00 2.10 0.00 £+ 0.00 1.98

K 2.0Mn 1.00 + 0.00 2.99 0.08 £+ 0.00 2.44 0.00 £ 0.00 2.28 0.00 £ 0.00 2.30

K 4.0Mn 1.00 + 0.00 2.72 0.11 £ 0.00 2.38 0.00 £ 0.00 2.18 0.00 £ 0.00 2.12

catalyse HyO2 decomposition better than their air-melt counterpart for
early time points (1 d); however, this trend changed at the fourth day of
the measurement. Moreover, when comparing the base glasses, no

significant CMA was observed up to day 7, which further confirms that
for these glass systems there is an association between Mn and an early-

stage antioxidant effect. Therefore, it is

possible that such approach
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would be useful for the tissue regenerative process occurring after a
biomaterial is implanted.

pH changes during CMA experiments were measured since it is
known that an alkaline pH also enhances the HyO, decomposition rate
[79] (Supplementary Table S3). pH increased from 4.20 (1.00 mol/L
H205) to 8-9 after 1 d, stabilizing to 8.5-9 after 4 d. In bioactive type
glasses, the pH increase is caused by ion exchange (Na™) from the glass
for protons in solution. Moreover, pH change is also caused by HyO5
decomposition since it is a weak acid in solution. However, the effect of
pH increase on the H,O5 decomposition rate seems negligible at least up
to pH 9, as glass K reaches this value at 7 d after immersion while the
H,0, concentration is comparably high (0.90 mol/L). Supplementary
Figs. S2 and S3 and S4 show the UV-Vis absorption spectra of all glasses
before and after CMA tests. The Mn>* band (at 500 nm) and Mn?* band
(at 406 nm) intensity ratios were calculated (Table 3) to quantitatively
extract information concerning the Mn ion role in HoO5 decomposition.
This ratio was solely considered as a qualitative parameter that could aid
to identify a trend in Mn®'/Mn®" molar ratio changes. The
AbsMn3*/AbsMn?* ratios of the glasses without Mn (H glass and K
glass) do not significantly change over time. Nonetheless, for Mn con-
taining glasses (Table 3), this value decreased over time, reaching a
stable value when HyO5 was completely decomposed at 4 d (K xMn) and
7 d (H xMn glass). Conversely, for glasses melted under a reducing at-
mosphere, this ratio did not significantly change with immersion time.

LR. % obtained with the “homogeneous” protocol were negligible,
meaning that in these conditions there was no evidence of SOD mimetic
activity for any of the glasses (see Table 4). In contrast, LR. % values
obtained with the “heterogeneous” protocol showed significant differ-
ences between samples (p < 0.05). Substitution of Mn by Ca produced an
increase of SOD mimetic activity ranging between approximately 25%
(K 4.0Mn) and 40% (H 1.0Mn). No significant difference in SOD mimetic
activity was detected between Mn content ranging between 0.5 and 2.0
mol% for the H xMn series. However, a significant decrease of at least
8% occurred between this group and the highest Mn content sample (H
4.0 Mn). A similar trend was observed for the K xMn series, where sig-
nificant differences were only observed between K - K 4.0Mn and the
group corresponding to Mn content between 0.5 and 2.0 Mn.

4. Discussion

When incorporated into silicate glass systems, Mn exists either as
Mn>* or Mn?* since higher oxidation states such as 4+ and 7+ are
possible but very unlikely [66]. In the studied glass systems, Mn appears
to be incorporated as Mn®" and Mn3*, as shown by UV-Vis spectra
(Fig. 1). Owing to the significantly larger extinction coefficient of Mn>*
(25-100 L.em ™' mol ™) compared to Mn2" (0.2-0.5Lcm ™ ! mol™ 1) [80],
the Mn®* band at 500 nm is approximately one-hundred times more
intense when compared to that attributed to Mn?" (at 406 nm) if

Table 4
Inhibition rate (I.R. %) values with relative standard deviations for the H xMn
and K xMn glass series and glasses H 0.5Mn_red. I.R.% is an index of the SOD
mimetic activity of a glass following a homogeneous and heterogeneous
protocol.

