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apatite layer. Cu-doping enhances properties such as pro-angiogenic and antibacterial behavior. While
sol-gel methods usually yield homogeneous spherical particles for pure silica or binary glasses, synthe-
sizing poorly aggregated Cu-doped ternary glass nano/microparticles without a secondary CuO crystalline

Keywords: phase remains challenging. This article introduces an alternative method for fabricating Cu-doped ternary
Bioactive glasses microparticles using sol-gel chemistry combined with spray-drying. The resulting microspheres exhibit
Spray-drying well-defined, poorly aggregated particles with spherical shapes and diameters of a few microns. Copper
Copper primarily integrates into the microspheres as Cu® nanoparticles and as Cu?* within the amorphous net-

Microspheres work. This doping affects silica network connectivity, as calcium and phosphorus are preferentially dis-

tributed in the glass network (respectively as network modifiers and formers) or involved in amorphous
calcium phosphate nano-domains depending on the doping rate. These differences affect the interaction
with simulated body fluid. Network depolymerization, ion release (SiO4*-, Ca2t, PO43~, Cu?t), and apatite
nanocrystal layer formation are impacted, as well as copper release. The latter is mainly provided by the
copper involved in the silica network and not from metal nanoparticles, most of which remain in the
microspheres after interaction. This understanding holds promising implications for potential therapeutic
applications, offering possibilities for both short-term and long-term delivery of a tunable copper dose.

Statement of significance

A novel methodology, scalable to industrial levels, enables the synthesis of copper-doped ternary bioac-
tive glass microparticles by combining spray-drying and sol-gel chemistry. It provides precise control over
the copper percentage in microspheres. This study explores the influence of synthesis conditions on the
copper environment, notably Cu® and Cu?* ratios, characterized by EPR spectroscopy, an aspect poorly
described for copper-doped bioactive glass. Additionally, copper indirectly affects silica network connec-
tivity and calcium/phosphorus distribution, as revealed by SSNMR. Multiscale characterization illustrates
how these features impact acellular degradation in simulated body fluid, highlighting the therapeutic po-
tential for customizable copper dosing to address short- and long-term needs.
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1. Introduction

In the field of maxillofacial surgery, small bone defects resulting
from pathologies or previous surgical procedures require the use
of medical implants for bone reconstruction. These implants, typi-
cally a few cubic centimetres in size, play a crucial role in stimu-
lating new bone formation, promoting cell adhesion, and providing
structural support. They should also exhibit properties such as high
porosity to enhance cell colonization and angiogenesis, maintain
mechanical stability during surgical manipulation, and resorb over
time. Among the various inorganic materials, silicate-based bioac-
tive glasses (BG), meet several of these criteria. In particular, they
are capable of promoting the osteointegration when implanted in
bone defects [1-3]. Indeed, they tend to degrade and release active
ions (Si044-, Ca%*, PO43~). The silicon and calcium are known to
play a role in osteoblast proliferation, differentiation [4,5], and the
expression of growth factors (IGF-I/II) and proteins (BMPs), which
are crucial regulators of bone formation [6]. Additionally, calcium
and phosphate ions are both involved in the formation of an in-
terfacial biomimetic apatite layer [7] that enhances cells adhesion
and proliferation [1].

Beyond these general considerations, the treatment of certain
pathologies such as mandibular osteoradionecrosis requires addi-
tional properties and especially pro-angiogenic and antibacterial
behaviour [8]. Among several approaches [9] to enhance thera-
peutic potential of implants, the addition of copper is a promis-
ing way both in its metallic form (Cu®) and when incorporated in
the glassy matrix as doping ions (Cut and Cu2t) [10]. Cu2* ions in
solution possess a high antibacterial activity against various bac-
terial strains, and Cu-doped biomaterials prevent a biofilm forma-
tion [9,11-14]. The most proposed killing mechanism is related to
Cu?* tendency to form highly reactive oxygen species (ROS) that
damage the DNA or denature proteins and consequently lead to
bacterial death [15-19]. Additionally, Cu ions can play a funda-
mental role in angiogenesis [15,20,21], this process being predom-
inant since blood vessels are essentials for the delivery of (mi-
cro)nutrients to cells and hence for a proper development of the
bone tissue [10,22,23]. Despite beneficial effects, high concentra-
tion of Cu?t might result in serious toxic effects, neurodegenera-
tive diseases, and cell death by oxidative stress [24-26].

As stated previously, in addition to the biological impact of con-
stitutive ions, the shaping of implants plays a key role in their
osseointegration. In particular, in order to mimic the structure of
mandibular trabecular bone, biomaterials should possess an open
macroporosity. The brittleness of bioactive glasses limits their use
as bulk materials for cyclic load applications and surgical cutting.
To overcome these limitations, composite materials combining bio-
glasses with polymers have been developed. Several manufactur-
ing processes, including electrospinning [27], 3D printing [28] or
freeze-casting [8], have been explored to produce such porous
composites. Previous methods of combining bioactive glasses with
polymers have shown drawbacks like poor charge dispersion and
spatial inhomogeneity of properties. This can lead to the degrada-
tion of certain regions and weakening of the pore walls. Decreas-
ing the size of the glass particles has been shown to address this
issue [8]. Sol-gel method allows to obtain homogeneous spherical
particles with controllable size ranging from the nanoscale up to
few microns [29]. Despite the feasibility of the technique, sol-gel
synthesis of nanoparticles requires high amounts of inflammable
solvents and results into low yields, thus making it unsuitable for
industrial purposes [30,31]. Besides and to the best of our knowl-
edge, the synthesis of dense nano/microparticles combining the
following properties is still a challenge: i) quaternary glasses com-
posed of Si, Ca, P and Cu oxides, ii) high and/or total integration
rate of P and Cu without secondary stable crystalline phase such
as CuO [32], iii) poorly aggregated nanoparticles highly dispersible.
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The spray-drying process is an interesting alternative to “pure
sol-gel” as it is a versatile technique especially designed for large
industrial purposes [33,34]. In the last two decades spray-drying
process gained a great importance for drug encapsulation [35], the
synthesis of core-shell materials [36] or micron-sized nanoaggre-
gates [37]. Silica-based and non-aggregated microparticles (MPs)
can be obtained by spray-drying, starting from alkoxide precursors
solutions [38-40]. Indeed, the solution is sprayed through a nozzle
thanks to a stream of gas, producing a dispersion of micro-droplets
in which the precursors are present in desired concentrations, thus
acting like microreactors [41]. Due to the high temperature and the
consequent rapid evaporation of the solvent, the droplet shrinks
and the condensation reaction of silica precursor is triggered be-
cause of the increase in concentration and the confinement im-
posed by the droplet [38]. Finally, thanks to the applied vacuum,
the dried particles are collected in the bottom of the cyclone col-
lector [33]. Several operational parameters [34,39,42-44] or formu-
lation parameters [45-47] could impact morphological and textural
characteristics of MPs.

