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Abstract: The incorporation of therapeutic-capable ions into bioactive glasses (BGs), either based on silica
(SBGs) or phosphate (PBGS), is currently envisaged as a proficient path for facilitating bone regeneration.
In conjunction with this view, the single and complementary structural and bio-functional roles of CuO and
Gaz0s (in the 2-5 mol% range) were assessed, by deriving a series of SBG and PBG formulations starting
from the parent glass systems, FastOs®BG — 38.5Si0,—36.1Ca0O—5.6P,0s—19.2MgO—0.6CaF,, and
50.0P,05—35.0Ca0—10.0Na,O—5.0 Fe,O3 (mol%), respectively, using the process of melt-quenching.
The inter-linked physico-chemistry — biological response of BGs was assessed in search of bio-functional
triggers. Further light was shed on the structural role — as network former or modifier — of Cu and Ga,
immersed in SBG and PBG matrices. The preliminary biological performance was surveyed in vitro by
quantification of Cu and Ga ion release under homeostatic conditions, cytocompatibility assays (in
fibroblast cell cultures) and antibacterial tests (against Staphylococcus aureus). The similar (Cu) and
dissimilar (Ga) structural roles in the SBG and PBG vitreous networks governed their release. Namely, Cu
ions were leached in similar concentrations (ranging from 10-35 ppm and 50-110 ppm at BG doses of 5
and 50 mg/mL, respectively) for both type of BGs, while the release of Ga ions was 1-2 orders of magnitude
lower in the case of SBGs (i.e., 0.2—-6 ppm) compared to PBGs (i.e., 9-135 ppm). This was attributed to the
network modifier role of Cu in both types of BGs, and conversely, to the network former (SBGs) and
network modifier (PBGS) roles of Ga. All glasses were cytocompatible at a dose of 5 mg/mL, while at the
same concentration the antimicrobial efficiency was found to be accentuated by the coupled release of Cu
and Ga ions from SBG. By collective assessment, the most prominent candidate material for the further
development of implant coatings and bone graft substitutes was delineated as the 38.5Si0,—34.1Ca0O—
5.6P,05—16.2Mg0O—0.6CaF,—2.0Cu0—3.0Ga,0; (mol%) SBG system, which yielded moderate Cu and
Ga ion release, excellent cytocompatibility and marked antibacterial efficacy.
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1. Introduction

In recent years, the orthopaedic and dentistry fields experienced an unprecedented demand
for innovative and highly efficacious biomaterials, capable not only of overcoming the deficient
bone bonding ability of metallic (e.g., titanium and titanium super-alloys) implants, but also of
tackling the continually increasing incidence of post-surgery infections attributed to the rise of
resistant bacterial stains [1-4].

In this context, bioactive glasses (BGs), classified according their dominant network
former oxide into silica- (SBGs), phosphate- (PBGs), and borate-based (BBGSs) glasses, could
unlock new avenues for tissue engineering, due to their unique physical-chemical properties,
promising biological responses (e.g., excellent biocompatibility, osseointegration) [5-7], and
fascinating ability to accommodate various metallic ions with antimicrobial/antifungal properties
within their structure [5-8].

The story of BGs, started with Prof. Hench and his collaborators [9] which remoulded the
perception of glasses in bone tissue engineering, transforming a rather mundane material into one
of the most fashionable and alluring in healthcare. The original BG formulation (mol%: 46.1SiO>—
24.4Na;0-26.9Ca0-2.6P20s), commonly denominated as 45S5, was shown to facilitate fast bone
bonding [5,6,10], and currently it is commercialized under various trademarks (e.g., Bioglass®,
Biogran®, NovaBone®, NovaMin®, Perioglas®, TeraSphere®) [6,11]. Over the course of years,
45S5 has been used as a benchmark for the fabrication of new SBG formulations with added bio-
functional traits (e.g., angiogenesis, antimicrobial effect) [6,7,11]. Noteworthy are also the studies
moving towards the decrease or even elimination of alkalis from SBGs [12-14], as their presence
is known to be in many cases detrimental (e.g., burst release, unpredictable degradation, high
reactivity, steep pH increase, which occasionally could impose preconditioning stages [6,7,15]).
Nowadays, the delineation of biologically effective BGs constitutes a hot research topic in full
swing, with the focus expanding towards both PBGs (more markedly) [4,16,17] and BBGs (more
recently) [18—-20] compositions.

Regardless, of their glass network matrix, BGs are expected to become noteworthy
candidates for translation into biomedical applications, either as bone graft substitutes (scaffolds)
or as (long-lasting or sacrificial temporary) coatings for the bio-functionalization of metallic
implants [6,16,21,22]. In this context, effective strategies for modifying the chemistry and structure

of BGs are sought to increase their biological performance, with all glass constituents (i.e., network
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formers, modifiers and intermediates) being scrutinized [6,23]. Whether we consider the (i) SBGs,
as the materials with the most potent biomineralization capacity (e.g., generation of carbonated
HA layers in contact with body fluids) fit for bone graft substitutes and adherent coatings for endo-
osseous cementless implants [6], or the (ii) PBGs, in the P,Os—CaO-Na,O system, as fast
biodegradable materials [24-26] suitable as a therapeutic ion reservoir for drug delivery systems
and sacrificial thin films capable of boosted short-lived biological effects [24,27], the leaching
kinetics of the beneficial ions depends on the glass network structure and ions’ role as network
former, modifier or intermediate. This is why, a better understanding of the interlinks between
structural role and performance under near-real biological condition, in the case of SBGs and
PBGs, could open a myriad of possibilities for using such materials, standalone or combined, for
advanced healthcare applications.

Recently, the individual incorporation of antimicrobial agents (e.qg., silver, zinc, copper, or
gallium) in BGs has been recognised as a new attractive strategy for boosting their bio-
functionality, aiming to reduce the increasing number of post-surgery infections [6,28,29]. The
combined action of such antimicrobial agents (if possessing different underlying mechanisms),
incorporated into BGs, is expected to expand their therapeutic range. In exploring and developing
this vision, two promising antimicrobial elements — copper (Cu) and gallium (Ga) — were selected
herein, and were separately and concurrently incorporated into SBG and PBG formulations, and
comparatively studied.