Glass “homogeneous” “heterogeneous”
H -23+24 52.7 £ 4.1
H 0.5Mn —0.8 +£3.5 90.7 + 0.4
H 0.5Mn_red -4.3 + 4.4 91.2 £ 0.8
H 1.0Mn -1.3+49 92.7 £ 0.9
H 2.0Mn —-2.0+1.8 90.7 £ 1.6
H 4.0Mn -0.4 + 4.7 81.1 +£0.1
K 3.6 +£2.3 41.2+29
K 0.5Mn -23+27 88.5 £ 0.3
K 1.0Mn 1.2+ 3.8 89.2 £ 0.1
K 2.0Mn 0.5+ 1.6 83.8+1.5
K 4.0Mn 2.6 +22 68.6 + 5.2
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equimolar quantities of the two oxidation states are present. The pres-
ence of Mn>" is confirmed by the slight changes in the BO/NBO ratio
measured by ATR FT-IR (Fig. 6) and Hy-TPR (Fig. 2), suggesting that
only a small Mn fraction is present as Mn>", and that most of Mn is
present as Mn?*, which structural role is very similar to that of Ca®*. If
the MnO content in the glass structure is low (0.5 mol %) and the melting
is performed in a reducing atmosphere (No/H; 90:10), it is possible to
avoid its oxidation and obtain a glass with only Mn™2 ions.

Replacing Ca%t with Mn?*/Mn>* ions decreases the possibility of the
glass surface to be carbonated, and this result follows the logical pro-
gression of phase stability in oxygenated aqueous systems predicted
from Eh—pH diagrams for the Mn system [81], where Mn carbonate is
unstable compared to hausmannite (Mn304) and manganite (MnO(OH))
[82].

The substitution of Ca%* with Mn?" in both glass systems leads to the
introduction of stronger oxygen bonds, which increase the network
compactness. This was confirmed by the higher durability in Tris buffer
solution (Table 2) with increasing Mn content. On the other hand, the
presence of a small quantity of Mn>" that replaced Ca®* slightly de-
creases the network connectivity. This was confirmed by a lowering in
the glass transition temperature (Tg, Fig. 4) and the slight decrease of the
BO/NBO molar ratio shown by FT-IR measurements (Fig. 6) with
increasing Mn content. The Ty trend was opposite to the one detected by
Gaddam et al. [83], where the introduction of Mn increased Tg. The
Authors concluded that Mn ions were mainly present as Mn>*interstitial
ions located in the glass network, thus avoiding the silicate network
depolymerization. This would therefore suggest that Mn ions (Mn>" and
Mn>*) entered the network as modifier ions in our glass system [84].

The role of Mn ions also affected the degradation behaviour.
Replacing Ca by Mn in the glass leads to a decrease of Ca®* ions available
at the surface, and as both Mn?* and Mn®* ions form stronger bonds
with oxygen compared to Ca?" ions, the tendency to react with water
decreases. It has also been described by a computational approach that
Mn increases the chemical durability of the glass due to its affinity to
orthophosphate units, leading to insoluble metal-phosphate segregated
areas [85]. Similarly, this was experimentally observed by FTIR: as Mn
content increased, the P-O band intensity decreased, correlated to Mn
charge balancing the phosphate groups. It would be also possible that
Mn ™3, when it is present, could readily balance the phosphate unit,
leaving Ca and Na ions to depolimerise the silicate network.

The obtained results agree with a lower rate of Ca®" release into Tris
buffer solution (52% vs 44% of Ca for H and H 4.0Mn, respectively, as
well as 98% vs 38% of Ca for K and K 4.0Mn, respectively, Fig. 8). The
substitution of Mn delayed the apatite inducing ability of the glasses, as
formation of an amorphous calcium phosphate and apatite requires the
release of Ca?" ions. In Tris buffer and SBF solutions, glasses with 0.5
mol% of MnO formed apatite within 7 d, which was comparable to the
base glasses (H and K), while for higher MnO contents apatite formation
was delayed. This result agrees with those by Miola et al. [34] that
showed how Mn incorporation slightly delayed bioactivity in SBF. These
results are also in agreement with those by Srivastava et al., [35] where
a content of MnO» higher than 1% resulted in a decrease of HCA for-
mation, while the bioactivity was maintained for lower substitutions.
However, the substitution in the study was carried out in wt% instead of
mol%, which has been reported to have an important effect in structural
changes of the glass [50].