Most of the studies carried out on spray-dried MPs are re-
ferred to the synthesis of spherical silica MPs [40,44,48] and only
a few works focus on the synthesis of bioactive glass MPs by
spray-drying. Among them, Chou et al. [49] prepared ternary MPs
with composition 58S, 68S, 76S and Ningsih et al. [50] synthe-
sized Sr-doped quaternary MPs. Nevertheless, to the very best of
our knowledge, we did not found studies reporting the introduc-
tion of copper or other transition metals in BG spray-dried parti-
cles. Moreover, despite the novelty of previous works the result-
ing particles are generally poorly characterized in particular from
a structural point of view, whereas it is crucial to understand the
further physico-chemical and biological behavior of such glasses.

Consequently, the present study aspires to demonstrate the fea-
sibility of copper-doped ternary glass synthesis by spray-drying
and to understand i) how copper doping rate could directly impact
the oxidation state of copper, and its spatial distribution in spray-
dried microspheres, ii) how it could affect the connectivity and ho-
mogeneity of the silica network and iii) how it impacts the degra-
dation properties of such particles and their acellular in vitro be-
havior. With this aim, different samples with increasing Cu content
were synthesized and their morphological and structural proper-
ties were thoroughly characterized in particular by transmission
and scanning electron microscopies, laser granulometry, solid state
nuclear magnetic resonance, electron paramagnetic resonance and
X-ray diffraction. In vitro acellular reactivity and ion release pro-
file of the BG MPs were evaluated by immersing the powders in
simulated body fluids (SBF).

2. Experimental section
2.1. Precursors

Tetraethyl orthosilicate (TEOS, 99 %), triethyl phosphate (TEP,
99 %), calcium nitrate tetrahydrate (Ca(NOs3),-4H,0, CaNT) and hy-
drochloric acid (37 % v/v) were purchased from Merck. Copper (II)
nitrate trihydrate (Cu(NOs3),-3H,0, 99 %, CuNT) and ethanol abso-
lute were provided by VWR Chemicals. All the reactants involved
in the preparation of simulated body fluid (SBF) solution, sodium
chloride (NaCl, > 98 %), potassium chloride (KCl, 99.5-101.0 %),
magnesium chloride hexahydrate (MgCl,-6H,0, 99.0-101.1 %), cal-
cium chloride dihydrate (CaCl,-2H,0, 99.0-103.0 %), di-potassium
hydrogen phosphate trihydrate (K;HPO4-3H,0, > 99 %), sodium
sulphate anhydrous (Na,SOg4, 98.5-101.0 %), tris-(hydroxymethyl)
aminomethane (TRIS, > 99 %) and sodium hydrogen carbonate
(NaHCO3, 100.1 %) were of analytical grade and provided by
VWR chemicals. All the chemicals were used as received, without
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Fig. 1. Principle scheme of synthesis by spray-drying of Cu-doped bioactive glass microspheres: (1) hydrolysis of silicon and phosphorus alkoxides, (2) addition of calcium

and copper nitrate precursors, (3) spray-drying, (4) powder calcination.

further purification. Ultrapure water (p = 18.2 MQ.cm) was ob-
tained through Millipore Milli-Q water system.

2.2. Synthesis Cu-doped bioactive glass microspheres coupling sol-gel
and spray-drying

Cu-doped BG microspheres with composition SiO,-Ca0-P,0s5-
CuO were synthesized by coupling the sol-gel method and the
spray-drying process (Fig. 1). Four compositions of MPs, each with
varying Cu content, were obtained by substituting copper for the
Ca cations. The nominal compositions were 67.55i0,, (25-x)CaO,
7.5P,05, (x)CuO (at.%), where x = 0, 1, 2.5, 5 at.%.

First, the solution containing the precursors was prepared un-
der acidic conditions (pH = 2). The acidic environment was cho-
sen in order to favour the hydrolysis reaction of the network form-
ers over their condensation. HCI 0.5 M and absolute ethanol were
poured into an Erlenmeyer flask, stirred at 750 rpm with a mag-
netic bar and covered with Parafilm to prevent solvents evapora-
tion. After 15 min, TEP was added to the solution, and 30 min
later TEOS was added rapidly. The solution was stirred for fur-
ther 20 min, then the CaNT and CuNT, previously dissolved in half
of the ultrapure water needed for the synthesis, were added and
the mixture was left to stir until a clear and homogeneous solu-
tion was obtained. Then, the rest of the water was added rapidly.
The volume ratios of ethanol, HCl and water were fixed with re-
spect to the TEOS as follows: TEOS/EtOH = 0.82, TEOS/HCI = 38.47,
TEOS/water = 0.37. Ternary MPs solution (x = 0 at.%) was prepared
in the same way, but without employing the copper nitrate precur-
SOr.

Once the solution was clear again, it was atomized through a
Mini Spray Dryer B 290 (BUCHI, Switzerland). The inlet/outlet tem-
peratures (T;,/Tour) Were set at 180/100 °C, the air flow at 1052
L-h~!, the solution feed rate at 3 mL-min~! (pump = 10 %), and
the applied vacuum at approximately 50 mbar (aspirator 90 %).

The obtained powders were dried in a ventilated oven at 50 °C
overnight, and then they underwent a thermal treatment at 600 °C
for 2 h with a heating rate of 5 °C-min~1.

The resulting powders were labelled as 0-BG MPs, 1-BG MPs,
2.5-BG MPs, 5-BG MPs, where the number on the left corresponds
to the atomic% of substituting copper. With this method we were
able to obtain up to 6.8 g of raw MPs (yield ~ 62 %) with a single
sprayed batch (130 mL), since it was estimated that the required
spray-drying time (45 min) was short enough to prevent the for-
mation of nanoparticles that could obstruct the spray nozzle.

2.3. Characterization

Particles size distribution was determined for 1 g of powder
by laser granulometry using a Mastersizer 3000 (Malvern instru-
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ments, UK) with an Aero S module (p = 3 bars, 10% obturation,
30 s accumulation). Specific surface area (SSA) for 0.5 g of MPs
was estimated by N, adsorption/desorption through the Brunauer-
Emmet-Teller method (BET) on a Monosorb Quantachrom MS-22
instrument. Samples were outgassed at 120 °C overnight prior to
analysis.