Copper has long been used as antibacterial agent in biomedical research [30,31] and, has
riveted in recent years since Cu surfaces exclusively passed the new US EPA test protocol in 2008
[32,33]. Different studies showed that Cu incorporated BGs can reduce both Gram-positive and
Gram-negative bacterial strains. For instance, Gross et al. doped melt-quenched SBGs with Cu
ions by an ion-exchange process, and obtained excellent antimicrobial efficiency (99.9%
reduction) against Pseudomonas aeruginosa, Escherichia coli, Klebsiella aerogenes and
Staphylococcus aureus [32]. Furthermore, Liu et al. have employed biodegradable Cu-doped
phosphate-based glass (Cu-PBG) nanozymes for the controlled release of Cu ions to eradicate S.
aureus and E. coli bacteria [30]. E. coli and S. aureus strains were reduced at Cu-PBG
concentration of 0.3 mg/mL down to 54.9% and 51.2%, respectively, while for a dose of 0.5
mg/mL the extermination values reached 95.1 and 94.0 %, respectively. The antibacterial
mechanism of Cu is believed to be related to its ability to (i) generate reactive oxygen species



(ROS) and reactive hydroxyl radicals to directly damage the cell membrane through Fenton-type
reaction or enzyme activity (e.g., peroxidase (POD)-like activity), and to (ii) denature DNA/RNA
by ion chelating after entering the cells. Other prominent biological features of Cu-doped BGs
include an improvement in cell proliferation and promotion of angiogenesis [6,11].

Gallium, FDA approved to treat hypercalcemia of malignancy [34], has emerged as a potent
antimicrobial element to defeat drug-resistant bacteria thanks to a “Trojan horse” effect against the
iron-seeking bacteria [35-37]. Because of its similarity to Fe* ion (e.g., almost identical ionic
radius, coordination number, and ionization potential) [35,36], Ga* ions enter bacteria through
Fe3* uptake systems, disrupting the Fe metabolism and the function of some Fe-containing
proteins, leading to the inhibition of bacteria growth/biofilm formation. Ga-substituted SBGs
proved to be effective against both Gram-positive (S. aureus [4,38]) and Gram-negative bacteria
(E. coli [4,38], P. aeruginosa [36]). Similar promising antimicrobial effects were also found for
Ga-substituted PBGs [34,39]. Antibacterial efficacy was reported for melt-quenched PBG with
Ga>03 concentration as low as 1 mol% [34]. Recently, the antibacterial activity of Ga-PBG films
deposited by magnetron sputtering has been reported (i.e., a 5-log and 6-log reduction of E. coli
and S. aureus, after 24 h), with the strength of the effect being controlled by the layer thickness
[4]. This suggested the possibility to respond with more specificity to patient needs (along with a
diminution of side effects) by tuning the amounts of therapeutic ions to be released and thereby,
the duration and intensity of the antimicrobial activity.

To the best of our knowledge, only few attempts to endow bioactive glasses with superior
therapeutic effects (e.g., osseointegration, angiogenic, wound healing, and antimicrobial effects),
by dual- or multi-oxide substitutions have been reported so far, amongst them: Ce-Ga in both PBGs
and SBGs [35,40], and Zn-Sr [14,41], Ag-Mn [42], and Ag-Co-Ti [43] in SBGs. In the study
herein, the incorporation of both Cu and Ga in well-established SBG and PBG systems was
explored from physico-chemical and preliminary biological standpoints, as a facile and safe
solution to boost the antimicrobial efficacy of these biomaterials. Particular attention was devoted
to understanding the structural role of gallium in SBGs and PBGs, as it could prove to be of high

importance for the predictability of their biological performance.



2. Materials and Methods

2.1 Preparation of bioactive glass powders with/without antibacterial agents

Ten formulations of SBGs (based on the FastOsBG® system [44]) and PBGs (derived from
the P,Os—CaO-Na>O-Fe,O3 compositional system, proposed in Ref. [16]) were prepared by melt-
quenching. Their expected/theoretical oxide concentrations (in mol%) and corresponding sample
codes are presented in Table 1. CuO partially substituted CaO (for both SBG and PBG systems),
whilst Ga,O3 partially replaced MgO (for SBGs) or Fe;Os3 (for PBGs). The substitutions were
performed considering not the valence of the respective ion, but its consecrated structural role as
network modifier (Ca in both SBGs and PBGs) [45,46] or intermediate (Mg in SBGs [47] and Fe
in PBGs [48]). This could allow to infer the single and coupled structural and biofunctional roles
of Cu and Ga in these two types of glass matrices. Furthermore, this way, the excessive depletion
of network modifier Ca (for both SBGs and PBGs) and the diminution (in the case of PBGS) or
close to total reduction of the network former P (in the case of SBGs), two elements that play a
decisive role in the biological response of BGs, have also been avoided.

The SBGs were synthesized using the SiO2, CaCOs, CaF2, NHsPO4, MgO, CuO (BDH
Chemicals Ltd., purity > 99%) and/or Ga>,Oz (ThermoFisher Scientific, purity 99.99%) precursors,
by applying the preparation protocol reported in Ref. [14]. In the case of PBGs, the procedure
described in Ref. [16] was used, employing the following precursors: P2Os (ThermoFisher
Scientific, purity >99%), CaHPO4, NaH2PO4, FePO4-2H,0, CuO (purity >99%) and/or Ga,03
(Sigma Aldrich, purity >99.99%). The as-prepared bulk glasses were ground using an agate ball
mill and sieved through a 63 pm mesh size to obtain fine powders.

Table 1: The oxide concentration (in mol%) — theoretical (the.) and experimentally (exp.) determined by

EDXS as arithmetic means * standard deviation (n=3) — and thermal parameters (extracted on the basis

of the TG-DSC measurements) of the as-synthesized SBG and PBG materials. "Note: The fluorine content
could not be accurately quantified, being too close to its EDXS detection limit.