The onset of apatite formation also differs between the two series,
with glasses in the H xMn series forming apatite slightly faster (7 d) than
glasses in the K xMn (14 d) one. Similar trends were observed in a
previous study [24,86] where H and K bioactive glasses were modified
by the incorporation of CeO,. The substitution of cerium ions (Ce>* and
Ce*") caused a delay in apatite formation, but this was attributed to
cerium ions forming a very low soluble CePO4 phase, which inhibits
apatite formation for glasses with more than 3.6 mol% CeO».

Relative calcium concentrations in Tris buffer solution were lower
for the H xMn series than for the K xMn series. This may be explained
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with the interaction between orthophosphate (PO?{) and calcium ions
in glasses of the H xMn series, possibly delaying calcium release
compared to phosphate-free glasses in the K xMn series. In sol-gel glasses
a similar effect has been related to non-homogeneous Ca ions distribu-
tion in phosphate-containing compositions [87,88]. These studies
showed that although the glasses were amorphous, a certain level of
intermediate distance order was detected, which greatly influenced the
in vitro and in vivo reactivities. In the ternary Si-Ca-P sol-gel glasses, the
Ca?* ions were mainly out of the silicate network and bonded to phos-
phate. However, these structural considerations differ for melt-derived
phospho-silicate glasses and the lower calcium concentrations for H
xMn compared to K xMn glasses may be related to the higher NC of the H
xMn glasses, slowing down interaction with water [89]. The main factor
is here probably apatite precipitation. Ion concentrations in solution are
not only affected by ion release from the glass, which increases ion
concentrations, but also by precipitation of low solubility phases such as
apatite, which decreases the concentrations of the involved ions. During
immersion in simulated physiological solutions, availability of phos-
phate is typically the limiting factor for apatite precipitation [78,90].
Consequently, in K xMn series, calcium does not precipitate as apatite,
increasing its concentration in solution, whereas, in the H xMn series,
calcium, phosphate and ions such as hydroxyl or carbonates are
consumed during apatite formation.

During immersion of H xMn and K xMn glasses in SBF, K xMn glasses
showed formation of calcite while this phase was not detected for H xMn
glasses (Fig. 9). From a thermodynamic viewpoint, apatite precipitation
is favoured compared to calcite precipitation, because of its lower sol-
ubility (Kspya = 110758, Kspcalcite = 3.8¢107%) [91,92]. However,
calcite precipitation is kinetically faster than HA/HCA deposit forma-
tion, due to a more favourable combination of one Ca®" ion with one
CO%_ ion to form calcite (CaCOs) in comparison to five Cca®t ions, three
PO3 ™ ions and one hydroxyl ion to form hydroxyapatite Cas(PO4)3(OH).
Thus, the fast release of Ca®* ions from K xMn glasses owing to the lower
network connectivity compared to H xMn glasses, and the absence of
phosphate phase in K xMn glasses, caused the solubility product of
calcite to be reached when K xMn glasses were soaked in SBF, and
therefore its presence as a precipitate. Additionally, the delay in apatite
formation for K xMn glasses (Fig. 9) is related to the absence of phos-
phate ions in their composition, making the SBF solution the only
phosphate source for formation of either apatite or an amorphous cal-
cium phosphate layer.

The enzyme-mimicking activity of the glasses derives from replacing
Ca®* with Mn, which can interconvert between two oxidation states
(Mn?* and Mn®"). This redox behaviour can catalyse the decomposition
of HyO4 through both a reduction reaction (production of Hy0O) and an
oxidation reaction (production of Os) (Tables 3 and 4). During CMA
experiments, the AbsMn®"/AbsMn?* ratio decreased and reached
comparable values at 7 d of immersion in HyO5 for all H xMn and K xMn
glasses. Therefore, a comparable Mn>"/Mn?" molar ratios would be
expected. This tendency to reach an optimum molar ratio of the redox
couple involved in the decomposition of HyO, was already shown in our
previous study on the CMA of Ce-containing silicate and phospho-
silicate bioactive glasses [86]. Once the optimum ce*t/ce®t molar
ratio was reached, the maximum rate of HyO5 decomposition was
observed. The existence of an optimum Mn>*/Mn?* molar ratio of the
redox couple involved in the decomposition of HyO, was supported by
the CMA results for glasses melted in a reducing atmosphere, as the HoO2
decomposition rate for these systems seemed higher than those of the
glasses melted in air. We can therefore conclude that the best
Mn®*/Mn?* molar ratio is lower than that obtained during synthesis of
H xMn and K xMn glasses in air. H 0.5Mn_red glass, which contains
almost exclusively Mn?*, showed a better CMA performance compared
to H 0.5Mn glass, and we can thus conclude that the presence of Mn?" is
essential for the enzymatic activity. Regarding the SOD mimetic activity,
the Mn-containing glasses showed a very high enzymatic-like activity,
without significant difference between the H 0.5Mn_red and H 0.5Mn