The surface electrical charge of the MPs was determined by Z-
potential (¢) measurements on a Zetasizer Pro (Malvern instru-
ments, UK). Samples were previously dispersed by ultrasounds
(18 W ultrasound microtip) for 5 min in deionized water with
a concentration of 1 mg-mL-!. Fourier-transform infrared spec-
troscopy (FT-IR) was carried out with a Nicolet iS50 spectropho-
tometer (Thermo Scientific, USA), in transmission mode, in a range
of 400-4000 cm~! with a resolution of 2 cm~! and 64 cumula-
tive scans. Samples were compressed into KBr pellets (~ 1 mg of
sample per 300 mg of KBr) before the analysis.

X-ray diffraction (XRD) was performed using a Bruker D8-2 AD-
VANCE X-ray diffractometer for powders (Bruker, Germany), using
a Cu Ko X-ray source (Acy ke = 1.54056 A) and carrying out the
analysis in a 26 range of 10°—90°. A step size of 0.01° with a dwell
time of 1 s per step was employed. Powders were placed on low-
background PMMA sample holders prior to analysis.

Particle’s morphology was observed by scanning electron mi-
croscopy (SEM) with a FEI Quanta450 in low vacuum mode (water
vapor pressure: 90 Pa). Images were registered in secondary elec-
tron mode (SE), with a working distance around 10 mm and an
accelerating voltage of 12.5 kV. Samples were sputtered with silver
plasma for 3 min prior to be examined, using a Scancoat 6 Sputter
Coater. SEM-Energy-dispersive X-ray spectroscopy (EDX) was also
carried out in order to determine the particles elemental composi-
tion. Samples were compressed into pellets and fixed on the SEM
supports by means of a carbon adhesive strip.

To prepare samples for Transmission electron microscopy (TEM)
observations and analysis, MPs were dispersed in epoxy resin for
48 h at 60 °C. The resin was then dry cut (50 nm thickness) with
an ultramicrotome (Leica UC7) and picked up onto a nickel grid.
TEM images of the MPs’ sections were taken with a JEOL JEM-
1400 transmission electron microscope (Japan) with an accelera-
tion of 120 kV and equipped with a Orius 1000 Gatan (USA) cam-
era. Moreover, Scanning TEM (STEM) - High-angle annular dark-
field (HAADF) images and STEM-EDX mapping of 5-BG MPs sam-
ple for the main elements composing the particles (Si, P, Ca, Cu)
were performed on a transmission electron microscope JEOL JEM-
2100F operating at an accelerated voltage of 200 kV equipped with
EDX analyzer Oxford instrument UltimMax 100 mm? (UK) and
equipped with a STEM module Digiscan III of Gatan.

Electron Paramagnetic Resonance (EPR) powder spectra were
recorded at room temperature with a Bruker ESP-300E X-band
spectrometer equipped with a rectangular TE104 resonant cavity.
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The main spectroscopic parameters were microwave with 9.54 GHz
frequency and 20 mW power, magnetic field modulation with
100 kHz frequency and 0.5 mT amplitude, 0.3 mT/pt spectral res-
olution and 82 ms conversion time. DPPH EPR signal (g = 2.0036)
was used as external reference. Analyses of EPR data and signal
simulation were performed with Bruker WinEPR and WinSIMFO-
NIA software, respectively. The Cu?* concentrations in the ana-
lyzed samples were estimated regarding to EPR spectra recorded
for mixed powders of copper (II) sulphate pentahydrate and boron
nitride with known copper content (ranging from 1.2 x 1076 to
15 x 104 mol).

NMR experiments were recorded on a Bruker Avance 400 IIl HD
spectrometer operating at magnetic fields of 9.4 T. Samples were
packed into 4 mm rotors and were rotated at frequencies between
8 and 12 kHz at 295 K. 'H MAS were performed with the DEPTH
pulse sequence and a recycle delay of 3 s. 29Si and 3P MAS NMR
with direct polarization (DP) were performed with 45° pulses and
recycle delays of 100 s and 300 s, respectively. 29Si and 3'P CP MAS
spectra were recorded with a recycle delay of 2 s and contact times
of 2 ms and 5 ms, respectively. Chemical shifts were referenced to
TMS and 85 % H3PO, for 'H, 29Si and 3!P, respectively.

2.4. Acellular in vitro evolution in simulated body fluid (SBF) solution

2.4.1. Bioactive glass/SBF interaction

The in vitro acellular bioactivity assessment of the synthesized
Cu-BG MPs, were carried out in simulated body fluid (SBF) ac-
cording to the method described by Kokubo and Takadama [51].
Firstly, a cationic (NaCl, KCI, MgCl,-6H,0, CaCl,-2H,0 and HCl 1 M
dissolved in ultrapure water) and an anionic (NaCl, K;HPO4-3H,O0,
Na,S04 and HCl 1 M dissolved in ultrapure water) solutions with
their respective pH adjusted to 7.4 by adding tris-(hydroxymethyl)
aminomethane were mixed, and sodium hydrogen carbonate was
added to the obtained SBF solution. Then, the powders were
soaked in SBF with a concentration of 3 mg-mL~! and incubated
at 37 °C under continuous magnetic stirring (400 rpm). The time
points evaluated were 1, 3, 6, 24 h, 7 and 14 days. At the end
of each predetermined time, the suspensions were removed from
the incubator, and the powders were separated from the SBF so-
lutions by vacuum filtration, using cellulose ester membranes (Cy-
tiva, D = 47 mm, pore ¢ = 0.22 pm, Whatman™). The SBF so-
lution was recovered, filtered again (CA syringe filter Avantor,
D = 25 mm, pore ¢ = 0.22 nm, VWR) and stocked at 4 °C, while
the resulting powders were washed gently with ultrapure water,
and then dried for 48 h at 60 °C in a ventilated oven.

All the powders from the four Cu-BG MPs samples tested were
characterized at different time points by FT-IR, SEM and XRD. More
specifically, FT-IR spectra and XRD diffractograms were recorded
for all the six time points, while SEM images only for 24 h, 7 and
14 days. EDX, 29Si, 31P and 'H solid state NMR analysis were per-
formed on 14 days samples. Conditions and procedures to charac-
terize these samples are the same as described above.