Sample . ) Thermal properties
Oxide concentration (mol %)

code

Tg Tec Tm

SBG series SiOz CaO P2Os MgO CaF;’ | CuO | Ga0s | 5 5
(°C) | CCO) | (°C)

p— the. 385 36.1 5.6 19.2 0.6 - - 715 | 912 | >1200
exp. [ 39.3+0.2 | 36.7+0.6 | 5.0+0.1 | 19.0+0.3 - - -

p— the. 385 311 5.6 19.2 0.6 5.0 - 694 | 881 | 1161
exp. | 38.7+0.5 | 32.2+0.4 | 5.1+0.1 | 18.4+0.2 - 5.6+0.9 -




362 the. 38.5 33.1 5.6 17.2 0.6 3.0 2.0 657 | 897 |>1200
exp. [ 38.6+0.3 | 33.9+1.0 | 5.2+0.1 | 16.8+05 - 3.6+0.5 | 1.9+0.1

0263 the. 385 341 5.6 16.2 0.6 2.0 3.0 791 | 895 | 1200
exp. | 38.7+0.3 | 34.7+0.7 | 5.1+0.1 | 16.1+0.4 - 2.6+0.4 | 2.8+0.1

COGE the. 38.5 36.1 5.6 14.2 0.6 - 5.0 800 | 938 | >1200
exp. | 39.6+0.4 | 36.6+0.8 | 5.0+0.2 | 14.0+0.2 - - 4.8+0.1

PBG series P20s CaO MgO Na20 Fe203 CuO | Gax0s | | . .
Q) | CO) | (O

OGO the. 50.0 35.0 - 10.0 5.0 - - 561 | 686 | 811
exp. | 49.8+0.4 | 33.7+0.2 - 12.3+0.3 | 4.2+0.1 - -

C5G0 the. 50.0 30.0 - 10.0 5.0 5.0 - 530 | 680 | 804
exp. | 48.9+0.1 | 29.3+0.2 - 11.4+0.1 | 4.8+0.1 | 5.6+0.1 -

caGo the. 50.0 32.0 - 10.0 3.0 3.0 2.0 420 | 688 | 790
exp. | 48.4+0.1 | 31.7+0.2 - 11.6+0.4 | 3.0+0.1 | 3.2+0.2 | 2.1+0.1

C2G3 the. 50.0 33.0 - 10.0 2.0 2.0 3.0 518 | 684 | 785
exp. | 50.0+0.2 | 32.2+0.4 - 10.0+0.4 | 2.0+0.1 | 2.2+0.1 | 3.6+0.3

COGE the. 50.0 35.0 - 10.0 - - 5.0 457 | 609 | 1185
exp. | 50.5+0.1 | 34.4+0.2 - 9.9+0.2 - - 5.2+0.1

2.2 Physico-chemical characterisation techniques

(a) The compositions of the as-prepared BGs were verified by energy dispersive X-ray
spectroscopy (EDXS) using an Oxford Instruments apparatus attached to a Phillips XL30 scanning
electron microscope (SEM), at an acceleration voltage of 15 kV. The measurements were
performed over (at least three randomly chosen) specimen regions with areas of 250 x 250 um?.
Since the quantification of lighter elements (i.e., oxygen and fluorine) by EDXS is prone to large
errors, it was disregarded. The as-determined elemental concentrations of Si, Ca, P, Mg, Na, Fe,
Cu and Ga (at.%) were converted to mol% oxide compositions, considering the stoichiometric
molecular formulas, with oxygen as minuend. The BGs oxide concentrations have been presented
as arithmetic means + standard deviations.

(b) The thermal analyses were performed with a Setaram Setsys Evolution 18 instrument
in a Thermogravimetry — Differential Scanning Calorimetry (TG-DSC) mode, from room

temperature up to 1200 °C. The powder samples (~25 mg) were measured in synthetic air (80%



N2/20% Oo; gas flow rate of 16 mL/min) at a heating rate of 10 °C/min. The accuracy of the heat
flow measurements and temperature precision were of £ 0.001 mW and £ 0.1 °C, respectively.

(c) The amorphous state of the SBG and PBG powders was verified by X-ray diffraction
(XRD), in the angular range 26 from 15 to 60°, with a step size of 0.04°, and a dwell time of 3 s,
using a Bruker D8 Advance diffractometer (CuK,, A=1.5418 A) set in Bragg-Brentano geometry.

(d) The chemical structure and the bonding arrangement of the SBG and PBG materials
was investigated by Fourier transform infrared spectroscopy (FTIR) spectroscopy in transmission
mode (on pressed pellets with a BG:KBr mass ratio of 1:150), using a Perkin Elmer Spectrum BX
Il spectrophotometer. The spectra were acquired in the wave numbers range of 4000-400 cm™?, at
a resolution of 4 cm™.

(e) The chemical state of Cu and Ga in selected SBG and PBG materials was examined by
X-ray photoelectron spectroscopy (XPS) using a Specs GmbH Multimethod System, equipped
with a Phoibos 150 hemispherical energy analyser with a multi-element two-stage transfer lens
and a nine channeltrons detector array. The photo-emission studies have been carried out at a
pressure of ~10~7 Pa, using a XR-50M Mg K, (1253.6 eV) source, set at 300 W. A pass energy of
20 eV was used for the high-resolution core level spectral recordings. The sample neutralization
during the measurements was achieved by using a flood gun, working at acceleration energy of 1
eV and an emission current of 0.1 mA. The spectra were charge corrected with respect to
adventitious carbon (284.8 eV). The fitting of spectra was performed with a dedicated software
Spectral Data Processor using Voigt functions, and a Shirley background.

(f) The Ga local environment of selected SBG and PBG materials was investigated by
extended X-ray absorption fine structure (EXAFS) spectroscopy. The primary absorption spectra
were acquired in fluorescence mode at the Ga K edge (10367 eV) with a laboratory-grade Rigaku
EXAFS spectrometer [49,50], between ~300 eV before the edge and 650 eV above it, with a 2 eV
step in the EXAFS range. The continuous radiation of an X-ray tube with molybdenum target was
analysed on a curved Ge(220) single-crystal monochromator. The absorbing samples, finely
powdered and pressed as pellets, were placed between a proportional Ar-filled counter and a solid-
state detector, which measured the intensities of the incident and fluorescence X-ray beams,
respectively. After subtraction of pre-edge and post-edge backgrounds from the spectra, the
EXAFS function y(k) (k = photoelectron wave number) was calculated from the post-edge

oscillations of the spectra, normalized through the smooth atomic absorption (post-edge



background). The k®y(k) spectra were then Fourier transformed over the k range ~2—13 A, The
Fourier transforms (FT) of EXAFS approximate radial distribution functions around the absorbing
Ga atoms, with maxima corresponding, up to systematic shifts, to the neighbouring shells of Ga.
The first main maximum of FT, corresponding to the nearest oxygen neighbours of Ga was further
isolated by a Hanning-function window, backtransformed into k-space (Fourier filtering) and non-
linearly fitted by a least-square method. The fit of the filtered EXAFS provided the number of the
nearest oxygen neighbours of Ga, the interatomic Ga—O distance, and the degree of structural
disorder of the neighbouring oxygen shell. The processing of the primary data for calculation of
the EXAFS function (k) was carried out by using the Athena program [51], whereas the fit of
EXAFS was done with the Artemis package, including the ATOMS, FEFF and IFEFFIT routines
[51-55].