11

Ceramics International xxx (XXxX) XXX

glass systems. We have confirmed that for the SOD activity, presence of
Mn ions on the glass surface are of importance (Mn2+ and Mn3+, see
Table 4), because of the heterogeneous catalytic mechanism that in-
volves these ions in the superoxide radical decomposition.

For the Mn free glasses (H and K), the mechanism of the heteroge-
neous catalysis of HyO, decomposition is still unclear, but it is known
that it occurs through catalysis by surface defects and the formation of
radical species, such as the hydroxyl (e¢OH) or hydroperoxyl radical
(eOOH) [93]. For silica-based materials, Si-Oe radicals present on the
material surface can disrupt HoO2 molecules, forming ¢OH and ¢OOH
radicals. Therefore, the higher the surface area of the material is the
higher the rate of H,O decomposition, for which particle size might also
have an important influence in this process. Nonetheless, particle size
was reported as an important factor in the oxidative stress process, since
smaller particles with increased surface area were described to produce
higher quantities of ROS [1].

This pathway is less effective than decomposition of H,O; by inter-
conversion of multivalent cations such as Mn, but it becomes relevant for
Mn free glasses at later time points (7 d), when the glass surface area is
higher after exchange reactions with the solution, leading to depoly-
merization of the silica network and formation of silanol (Si—-OH)
groups. However, surface defects in soda-lime-silicate glasses could
react with other species before acting as active sites for HyO, decom-
position. Consequently, introduction of Mn in the glass structure im-
proves HyO, decomposition by a different mechanism.

The correlation between the antioxidant activity and the phosphate
content is interesting because of the clear differences encountered be-
tween the glass series. A similar effect was found for Ce-containing
bioactive glasses [86], suggesting that the presence of phosphate in-
hibits the enzyme-like activity of inorganic materials. A possible
explanation could be attributed to an increased stability of Mn ions
charge balancing phosphate units, which takes them from the
Mn**/Mn®* redox equilibrium, an essential step for CMA to occur. This
effect was also reflected on the Mn relative ion concentration for both
series.

5. Conclusions

Manganese as MnO was successfully incorporated into soda lime
silicate glasses with (H) and without phosphate (K) by molar substitu-
tion of CaO (<4 mol%). Characterization by ATR FT-IR and UV-Vis
spectroscopies suggested that Mn?*/Mn®" ions have a comparable
structural role as modifiers in the glass silicate network similarly to Ca®*
ions. Manganese was mainly present as Mn?*; however, a fraction of
Mn?" ions oxidized to Mn>" ions by melting oxidizing conditions (air).
By contrast, Mn oxidation to a +3 state was avoided when melting under
a reducing atmosphere (No/Hy 90:10) for the 45S5 type glass with 0.5
mol% MnO content. Replacing Ca?* ions with Mn?*/Mn>* ions leads to
the introduction of stronger bonds with oxygen, resulting in increased
network compactness. This structural change results in the increased
stability in Tris buffer solution with increasing Mn content. As a result,
the onset of apatite formation was delayed with increasing Mn content
during in vitro testing. Interestingly, this trend was reversed for the
antioxidant activity of the glasses, with their CMA and SOD mimetic
activity improved by Mn content. This was associated with the inter-
conversion between Mn?" and Mn>®' oxidation states, which can
decompose both hydrogen peroxide and superoxide anion through
heterogeneous redox reactions. A distinct improvement in this effect was
obtained for the phosphate free glass series (K), for which an early-stage
oxidative stress effect reduction was observed for glass with more than 1
mol% MnO, showing the important role of P2Os on the ability of Mn to
undergo this interconversion. Further studies will then be required to
understand the associated structural mechanisms. Consequently, a bal-
ance between the optimum phosphate and Mn content is of importance
as to maximise the antioxidant potential of the glass while maintaining
its bioactivity expressed as the onset of apatite formation. The results
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here presented can be then used as a basis to further explore the benefits
of incorporating Mn as an antioxidant ion when developing bioactive
glasses for bone replacement applications.
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