2.4.2. Ion release profiles and pH changes

The ion release profile of the particles immersed in SBF was
evaluated from the filtered SBF solutions collected at each time
point by inductively coupled plasma optical emission spectroscopy
(ICP-OES). Typically, solutions were diluted with demineralized wa-
ter by a factor of 10, and analyzed with an Agilent 5800 VDV
ICP-OES in radial mode. The standard ranges were calibrated using
single-element solutions. Diluted SBF was also analyzed in order to
obtain background values. The measurements were realized for all
the sample solutions at each time point. Si, P, Ca and Cu concentra-
tions were determined The pH of every recovered sample solution
was measured with a pHmeter inoLab pH7110 (3 points-calibrated
with standards at pH 4.01, 7.000, 10.001).

456

Acta Biomaterialia 181 (2024) 453-468
2.5. Statistical analysis

Laser granulometry measurement was repeated three times for
each sample, and the presented gaussian distributions are the re-
sult of their average.

Z-potential measurements were repeated three times for each
sample and the results are reported as average values along with
their standard deviations.

The molar composition determined by SEM-EDX was estimated
over a 100 um? square of the sample through the P/B ZAF method,
and the values were averaged over four measurements.

Considering SBF tests, a triplicate powder suspension sample
was prepared for each time point and for each Cu-BG MPs synthe-
sized, for SBF tests. The powders of the triplicate sample for each
time point were finally joined together, in order to have enough
amount of each sample to be characterized.

The ICP-OES analysis were realized for all the sample solutions
at each time point in duplicate. Si, P, Ca and Cu concentrations
were determined and the data points were presented as averaged
values + standard deviation for n = 2. The pH were measured in
triplicate and results presented as averaged values + standard de-
viation for n = 3.

3. Results and discussion
3.1. As-synthesized Cu-doped microspheres

Four kinds of MPs were synthesized combining the sol-gel
route with the spray-drying process. These microparticles of either
ternary or quaternary glasses differ on their nominal composition,
and more precisely on the amount of Cu?*, from 0 to 5 at%. Each
composition is described in Table 1.

Focusing first on morphological aspects, SEM images of 5-BG
MPs are presented on Fig. 2-a and b as representative micro-
spheres whatever the doping amount (SEM pictures of all samples
are given in S1-a). They show well-defined and individual parti-
cles having a spherical shape. These microparticles exhibit diame-
ters ranging from the submicrometric order up to a few microns.
Compared to “pure” Stober-derived methods [52,53], the rather
broad size distribution is intrinsically related to the spray-drying
technique. For all the samples the particles surface is quite rough,
due to localized inhomogeneous evaporation of the droplet’s sol-
vent [45,54-56]. To implement this direct observation, the MPs
size distributions were determined by laser granulometry (Figure
S2), while the particles size percentile values D9, Dgg and span
are reported in Table S1. All the four samples exhibit a volume me-
dian diameter (Dsg) around 3 pm (Table 1 and S1) with a bimodal
particle size distribution (Figure S2). The main population corre-
sponding to single particles can be observed in the range 1-10 pm,
while another small population can be distinguished in the range
10-100 pm. This second population stems from large aggregates
of particles (also observed with SEM), probably because the jet of
compressed air of the particle size analyzer (3 bar) could not break
some agglomerates. Considering Dgg and span values, it can be as-
sumed that 5 %-doped particles form larger aggregates than less
Cu-doped particles. Nevertheless, and as expected for dense spray-
dried silica-based microspheres [49], the SSAggr are comprised be-
tween 3 and 4 m2-g-! and demonstrated the absence of intrinsic
open porosity [57].

The actual composition of the synthesized bioglasses was de-
termined by SEM-EDX and the results are shown in Table 1. SEM-
EDX analysis confirmed that Cu was effectively integrated, and its
content is very close to the nominal one, as well as the Si content.
However, for all the samples the phosphorus content is at least half
of the nominal value, fixed at 7.5 at.% while the content of calcium
is consequently higher. Low phosphorus content could be due to
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Table 1
Median diameters (laser granulometry), nominal and experimental composition by SEM-EDX and Cu® mean crystallites length
of the spray-dried microspheres.

Particles size percentile Composition Cu® (111) crystallite
Sample value Dso (pm) Si0,-Ca0-P,05-Cu0 size (nm)
Nominal (at.%) EDX (at.%)
0-BG MPs 2.69 67.5/25/7.5/0 65/32/3/0 0
1-BG MPs 3.23 67.5/24/7.5/1 67.9/27.6/3.4/1.1 62
2.5-BG MPs 3.08 67.5/22.5/7.5/2.5 65/27.9/3.8/3.3 70
5-BG MPs 3.30 67.5/20/7.5/5 68.9/21.7/3.6/5.8 64

Fig. 2. SEM micrographs of individual (a) and group of as-synthesized particles (b) of 5-BG MPs; TEM images of the ultramicrotomed section of 5-BG MPs (c-d), red circles
surrounding the Cu® nanoparticles; STEM-HAADF image of this section (e) and related STEM-EDX composition mapping of Si, P, Ca and Cu (f-i).
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Fig. 3. XRD diffractograms (a) and EPR spectra (b) of spray-dried microparticles. The brown squares and yellow stars correspond respectively to nanocrystalline apatite and

metallic copper Cu®.

vaporization of unreacted TEP (215 °C) as its hydrolysis occurs at
a very slow kinetics rate under acidic conditions [58]. This result
confirms that the spray-drying technique allows the integration of
all the bioglass precursors but without information on the spatial
distribution of the latter inside the spheres.

With the aim to check the amorphous/crystalline nature of par-
ticles, XRD was carried out and is presented in Fig. 3-a. It re-
veals a broad halo centered around 30° and typical of amorphous
silica network. It also shows the presence of a small amount of
nanocrystalline apatite (major peak (211) at 31.8° /PDF 00-009-
0432) for 0-BG MPs and 5-BG MPs samples. This phase is probably
the result of partial crystallization during the thermal treatment
(and limited by the silica matrix), as the pH in solution is too low
to allow direct apatite formation [32]. Beyond apatite, diffraction
peaks of metallic copper are detected at 43.3° (111), 50.5° (200)
and 74.1° (220) (PDF 00-004-0836) [59]. Interestingly, the higher
is the amount of Cu in the particles, the higher is the intensity of
Cu® peaks. The size of Cu° crystallites (Leryst.) was also estimated
by using the Debye-Scherrer formula [59,60] with the most in-
tense peak 43.3° (111). The estimated sizes of crystallites (Table 1)
are comprised between 60 nm and 70 nm. Therefore, XRD analy-
sis demonstrates that: i) copper is integrated as Cu® nanocrystals
in particles, ii) the enhanced amount of crystalline Cu® is not due
to the increase of the nanocrystal sizes but to the increase of their
number.