2.3 In vitro biological assays

Three independent quantities of 0.1, 0.02 and 0.01 g of each composition of powder, were
weighed with a micro-balance with an accuracy of 10 g. Prior to the in vitro assays, all SBGs
and PBGs, precisely weighted and placed in the relevant biological sealed testing vials, were
sterilized by gamma irradiation at the Multipurpose Irradiation Facility Centre, within the “Horia
Hulubei” National Institute for R&D in Physics and Nuclear Engineering, Romania. The minimum
absorbed dose was 25 kGy.

To allow for a homogeneous, straightforward cross-interpretation of biological testing
results, the (a) pH measurements, (b) therapeutic ion release, and (c) cytocompatibility assays,
were performed in the same medium used for the cell culture tests, namely the Dulbecco’s
Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (code D6421, Sigma Aldrich) with 15 mM
of HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer agent and sodium
bicarbonate, supplemented with L-glutamine and 10% foetal bovine serum (FBS), further denoted
DMEM/F12-FBS, and not in conventional inorganic solutions such as Kokubo’s simulated body
fluid (SBF) or Tris-HCI (as suggested in ISO 10993-14). It is to note, that currently, an active, and
rather constructive, debate is taking place worldwide on the most suitable testing environments for
acellular in vitro tests [56-59], whether we're talking about degradation/ion release (topical in the
context of this study), bioactivity/mineralization or corrosion testing. Several critical aspects need

to be considered for reliable testing, amongst which, of great most important are: (i) ensuring



faithful/realistic biomimetic conditions (although it seems straightforward, not many today’s
studies adopt the correct biomimetic conditions — 5% CO3, 37 °C, humidified ambient, preferring
a normal dry ambient), and (ii) suitable choice of acid-base buffering systems. Without such
prerequisites, abnormal/drastic pH modifications of media occur, having as consequences the
pronounced glass degradation, burst release of ions, and even the undesirable formation of
CaCO03:-H20, CaCOs and NaCl crystalline phases (kinetically favoured at high pH values),
irrespective of testing medium (e.g., SBF, DMEM) [56,57,59].

Two mL of DMEM/F12-FBS medium were added to the sterilized vials containing 0.1 and
0.01 g of each type of SBG or PBG, leading to two "BG mass/testing medium volume ” ratios of
50 and 5 mg/mL, respectively. The samples were kept for 24 h under agitation in an incubator
under homeostatic conditions (5% CO», 37 °C, humidified ambient). Subsequently, the tubes were
centrifuged (at 700 x g), and the liquid was separated from the remaining powder. The extracted
medium was filtered through a 0.22 pm Millipore™ membrane filter, and then stored in sealed
containers in the refrigerator (at 4 °C), up to maximum 24 h, to prevent evaporation and
contamination, until the debut of experiments.

(a) pH measurements

A part of the extracted medium was used for pH measurements using a LAQUAtwin pH-
33 apparatus. Before each set of measurements, the pH meter was calibrated in USA buffers
(model no. 502-S) with pH values of 7.00 and 4.01, followed by the rinse of the pH-meter electrode
in deionised water and drying.

(b) Therapeutic ion release determinations

Another part of the medium was diluted by a factor of 100 with ultra-pore Milli-Q™ water
to curtail the plasma instability and non-spectral interferences which could be induced by the
abundant organic moieties present in DMEM/F12-FBS. Then, the ionic concentrations (in mg/L,
multiplied by the dilution factor) of the therapeutic ions of interest (i.e., Cu and Ga) were
determined by inductively coupled plasma mass spectroscopy (ICP-MS), employing a
PerkinElmer ELAN DRC-e quadrupole-based system.

(c) Cytocompatibility assessments

In vitro cytocompatibility experiments of SBG and PBG were performed in accordance with
the specifications of the 1ISO 10993-5:2009 standard: “Biological evaluation of medical devices —



Part 5: Tests for in vitro cytotoxicity”. The in vitro cell culture protocol is succinctly described
hereunder:

Cell culture

NIH/3T3 mouse fibroblasts were grown in the DMEM/F12-FBS at 37 °C and 5% CO> and
passaged every 2—3 days.

Cell viability/proliferation and cell death assays

The cytocompatibility of the SBG and PBG powders was evaluated by cell viability (by 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay) and cell death (by the lactate dehydrogenase (LDH) assay) testing, using a NIH/3T3 mouse
fibroblast cell line (ATCC® CRL-1658™),

The NIH/3T3 cells were seeded in 96-well at 5000 cells/well and allowed to attach and
proliferate for 24 h, after which the medium was replaced with SBG or PBG conditioned media
and incubated for another 24 h. The proliferation was assessed using MTS according to the
manufacturer’s (Promega Corporation) protocol. Supernatants from these cells were used to assess
cell death by the LDH test (CytoTox 96® non-radioactive cytotoxicity assay kit) according to the
manufacturer’s (Promega Corporation) protocol.

(d) Antibacterial tests

The antibacterial tests were performed in suspension in a nutrient broth medium (meat
peptone, meat extract, NaCl — 5 g/L each, produced by Sanimed International Impex, certified
supplier for medical bacteriology laboratories). The Gram-positive bacterial strain S. aureus
(ATCC® 6538) was used. An inoculum of bacterial cells was prepared and the number of colony
forming units (CFU) in the inoculum were determined (colonies were quantified 24 h after serial
dilutions and then mounted on soft agar). To each round bottom flask containing 0.02 g of the
sterile SBG and PBG powders were added 4 mL of nutrient broth containing 10° CFU/mL,
resulting in "BG mass/testing medium volume ” ratio of 5 mg/mL. The flasks were then stored in
an incubator at 37 °C on an orbital shaker at 250 rpm. After 24 h the specimens were subjected to
the procedure for determining the viable CFUs. For this purpose, the samples were vortexed (1
min at 1200 rpm) and then serial dilutions were prepared. From each dilution, two aliquots of 1
mL were evenly distributed on the agar plates. The plates were placed in the incubator, and after
24 h, the colonies were counted. The CFU value was calculated using the equation: CFU = (mean

number of colonies) x (dilution factor).
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(d) Statistical analysis

All in vitro biological measurements/assays were performed in triplicate and the data will
be presented as arithmetic means + standard deviations. A statistical analysis was performed using
a one-way ANOVA multiple analysis comparison followed by a Dunnett’s post hoc test, with the

differences being considered significant when p < 0.05.

3. Results

3.1 Physico-chemical determinations
3.1.1 EDXS

The composition of the melt-quenched BGs was inferred by EDXS, and the planned and
experimental oxide compositions are given in Table 1. It can be concluded that the anticipated
SBG and PBG formulations have been obtained (including the concentrations of therapeutic
agents) within the experimental errors [60].
3.1.2 Thermal analysis

The glass transition (Tg), crystallization (T¢) and melting (Tm) temperatures of the studied
glasses are presented in Table 1. Higher Tcand T values have been consistently obtained for
SBGs with respected to PBGs, denoting the better structural thermal stability of the former, and
providing a series of indications regarding their possible processing window in the form of glass-
ceramic implant coatings and scaffolds. The expansion and weakening of the glass network are
characteristically accompanied by a decrease in Ty [61]. On the overall, in the case of SBGs, the
incorporation of Cu produced a decline of the Tg (suggesting its prominent network modifier role),
whilst Ga incrementally increased the T4 (implying its foremost network former role). However,
for PBGs, both Cu and (more markedly) Ga induced a decrease of the Tg. This provided a first clue
that Ga plays dissimilar structural roles in the SBG and PBG networks.

3.1.3 XRD

The XRD patterns of the glasses in the SBG and PBG series are comparatively shown in
Fig. 1. These analyses confirmed the amorphous character of all SBG and PBG materials,
regardless of their composition. The XRD diagrams of SBG powders are characterized by a halo
centred at 20~29° (Fig. 1a), typical for moderately depolymerized glasses [14]. The amorphous
halo of the PBG materials was found to be located at 260=25° (Fig. 1b), being thus displaced to
lower angles. The diffraction halo is related to radii of the first coordination spheres (determined
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by the bond lengths and angles) and thereby, the average distances between atoms in the
amorphous compound. The lower intensity and broader aspect of the PBGs halos suggested their
increased structural disorder with respect to SBGs. The down-shift of the halo position in the case
of PBGs indicated a more rarefied glass network with lower packing density. Consequently, it is
expected for the PBG materials to be more readily solubilized than SBGs, and able to release

therapeutic ions within at higher rates.
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Figure 1: The characteristic XRD diagrams, collected in Bragg-Brentano geometry, of the (c) SBG and
(d) PBG powders, with and without CuO and/or Ga,0Os therapeutic agents.

3.1.4 FTIR spectroscopy

The FTIR spectra of the SBG and PBG compositional systems are comparatively presented
in Fig. 2. The progressive incorporation of network modifiers will decrease the connectivity of the
silicate or phosphate network since the cation electric charge can only be compensated by the
fracture of the oxygen bridges (BO) corner-shared by the silicate (Qg;) and ultraphosphate (Q3)
structural units. Consequently, the number of non-bridging oxygen (NBO) of the glass will be
increased, generating in an incremental manner Si—-1NBO (Q2;), Si—-2NBO (Q%), Si-3NBO (Q3;)
and Si-4NBO (QJ,) tetrahedra for SBGs, and P-2NBO (Q3), P-3NBO (Q}) and P-4NBO (Q3)
units for PBGs. A lower degree of network connectivity is known to favour the glass solubility in
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physiological environments, and to accommodate an efficient release of therapeutic ions within
their structure [62,63].

The FTIR spectra of SBGs (Fig. 2a) elicited a high degree of similarity and were
characterized by the presence of two prominent and broad IR absorption bands, positioned in the
wave number regions of 1400-800 cm* and 650-400 cm™2. The first IR band is marked by four
defined shoulders, peaking at ca. (i) 1181, (ii) 1032, (iii) 950, and (iv) 855 cm™, and appertaining
to the asymmetric stretching (vas) vibrations of the Si—O-Si bonds in all silicate tetrahedral units
(the (i) longitudinal LOs and (ii) transverse TOs optical modes), and to vas 0f SI-NBO bonds in
(iii) Q3; and Q% and (iv) Q%; and Q2; units, respectively [14,58,64-66]. The maxima positioned at ~562
and 506 cm* belong to the bending (8) and rocking (p) vibration modes of Si—O bonds in all
silicate groups [58,64,65]. The IR bands of phosphate groups are difficult to pinpoint for SBGs,
due to the overlap in the same spectral range of the intense vibration modes generated by the
prominent silicate groups [65]. The similar intensity ratio of the Si—-O-Si and Si—-NBO absorption
bands indicated analogous moderate degrees of connectivity for the SBGs with different
compositions.

In the case of PBGs (Fig. 2b), the FTIR spectra featured a series of well-defined IR
maxima, similar in position and amplitude, and highly specific to phosphate glasses with a low
degree of connectivity [67-69]. They were centred at ca. (i) 1274, (ii) 1094, (iii) 1003, (iv) 907, (v)
748, (vi) 530, and (vii) 492 cm™, and are ascribed to the: vas 0f P-NBO bonds in the (i) middle-of-
chain (PO2)~ (Q3) and (ii) end-of-chain (POs)?> (Q#) units; (iii) vibrations in isolated Q9 structural
units; (iv) vas of P-O—P bonds in Q3 structural units; (v) symmetric stretching (vs) vibrations of P—
O-P bonds in all QF structural units; bending (8) of the (vi) P=O-P bonds, and (vii) linkages in the
intermediate Q2 groups [16,67,70]. Thus, it can be concluded that the PBGs structure consisted of
a balanced mixture of phosphate structural units with two (Q3) and three (@5) NBOs, which will
render them rapidly biodegradable, allowing for an efficient release of the constituting therapeutic
ions. A notable difference was ascertained: the incorporation of Ga>O3 in PBGs was accompanied
by the emergence of the vas Q3 band (~1003 cm™?), testimony of a slight local depolymerisation of
these glasses.