In order to fully understand and quantify how copper is in-
volved in the particles, EPR spectroscopy was performed on the
samples (Fig. 3-b). All EPR spectra exhibit two distinct signals
labelled S; and S, associated with Cu?* jons (3d°, S.4 = 1/2,
I = 3/2) and a sharp, intense and isotropic signal with a g value
of 2.0028 + 0.0002 close to the free electron value of 2.0023. This
last EPR signal may be due to free radicals [61] arising from the
thermal decomposition of some TEOS or TEP residue or to conduc-
tion electrons associated with few-nanometre-sized metallic cop-
per particles [62]. The S; axial EPR signal with parallel and per-
pendicular components at g;; = 2.35 and g, = 2.07 and a partially
resolved four-lines hyperfine structure (A, = 145 mT and A; <
0.5 mT) is typical of isolated Cu?* ions located at tetragonally dis-
torted octahedral sites within a glassy network [63-65]. The broad
and unresolved S, signal observed at g ~ 2.1 can be associated
with Cu?* ions in strong dipole-dipole interaction i.e. coupled Cu?+
pairs that can be associated to copper oxides CuO clusters for ex-
ample [63,65].

The EPR intensity (obtained by double-integrating the EPR first-
derivative curve) of both S; and S, signals clearly increases with
the initial copper doping rate (Fig. 3-b) indicating that a part of
Cu2* jons were incorporated in the silica network. Furthermore, a
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rough estimate of the Cu?* content in the x-BG MPs (x = 1; 2.5; 5
at.% Cu) samples was obtained by double-integration of the simu-
lated S; and S, EPR signals (Figure S3) and comparison with refer-
ence compounds (mixed CuSO4-5H,0-BN powders).

The EPR quantification results coupled with EDX results allowed
to quantify the copper content involved in the different local en-
vironments in as-synthesized microparticles (Table 2-a): metallic
copper Cu®, Cu?* involved in the glassy network (isolated S1/Cu2™*),
Cu2*involved in CuO clusters (coupled S2/Cu2*). It indicates that
most of copper is integrated as metallic Cu® (between 85.6 and
91.8 at.%), whereas between around 10 at.% is integrated as Cu®*
in the glassy network. Finally, a few percentages of copper are in-
tegrated in CuO environment. The latter is probably associated to
nanometric clusters as no CuO phase is detected by XRD. Interest-
ingly, there seems to be a threshold effect, as the percentage of Cu®
increases between 1-BG MPs and 2.5-BG MPs, whereas it decreases
between 2.5-BG MPs and 5-BG MPs, to the benefit Cu?* integrated
in the glassy network.

TEM images of ultramicrotomed sections of the samples were
recorded to investigate the inner part of particles. Images of 5-BG
particles are shown in Fig. 2-c and d (pictures of the other samples
are presented on Figure S1-b. The first important feature is that the
particles exhibit an irregular inner porous structure beneath the
superficial thin and dense shell. The "internal” nature of this poros-
ity is confirmed by the low specific surface areas measured by N,
adsorption. The spherical pores have diameters ranging from few
dozens to few hundreds of nanometres. In addition, some parti-
cles, regardless the Cu content, exhibit a hollow inner morphology.
The reason of such particular internal structure must be sought in
the combination of spray-drying process and thermal treatment.
The precursor’s solution at the outlet of the nozzle experiences fast
evaporation kinetics of the solvent, from the surface to the center
of the droplet. The high temperature and the increasing concentra-
tion inside each droplet enhance the hydrolysis/condensation re-
actions of the silica and phosphate alkoxide precursors with for-
mation of ethanol and water as by-product. However, the speed of
this process can induce chemical reactivity gradients. Hydrolyzed
alkoxides located in the most peripheral part of the droplet will
condense more rapidly earlier than those located in the central re-
gion. The latter will leave some of the precursors unreacted. This
gradient in chemical reactivity can therefore lead to a porosity gra-
dient: a denser zone at the periphery and a more porous zone in
the centre. This may explain why only the larger particles show
a hollow morphology, the gradient being less pronounced in the
smaller particles. Subsequent heat treatment at 600 °C completes
the condensation of the precursors, evaporating any remaining sol-
vents and/or oxidizing counterions such as nitrates.
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Copper content involved in the different local environments in as-synthesized microspheres (a) and after 14 d of immersion in SBF: metallic copper Cu®, Cu?*involved in
the glassy network (isolated S1/Cu?*), Cu?*involved in CuO clusters (coupled S2/Cu?*).

Sample a-As-synthesized particles b-Particles after 14 d in SBF
cu() Cu2+networl< Cu2+ Cu0 Cuo Cu2+networl< CU2+ Cu0
(at.%) (at.%) (at.%) (at.%) (at.%) (at.%)
1-BG MPs 85.6 + 0.1 125 £ 0.1 29+ 0.1 84.0 £+ 0.1 9.1 £ 0.1 6.9 £ 0.1
2.5-BG MPs 91.8 £ 0.1 7.7 £ 0.1 1.5 £ 0.1 92.7 £ 0.1 44 + 0.1 29+ 0.1
5-BG MPs 88.6 + 0.1 104 + 0.1 2.0 + 0.1 70.5 £ 0.1 4.0 + 0.1 25.5 +£ 0.1

Another interesting detail of TEM images is that MPs sections
of Cu-doped samples exhibit spherical nanoparticles darker than
the surrounding MPs matrix, often located near the main cavity
of hollow particles or individual smaller pores (Fig. 2-c/d). In or-
der to check the nature of those NPs, we performed local STEM-
HAADF image (Fig. 2-e) and STEM-EDX analysis of the 5-BG MPs
particle’s section (Fig. 2-f/g/h/i) As it can be seen from the quan-
titative analysis of the STEM-EDX mapping (Figure S4 and Table
S2), copper is the main element of the brighter NPs observed in
the STEM-HAADF images. This correlates with the darker NPs ob-
served in the TEM images and the higher atomic number of copper
which makes it heavier than that of the matrix element (zone 1
in Figure S4), and therefore more contrasting. STEM-EDX mapping
of Cu shown in Fig. 2-i confirms the results. Therefore, STEM-EDX
of the particle’s section confirms EDX and EPR results, concluding
that copper is mainly integrated inside the bioglass microsphere as
reduced Cu® NPs. We hypothesize that copper nitrate clusters are
formed during spray-drying and then undergo a chemical reduc-
tion to Cu® during the thermal treatment due to carbon residues
from the pyrolysis of entrapped ethanol or non-hydrolyzed alkox-
ides remaining in the particles.