3.1.5 XPS
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The X-ray photoelectron spectra of the Cu 2ps2 and Ga 2psj2 core electron levels collected
for the SBG and PBG C2G3-type samples are shown in Figs. 2c and 2d, respectively. The Cu 2pz
spectra of both SBG and PBG glasses were analogous in both binding energy position and shape,
denoting similar chemical states. Namely, the Cu 2ps/2 core electron levels featured a larger (~70%)
component at ~932.7 eV ascribed to Cu'* and a smaller (~30%) one at ~933.9 eV, attributed to
Cu?*[71,72]. The Cu?* occurrence was supported also by the emergence of its characteristic shake-
up satellites in form of a low intensity broad spectral peak situated in the binding energy region of
~938-946 eV [71,72]. The Ga 2p*? spectra of both SBG and PBG glasses were fitted with two
components (A and B), corresponding to a lower (A) and a higher (B) oxidation state. Peaks A are
located at similar binding energies for SBG-C2G3 (~1117.8 eV) and PBG-C2G3 (~1117.9 eV),
whilst peak B is shifted to higher energy in the case of PBG-C2G3 (~1119.7 eV) with respect to
SBG-C2G3 (~1119.0 eV), which is indicative of a higher oxidation state of the former (and

denoting a richer oxygen chemical environment of Ga atoms) [72,73].
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Figure 2: Comparative FTIR spectra of the (a) SBG and (b) PBG materials, with and without CuO
and/or Ga,0s therapeutic agents. High resolution XPS spectra of the (c) Cu 2ps, and (d) Ga 3pss. core
photoelectron levels recorded in the case of the Cu and Ga substituted SBG and PBG C2G3-type

materials.
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3.2 In vitro bio-functional evaluation
3.2.1 pH and therapeutic ion release
The pH values of the DMEM/F12-FBS complete cell culture medium after 24 h of

treatment with the SBG and PBG materials (at doses of 50 and 5 mg/mL) are displayed in Fig.
3a,b. The SBG materials induced a moderate or slight alkalinisation of the environment, with the
pH reaching values in the range of ~8.2-8.8 and ~7.8-8.4 for powder mass/medium volume ratios
of ~50 and 5 mg/mL, respectively. This was expected, since the decomposition of silicate glasses
is triggered by a diffusion-controlled protons/hydronium — alkali/alkali earth ion exchange, with
the silicate glass network believed to start breaking down only at a pH higher than 8 — 9 [63,74]. In
contrast, the PBG materials with CuO and/or Ga.Oz acidified the biological testing medium (more
marked for Ga-containing PBGs at high dose), rendering pH values into a broader (~6.5-7) or
narrower (~7.1-7.2) range when used at doses of 50 and 5 mg/mL, respectively. The acidification
of the medium is owned to the degradation mechanism of phosphate glasses, based on the
hydrolysis of phosphate network by the nucleophilic attack of water, which leads to the scission
of the P-O-P bonds, and release of (mostly) metaphosphate rings [75,76]. Furthermore, the
presence of metallic cations (withdrawing electron density from P—O bonds) is known to act as a
catalytic agent for the decomposition of phosphate glasses. A particular situation was met for the
parent (PBG-C0GO0) and PBG-C5G0 formulations, which have led low modifications of the
medium pH (i.e., ~7.0-7.2), irrespective of powder dose (50 or 5 mg/mL). This can be linked to
the unaltered iron content of these two types of PBGs. Iron possesses a high field strength which
leads to an increased glass network durability [75].

The concentrations of ions (Cu and Ga) with potential therapeutic effect released by the
SBG and PBG materials in the DMEM/F12-FBS complete culture medium after 24 h of incubation
were assessed by ICP-MS, and are given in Figs. 3c—f. It was observed that the concentration level
of Cu and Ga ions released in the biological environment is dependent on their corresponding
amounts incorporated in the glass SBG and PBG structure. Interestingly, Cu ions were released in
similar concentrations for both SBGs and PBGs (i.e., ~50-110 and 10-36 mg/mL and powder
doses of 50 and 5 mg/mL, respectively). However, Ga ions were leached by the SBG materials at
concentrations of 1-2 orders of magnitude lower with respect to PBGs (i.e., ~0.2—6 vs. 9-135
mg/L). This hinted that Ga ions form stronger chemical bonds (are part of more durable structural

arrangements) in SBGs, suggesting a predominantly network former role of Ga in SBGs. Ga ions
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could have a coordination number of 4, and therefore are able to form tetrahedral structural units
(GaO4)* in SBGs. Nevertheless, only scarce evidence of this theory could be found. The negative

charge of the (GaO4)?" units can be compensated by the delocalization of network modifying ions

[36,77].
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Figure 3: The evolution of the pH values of the complete cell culture medium after 24 h in presence of
doses of 50 and 5 mg/mL of (a) SBG and (b) PBG powders. The concentrations of (c,d) Cu and (e,f) Ga
therapeutic ions released by (a,c) SBGs and (b,d) PBGs (tested at doses of 50 and 5 mg/mL) after
immersion in the complete cell culture medium for 24 h, as determined by ICP-MS.
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3.2.2 Cytocompatibility assays

The cell viability/proliferation and death results, recorded at glass concentrations of 50 and
5 mg/mL, are comparatively displayed in Fig. 4a—d. The correlation of the MTS and LDH results
indicated that only a concentration of 50 mg/mL of SBG-COGS5 provided cell viability comparable
to the control (Fig. 4a,b), but induced an increase in cell death (Fig. 4c). At this concentration the
other compositional systems were cytotoxic. This was caused by the release of Cu ions from SBGs
and PBGs into the culture medium at high concentrations of ~50-110 mg/L, situated above the
cytotoxicity limit of Cu (i.e., ~10 mg/L) recently reported by Wang et al. for the SBG SiO,—CaO—
P.0Os—CuO system [78]. The release of Ga ions (stronger — 135-150 mg/L — in the case of PBG-
CO0G5), decreased cell viability to a value of ~75-80%, which was still considered unacceptable
after only 24 h.

Subsequently, a decreased concentration (i.e., 5 mg/mL) of SBG and PBG in the culture
medium was trialled, to achieve a lower therapeutic ion release rate. Consequently, the MTS tests
showed that neither SBGs nor PBGs were detrimental towards cell viability, which was situated
above 92% for all tested samples (Fig. 4a,b). The LDH release was not increased at this powder-
to-medium concentration (Fig. 4c,d). Correlating these results with those of cell
viability/proliferation, it can be concluded that SBG and PBG materials had no cytotoxic effect
when used at doses of 5 mg/mL.

3.2.3 Antibacterial tests

All SBG and PBG compositional systems were further evaluated in terms of antimicrobial
efficacy against one of the most aggressive and widespread pathogens, S. aureus, which is
responsible for a wide range of clinical infections [79]. The antimicrobial potential of SBG and
PBG materials (at doses of 5 mg/mL) was evaluated using suspensions of S. aureus in liquid
culture medium (i.e., nutrient broth). The antibacterial activity bar-charts are shown in Fig. 4ef.
For the control sample (i.e., culture medium inoculated with 10° CFU/mL S. aureus), the bacterial
cells developed well, reaching a CFU value with ~4 orders of magnitude higher than the seeded
one after 24 h. Interestingly, for SBG powders with CuO and/or Ga»0s, a strong antibacterial effect
was recorded (more marked for C3G2 and C2G3 glasses). Specifically, ~2-log and ~5-log viable
CFUs reductions were observed with respect to the seeded CFUs number and control sample,

respectively. It was thus highlighted that the antibacterial efficiency is accentuated by the
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simultaneous release of Cu and Ga ions from the SBG materials, and their synergic action (with

emphasis on C2G3). The PBG powders had at best a weak bacteriostatic effect.
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Figure 4: Bar charts representation of (a—d) cytocompatibility and (e,f) antibacterial activity of the SBG
and PBG materials. The NIH/3T3 (ATCC® CRL—1658™) mouse fibroblast (a,b) cell
viability/proliferation (evaluated by the MTS assay) and (c,d) cytotoxicity (inferred by the LDH test) at 24
h of the (a,c) SBG and (b,d) PBG materials, at powder mass-to-medium volume ratios of 50 and 5 mg/mL.
The antimicrobial activity at 24 h (represented in log-scale) of the () SBG and (f) PBG materials (at
powder doses of 5 mg/mL) against the S. aureus bacterial strain.
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4. Discussion

Low connectivity glasses, such as SBGs and PBGs, exhibit intricate networks, with each
of chemical constituents possessing a definite structural role, which can vary according to its
concentration and lattice site. Network formers (i.e., Si and P) generate a highly cross-linked
network of bridging oxygen (BO) bonds and create the building blocks of glasses. BGs can be
transformed into a true wonder-materials by customisation of incorporated network modifiers
(most often, alkali and alkaline earth metal oxides, i.e., Na;O, K;O, CaO and MgO). Network
modifiers depolymerise and transform the glass structure by turning the BO atoms with a
predominantly covalent chemical bonding character (e.g., Si-O-Si and P—O—P bonds) into non-
bridging oxygen (NBO) atoms forming linkages with ionic character (e.g., Si-O-M*, M* = cation
modifier). The third category of constituents are the network intermediates which can act either as
network formers or modifiers depending on the glass composition and structural location.

Currently, the doping of biocompatible SBGs and PBGs glasses with bioactive potent
oxides (e.g., Agz20, SrO, ZnO, CeO2, CuO, Ga203) is widely considered for tuning and expanding
their functionality (with angiogenesis, antioxidant and antimicrobial properties being the most
targeted) and applicability range (from hard tissue to soft tissue and wound healing applications)
to suit specific biomedical demands [6,11,63]. Since therapeutic agents inserted in the backbone
of the glass modify the physical properties of new BGs, it becomes of major importance to unveil
their specific structural role (as either network former, modifier or intermediate)/chemical
environment, as this will govern their leaching rate in the biological medium, and thereby the BG
effectiveness.

In this work, the structural and preliminary biological effects of Cu and Ga were explored
when incorporated solely or concurrently in SBG and PBG systems. If in the case of Cu, the
scientific literature rather consensually agrees on its network modifier role [31,80], in the case of
Ga, the evidences are rather infrequent and indecisive. In a SBG structure, Ga®* ions are believed
to exhibit a transitional behaviour between network formers and network modifiers [36].
Furthermore, studies of both Ga-substituted SBGs and PBGs have indicated that the release of
Ga®* in physiological media is not directly proportional to its concentration in the glass, but is
rather dependent on its location in the vitreous network [34,36]. Sanchez-Salcedo et al. [36]

concluded that in mesoporous SBGs, Ga®* acts as a network modifier in the highly polymerized
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regions (i.e., regions with bridging oxygen predominance) and as a network former in the regions
with non-bridging oxygen prevalence.
The thermal analyses (showing that Cu incorporation decreased the Tq4 of both SBGs and

PBGs, whilst Ga augmented and reduced the Ty of SBGs and PBGs, respectively), XPS
measurements (indicating that Cu chemical state is similar in both SBG and PBG materials, whilst
Ga is in a richer chemical environment in PBG with respect to SBG) and the ion-release
quantifications (unveiling that Cu is released in similar concentrations for SBGs and PBGs, whilst
Ga is leached by PBGs in concentrations with 1-2 orders of magnitude higher than the SBGs)
suggested that Ga plays dissimilar structural roles in silica- and phosphate-based glasses. Since the
elucidation of the structural role of Ga could be of high significance for the biomedical
predictability of such derived glasses and for the future applications to be developed, further
experimental investigations have been carried out via EXAFS spectroscopy. EXAFS is a powerful
tool for structural characterisation, enabling the independent determination of the local structure
around each atomic species in a material (element selectivity), regardless its complexity. Another
specific advantage of this technique is the use of the same mathematical formalism in approaching
highly disordered materials, such as amorphous or glasses, and periodical crystalline solids.
EXAFS defines the oscillations of the X-ray absorption spectra above an absorption edge, which
denotes the sudden increase of the absorption coefficient whenever the energy of the incident X-
ray photons equals the binding energy of the inner electrons of the absorbing species.
Consequently, these edges are known as K or Li-3, depending on the electron core-level (1s1,
2512, 2p12, 2p3i2) on which the photo absorption took place. For this purpose, two Cu and Ga
substituted glasses were selected, namely the SBG-C2G3 and PBG-C2G3 ones.

The Ga K-edge absorption spectra of the SBG- and PBG-C2G3 glasses are shown in Fig. 5a.
As observed, the EXAFS oscillations have a simple periodicity, without split or complex-shape
maxima, which would result from the superposition of more frequencies. This suggests a dominant
contribution to EXAFS from a unique neighbouring shell of Ga, i.e. the nearest oxygen neighbours.
Also, the oscillation frequency in the spectrum of PBG-C2GS3 is slightly larger than that in the
SBG-C2G3 spectrum, pointing to a larger Ga—O distance in the structure of the former. These
qualitative observations were confirmed by further EXAFS analysis.

The k3-weighted EXAFS spectra and their Fourier transforms (FT) are shown in Fig. 5b,c.