STEM-EDX mapping results in Fig. 2-g and h, Figure S4 and Ta-
ble S2 reveal also the existence of Ca- and P-rich zones. These re-
gions of a few dozen nanometres are mostly localized on porosity
edges. Quantitative analysis performed on Ca/P rich and “matrix”
zones verifies that the former exhibit a Ca and P amount much
higher than the latter (localization, quantification and atomic ra-
tios in Table S2). For Ca and P rich local zones, the Ca/P ratio of
1.37 or non-stoichiometric apatite with a high calcium deficiency
is typical of amorphous calcium phosphates (ACP) [G6].

In order to support the hypothesis of CaP clustering in the par-
ticle’s matrix, and more generally the direct or indirect effect of
the Cu content on the structural behavior of the silica network,
the BG MPs were characterized by means of 29Si, 31P and 'H solid-
state NMR.

29Sj MAS solid-state NMR (ssNMR) spectra with direct polariza-
tion (DP) are shown in Fig. 4-a, with all the typical resonances
identified. Those resonances are relative to the different chemi-
cal species of Si described with the Q" nomenclature to highlight
their connectivity and where n is the number of bridging oxy-
gen atoms (BOs). The three-dimensional silicate network of bioac-
tive glasses is mainly characterized by SiO,4 tetrahedra intercon-
nected by four bridging oxygen atoms covalently bounded (Q%),
that can be broken by a H atom (Si-OH) or by the inclusion of
alkaline or alkaline-earth cations (Q3 or lower) [67-69]. The net-
work connectivity (NC) is an important structural parameter that is
related to the stability of the silica network and thus to the bioac-
tive glass reactivity [70,71]. The experimental NC is calculated from
the percent of respective the Q" species contributing to the 29Si
resonance [68]:

NC=1-Qf+2-(Q%4+Q%) +3-Q2+4-Q* (1

Therefore, by increasing the number of non-bridging oxygens
(NBOs) the contribution of lower species than Q* will increase, and
consequently the network connectivity will decrease.
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The 29Si spectra of the bare BG MPs samples exhibit a predom-
inance of the Q* species, with its chemical shift around —110 ppm.
Other less-connected species can be distinguished depending on
the chemical environment. It is demonstrated that in bioglasses
with high amount of calcium the Q" species of Si-O~ surrounded
by Ca2* ions resonate at higher shifts with respect to silanol
species (Si-OH) [53]. Typically, Qc,! and Qc,2 resonate at —75 ppm
and —83 ppm, respectively; QuZ and Qy? resonate at —91 ppm
and —101 ppm, respectively. Qc,3> and Q2 overlap at the same
chemical shift, so that it is impossible to separate the two con-
tributions [72]. For the BG MPs samples all the Qx" species were
identified, with slight differences in their shifts depending on the
Cu content probably due to Cu?*t vicinity. All their contributions
were deconvoluted (Figure S4), and the relative areas were sum-
marized in Table S3 while the NC of each sample was calculated
from Eq. (1) and reported in the graph in Fig. 4-b. The first clear
difference is observed in 0-BG MPs, where Qc,' and Qc,2 are not
detected meaning that Ca%t ions are not involved in the silica net-
work as network modifiers. This phenomenon could be explained
by the different hydrolysis and then condensation kinetics of sili-
con and phosphorus alkoxides: most of hydrolyzed silicon alkox-
ides have condensed to form primary SiO, particles (also called
clusters [53]) before spraying, whereas (hydrolyzed) phosphorus
alkoxides could be still in solution as molecular species. This could
lead to the association of calcium and phosphorus entities, leading
to calcium phosphate and especially apatite or amorphous calcium
phosphate after the calcination step. In a similar way the introduc-
tion of increasing amounts of copper in the solution leads to chela-
tion between Cu?t and phosphates entities. As the coordination of
copper is higher than the one of calcium, a part of the latter could
interact with surface silanols of primary particles. During the fi-
nal calcination step, this “remaining” calcium is then incorporated
into the silicate network for Cu-doped glasses contrary 0-BG MPs.
The integration of part of the copper into the glassy lattice, already
demonstrated by EPR, is validated by ssNMR as Cu-doped samples
show resonance bands slightly shifted towards higher values. This
is because Cu2* ions interacting with NBOs cause resonance bands
to shift and broaden [70,73].

31p DP MAS ssNMR spectra are shown in Fig. 5-a. The iden-
tified peaks correspond to the different phosphorous structural
units, noted as Q"p, where n is the number of bridging oxygens
per phosphate tetrahedron [68,74]. The main peak at ~ 3 ppm rep-
resents orthophosphate tetrahedra associated with Ca* ions (Q%)
to form amorphous calcium phosphates (ACP) [66]. The identifica-
tion of this resonance confirms that distinct ACP nanodomains are
stabilized in the glass structure during the synthesis, as suggested
by the detection of dense CaP zones in the EDX mapping of 5-
BG MPs. Two broader resonances are observed at around —8 ppm
and —23 ppm, much more pronounced in Cu-doped samples. Their
broadness can be related to structural heterogeneities or possibly
a faster T, relaxation linked to presence of paramagnetic Cu®*
ions. The first band may likely be ascribed to the resonance of
isolated PO, units (Q'p) bonded to the silica network (P-O-Si) or
dimeric phosphates (Q'p), and the second to tripoly-phosphates
(Q%p) [75,76]. All the Q"p species were decomposed and presented
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in Figure S5 while the evolution of the percentage of each entity
(Q%:/Q'p/Q%p) as a function of Cu doping amount is presented in
Fig. 5-b. The copper integration in the BG-MPs increases signif-
icantly the Q!p species contribution (dimeric calcium pyrophos-
phates and individual orthophosphates groups bounded with sil-
ica), while the Q2p resonance appears (tripoly-phosphates). More-
over, the sum of Q'p+Q?p increases with the Cu content, but Q%p
increases at the expense of Q!p.

These results clearly demonstrate that the presence and the
amount of copper affect the way the phosphates are integrated in
microspheres. For non-doped 0-BG MPs, most of phosphate ions
are involved in amorphous calcium phosphate (ACP) rather than
participating to the silicate network (Fig. 5-a). It is consistent with
the low contribution of Q'¢, and Q%¢, of silicate species for O-
BG MPs (Fig. 4-a) as Ca** is associated to orthophosphates. As
stated previously, the presence of copper in the pre-spraying so-
lution leads to chelation between Cu?* and phosphates entities for
1-BG MPs, 2.5-BG MPs and 5-BG MPs samples. Contrary to Ca2*,
Cu2* is reduced into Cu® during the calcination step. We can hy-
pothesize that the phosphate ions that previously interacted with
copper are integrated in the silicate network as dimers of trimers
in the close vicinity of Cu® nanoparticles. It could also explain the
evolution of the silicate network connectivity (NC) as a function
of copper amount (Fig. 4-b). NC is high for the non-doped sample
because most of calcium is associated to phosphate and does not
act as silica network modifier. When copper is added (1-BG MPs),
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a part of the calcium is incorporated in the network, decreasing
the connectivity. Nevertheless, the latter is increased when increas-
ing the amount of copper (2.5-BG MPs and 5-BG MPs). Indeed, as
long as calcium is considered to be “substituted” by copper in the
nominal formulation, the Ca®* involved as network modifier is de-
creased leading to an enhanced NC, whereas Cu is incorporated to
metal copper nanoparticles.

TH MAS ssNMR spectra are shown in Figure S6. The main
peaks of the synthesized samples were identified with different
OH species and with the presence of H,0 in different forms [66].
The first broad resonance at ~ 5 ppm was attributed to both
physisorbed and structural water and silanol groups engaged in
weak-hydrogen bonds. The rapid decrease of the band from 0-BG
MPs to 5-BG MPs is directly correlated to the preponderance of
ACP domains in ternary MPs with respect to the Cu-doped sam-
ples. In fact, it is well-known that significant amount of water
is involved in the formation of amorphous calcium phosphates
[77]. The second peak at ~ 2 ppm corresponds to isolated silanol
groups, and it decreases with the increasing of Cu amount. It could
be due to the condensation of silanol with phosphate entities dur-
ing the copper reduction (calcination step). Multiple weak and nar-
row signals are detected in the 0.8-1.5 ppm region, that belong to
water molecules terminating the c-channels of OH~ groups in the
hydroxyapatite structure [78]. In addition, their intensities are di-
rectly proportional to the nanocrystalline apatite (nHA) structural
disorder [78]. Another sharp peak belonging to the superficial ACP
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anions OH~ resonates at ~ 0 ppm. Nanocrystalline hydroxyapatite
in bare samples has already been detected by XRD analysis, and it
stems from partial recrystallization at high temperature [32], but
its presence will be discussed in detail in the bioactivity section.

The FTIR spectra of the synthesized Cu-BG MPs are shown in
Figure S7. There are no particular differences between the four
samples arising from the spectra. All of them exhibit the typi-
cal absorption bands of the silica network, identified by compar-
ing them with the results in literature [79-81]. The bands at 1100
cm~!, 815 cm~1, 466 cm~! correspond, respectively, to the asym-
metric stretching, bending, and rocking vibrations of the siloxane
bond (Si-O-Si). The band at 1633 cm~! belongs to the O-H bending
mode of physically adsorbed water. The wide band at 3430 cm™!
and the small shoulder at 940 cm~! are, respectively, the stretch-
ing and bending vibrations of the hydrogen bonded silanol groups
(Si-OH---H,0). At 604 cm~! and 564 cm~! two small peaks can
be observed, standing for the bending and stretching vibrations of
PO43~ ions in a CaP environment, both apatitic and non apatitic
[82-84]. The presence of calcium phosphates phases confirms the
31p MAS ssNMR results, where ACP and HA are detected. Apatite
detection also confirms the weak diffraction peaks found in 0-BG
MPs and 5-BG MPs.

3.2. Acellular in vitro evolution in SBF

The acellular “bioactivity” of Cu-doped bioglass microspheres
was assessed by immersing the powders in simulated body fluids
model solution for predetermined time-points, from 1 h to 14 d.
Then the resulting powder was separated from the SBF solution,
washed with ultrapure water, dried at 60 °C and characterized.

SEM micrographs of individual and agglomerated MPs after 14
d of degradation are presented in Fig. 6, while images of MPs af-
ter shorter periods of immersion in SBF, 24 h and 7 d, are shown
in Figure S8. Whatever the initial composition of samples, individ-
ual particles (Fig. 6-b/d/f/h) increase their superficial roughness at
14 d with respect to bare particles, with formation of needle-like
crystals typical of HA phase nucleating on bioglass surface. Sam-
ples soaked in SBF for 14 d do not exhibit significant morphological
changes with respect to the particles at 7 d (Figure S7). However,
“individual” MPs do not represent statistically the behavior of most
of MPs when immersed in SBF, even if they are useful to display
the typical morphology of apatite crystals in a simplified way. In
fact, most of the particles are arranged in large aggregates covered
of an irregular hydroxyapatite multilayer.

By observing the micrographs of MPs groups (Fig. 6-a/c/e/g),
particles exhibit a tendency to strongly aggregate, unlike un-
soaked MPs that are more dispersed. Those agglomerations of par-
ticles display the “cauliflower” morphology typical of the surface-
nucleated HA [85], starting from 24 h of immersion. In addition,
the apatite layer formed on the surface of MPs aggregates and in
the interstices between particles grows over time, especially be-
tween 24 h and 7 d On the contrary, there are not relevant mor-
phological differences detected among the four BG MPs samples.

In order to better understand the compositional changes occur-
ring in the BG MPs powders while they are soaked in SBF, SEM-
EDX analysis was performed on the samples after 14 d of degrada-
tion. Samples compositions of the major oxides (SiO,, P,0s5, CaO,
CuO) are reported in Table S5 in comparison to those at 0 d.

EDX analysis results show for all the samples a relevant de-
crease of the SiO, content (up to —4.8 % for 5-BG MPs) due to
the degradation of the silica network and to the solubilization of
Si044~ ions. The slight increase of P05 (up to + 0.5 % for 5-BG
MPs) and the larger increase of the CaO content (up to + 5.4 %
for 5-BG MPs) suggest that after 14 d calcium and phosphorus are
integrated from the medium to form HA nanocrystals at the mi-
crospheres’ surface. After 14 d, the Ca/P ratios are 5.87, 4.29, 3.77
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and 3.25 for 0, 1, 2.5 and 5 % Cu-doping respectively. As expected,
the CuO fraction of the synthesized glasses after 14 days is lower
than that at ty, due to the release of Cu?t ions following the de-
composition of the glass structure.

The changes in the glass structure of the spray-dried MPs af-
ter soaking in SBF for 14 d were investigated by 29Si, 3P and 'H
MAS ssNMR. Possible shifts of the main peaks, broadening of the
bands and changes in the single contributions after deconvoluting
the spectra are discussed.