The main maximum of FT’s corresponds to the nearest oxygen neighbours of Ga. The advanced
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structural disorder of the higher-order neighbouring shells drastically reduces their contributions
to FT. The main maximum of FT was isolated, backtransformed into k-space and non-linearly
fitted with the oxygen surrounding. The results of the fit (Table 2) indicate the four-fold
coordination of Ga in SBG-C2G3 glass and six-fold coordination in PBG-C2G3, revealing that
Ga acts as network former in SBG and as network modifier in PBG. The mean-square fluctuation
of the Ga—O distance (c%), measuring the structural disorder of the short-range environment of Ga,
is three times larger in the PBG glass with respect to SBG, indicating much more ordered GaOg4
tetrahedra in the SBG structure than the GaOe octahedra in PBG. This is related to the Ga
configuration in the two glasses. The Ga incorporation in the silicate network, in the former case,
preserves the structural order of the SiO4 units, whereas the network-modifier Ga in PBG, placed
outside the PO4 cages and with the Ga—O distance ranging in a broad interval, has a more
disordered oxygen surrounding. This explains the smaller amplitude of the main maximum in the
PBG FT, by comparison with the SBG glass (Fig. 5¢), despite the larger number of oxygen

neighbours of Ga in the PBG structure.
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Figure 5: (a) Normalized absorption spectra of the SBG-C2G3 and PBG-C2G3 materials, measured at
the Ga K edge. (b,c) Ga K-edge EXAFS of the SBG-C2G3 and PBG-C2G3: (b) k>-weighted EXAFS
spectra and (c) the magnitude of their Fourier transforms. The raw data and their fit with the nearest

oxygen neighbours were shown by green and red lines, respectively.

Table 2: Nearest oxygen surrounding of Ga, as inferred by EXAFS: coordination numbers (No),
interatomic Ga—O distances (R), and their mean-square fluctuations (¢%) around average values.

Sample code

No

R (A)

o x 10° (R9)

Ga structural role

SBG-C2G3

4.0+0.2

1.831+0.006

2.1+0.7

Network former

23




PBG-C2G3 5.8+0.3 1.8760.007 6x1 Network modifier

As emphasized in the Introduction, Cu and Ga have different antibacterial mechanisms
with the former relying on the generation of ROS species and denaturation of DNA/RNA by ion
chelation, and the latter on the disruption of ion metabolism. This could account for their efficacy
when coupled in the SBG (i.e., C3G2 and C2G3 series), hindering the bacterial development by a
1-2 orders of magnitude with respect to the single Cu or Ga substituted glasses. It is to be noted
that the XPS measurements revealed that a significant part of the original Cu?* (in the precursor)
was reduced to Cu'* oxidation state (in both the SBG and PBG glasses). This was facilitated by
the lower Gibbs free energy of oxidation of Cu20, and thereby, its superior thermodynamic driving
force for formation with respect to CuO [81]. However, this could work to the benefit of these
bioactive glasses, since it was noticed that Cu'* ions are more toxic towards bacteria than Cu?*
ions under test conditions that simulate microbial contamination [32].

The significantly higher antibacterial efficacy of SBGs compared to PBGs might be linked
with the augmentation of copper’s effect in aerobic bacteria cells due to pH changes. Specifically,
Cu is an essential element used by many enzymes and processes involved in bacterial metabolism,
having its own transporters. Cu'* enters with much ease by diffusion in bacterial cells, with respect
to Cu?*. An alkaline environment is known to favour the ionization of Cu in the form of Cu®* rather
than Cu?*, leading to Cu* accumulation in the cytoplasm of the bacteria, with toxic effects on
enzymes and DNA [82-85]. PBGs that generate an acidic environment will hinder the massive Cu
intake having thus a lesser bacterial toxicity. Also, Cu ions bind to cell plasma molecules and lead
to local destruction by a mechanism of formation of hydroperoxide radicals, that have a greater
effect in alkaline environments rather than media with pH values in the range of 6-7 that occur in
the case of PBGs [86]. Furthermore, cytochrome c oxidase, a respiratory membrane bound enzyme
in many bacteria and mitochondria that contains two Cu catalytic sites, is known to exhibit a ten-
fold reduction in activity at higher pH 8.5-9 than at pH 7 [87]. This reduction is not due to protein
misfolding, but rather to heme a3-CuB catalytic centre impairment in exercising its function [87].
In an alkaline medium Ga tends to produce Ga(OH)* species which deepen the deleterious effect
on bacterial cells [88]. Cumulatively, these small “nudges” on bacterial cell metabolism overcomes

their ability to adapt, leading to cell death rather than cell proliferation arrest.
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5. Conclusions

The interlinked structural and (preliminary) biological effects induced by the Cu and/or Ga
incorporation into silica- and phosphate-based bioactive glasses was explored for the first time.
EXAFS spectroscopy indicated the clear distinction between the four- and six-fold oxygen
coordination of Ga, pointing out its network former or modifier configuration. The FTIR, X-ray
photoelectron and EXAFS spectroscopies indicated that Cu acted as network modifier irrespective
of type of glass, whilst Ga had a prominent glass network former role in SBGs, and network
modifier role in PBGs. Consequently, the SBGs and PBGs fostered different ion leaching patterns,
with Cu ions being released in similar concentrations (ranging from 10-35 ppm and 50-110 ppm
at BG doses of 5 and 50 mg/mL, respectively) for both type of glasses, and the Ga ions being
released 1-2 orders of magnitude lower in the case of SBGs (i.e., 0.2-6 ppm) compared to PBGs
(i.e., 9-135 ppm). No cytotoxic effects were found at a dose of 5 mg/mL of bioactive glass powder
in cell culture medium. At this concentration the antimicrobial efficiency was augmented by the
coupled release of Cu and Ga ions from SBG. The most promising candidate material was
delineated as the 38.5Si0>—34.1Ca0—5.6P,05—16.2MgO—0.6CaF,—2.0Cu0—3.0Ga,03
(mol%) formulation, which led to a moderate Cu and Ga ion release, excellent cytocompatibility
and noteworthy antibacterial efficacy against S. aureus.

The improved antibacterial efficiency, by the co-addition of Cu and Ga to silica-based
bioactive glasses, might enable the future development of solutions to mitigate the increasing
number of nosocomial infections and the emergence of antibiotic resistant strains. Impending
complex biological studies are envisaged to unravel the antibacterial mechanisms at play and to
understand the extent of the antimicrobial range (by testing against a large array of Gram-positive
and Gram-negative bacterial strains and fungi), as well as to assess the capability of Cu and Ga to

stimulate osteogenesis and angiogenesis.
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Highlights

>

Cu and/or Ga doped silica (SBG) and phosphate (PBG) bio-glasses were
synthesized.

Ga played different structural roles dependent on glass host (SBG or PBG) matrix.
Cu and Ga analogous or dissimilar structural roles governed their leaching rate.
No cytotoxicity was shown at a powder-to-cell culture medium ratio of 5 mg/mL.

The coupled Cu and Ga ion in SBG release stimulated the antimicrobial efficacy.
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