The main considerable alteration of 29Si spectra (Fig. 4-a) is the
fading of the Q'¢, and Q2(, signals at —75 ppm and —83 ppm,
respectively. Spectra decompositions (Figure S5), show that the in-
tensity of Q% and Q3y species was reduced, at the benefit of Q4g;
species. Moreover, the calculated NC for the BG MPs samples at 14
d are higher with respect to 0 d The decreasing of Q!, Q2, and Q3
contributions is explained with the rapid release of metal cations
(mainly Ca2* and a part of Cu?*) in the medium in the early hours
of immersion in SBF, followed by a partial depolymerization ef-
fect of silica surface. The repolymerization observed at 14 d (in-
crease of NC) is due to a partial condensation of the silicic acid
(Si(OH)4) that repolymerizes, but also as an indirect effect of the
metal cations release, that reduces the contributions of Q'¢, and
Q2. species. These results showing the disappearance of the cal-
cium involved in the silicate network combined with the homo-
geneous spatial distribution of the calcium in particle (Fig. 2-h)
demonstrate that the initial inner porosity has been connected to
the fluids during the interaction with SBF (via partial degradation)
to allow the full Ca?* leaching from the glass network.

31p spectra (Fig. 4-a) are quite different for initial samples and
after immersion in SBF during 14 d The evolutions of (Q"p) percent
as the nominal copper amount are presented in Fig. 4-b. For the 0-
BG MPs sample after 14 d of immersion, most of phosphate enti-
ties are involved in calcium phosphate (orthophosphate tetrahedra
associated with Ca2* ions Q%), and almost no (Q'p) nor (Q2p) are
observed similarly to the sample at ty. The negligible evolutions
of these percentage values from 0 to 14 d can however be cor-
related with local environment evolution. In fact, previous works
show that the orthophosphate peak at ~ 3 ppm can be split in
two contributions: a broad and Gaussian signal indicating a struc-
tural CaP disorder and thus belonging to the ACP phase; and a nar-
row signal represented by a Lorentzian function that is associated
to structural order of calcium phosphates, and thus the nHA phase
[77,86]. In our case, because of multiple contributions it was dif-
ficult to clearly deconvolute this peak [87]. Contrary to 0-BG MPs,
Cu-doped samples demonstrate important differences between 0 d
and 14 d Amounts of (Q2p) entities are strongly decreased, prob-
ably because of the easy hydrolysis of P-O-P bonds. (Q!p) is also
decreased due to the Si-O-P hydrolysis and the release of phos-
phates in the medium. The increase of (Q%) at the expense of both
(Q'p) and (Q2p) “network phosphate” demonstrate the formation of
calcium phosphate and potentially apatite. Two mechanisms could
lead to nHA formation: i) the evolution of initial ACP into nHA
with close chemical composition, maintaining the morphology and
spatial distribution in the microspheres, ii) the recombination of
Ca%* and PO,43- ions from the medium (initially present or re-
leased from particles) and the subsequent reprecipitation of apatite
nanocrystals. Considering the large enhancement of (Q%) from al-
most 50 % to 70 %, and the enhancement of Ca and P detected by
EDX (Table S5) both mechanisms should be involved.

TH MAS NMR spectra after 14 d presented in Figure S6 show
the reduction of the superficial ACP OH~ at 0 ppm and a slight
increase of multiple weak and narrow signals detected in the
0.8-1.5 ppm region (water molecules terminating the c-channels
of OH~ groups of hydroxyapatite). These changes qualitatively
demonstrate the nHA formation associated to a remarkable in-
creasing of the signal at 5 ppm. the 'H signals at 5 ppm are
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Fig. 6. SEM micrographs of agglomerated (a, c, e, g) and individual (b, d, f, h) particles of the synthesized BG MPs samples after 14 days of soaking in SBF.

broad (except for 0-BG-14d), so they seem associated with water
molecules with low mobility (structural water). Presence of free
water cluster would sharpen the resonance.

Differently, the peak at 2 ppm belonging to the isolated silanol
groups decreases as an effect of the silica re-polymerization usu-
ally described as a step of bioactive glass reactivity [1].

TH—29Sj and 'H—3'P CP MAS ssNMR spectra (Figure S9
and S10) arise from the dipolar-coupling-mediated magnetization
transfer from H atoms to Q"g; and Q"p species, thus identifying 2°Si
and 3'P nuclei adjacent to H atoms in the structure [88,89]. In our
samples, the clearest differences for 29Si CP MAS ssNMR between
0 d and 14 d samples are as for the DP 29Si experiments the dis-
appearance of Q!c, and Q2c, signals but also the exacerbation of
Q3y species. It confirms the relevant water uptake during the im-
mersion in SBF, with formation of protonated species. For 3P CP
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MAS ssNMR, an increase of Q!p and Q?p signals is observed which
seems to be the opposite of what is seen by DP 3!P experiment.
The most likely explanation is associated with the release of para-
magnetic Cu2* ions. Indeed, the presence of these at 0 d greatly
reduces the efficiency of H-P polarization transfer due to the rapid
relaxation mechanism giving weak CP signals for 0 d which are re-
stored at 14 d with the release of the Cu®*.

The evolution of the structure was also investigated by FTIR
spectroscopy and XRD, and the spectra and x-ray diffractograms
from each time-point (from O d to 14 d) were stacked to better
understand the changes over time. FTIR and XRD results of 0-BG
MPs, 1-BG MPs, 2.5-BG MPs and 5-BG MPs are shown in Figure
S11, S12, S13 and S14, respectively. In FTIR spectra of the BG MPs
samples, all the bands belonging to the silica network remained
unchanged. Instead, the PO43~ band (500-650 cm~!) increased its
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intensity progressively, until two distinct peaks appeared at 604
cm~! and 564 cm~!. Those peaks partially correspond to the vibra-
tion bands of the orthophosphate groups in apatitic environments,
and therefore they constitute a qualitative evaluation of nHA for-
mation. Another small peak at 880 cm~!, corresponding to the vi-
bration of CO32~ group, could correspond to the formation of car-
bonated nano-hydroxyapatite (nHCA) [90]. While for the ternary
particles (0-BG MPs) the two orthophosphate vibrations appeared
since the first hours of immersion, for Cu-doped samples the two
bands started to be distinguished from 24 h (1-BG MPs) or from
6 h (2.5-BG MPs and 5-BG MPs). Then, Cu-doped bioglass micro-
spheres exhibit a delayed formation of hydroxyapatite with respect
to the undoped sample. This phenomenon could be explained con-
sidering a balance between the two mechanisms previously men-
tioned i.e. ACP transformation vs. nHA nucleation from ions of SBF.

Formation of the nHA is also confirmed by XRD analysis, with
the emergence of peaks at 25.9° (102) and 31.8° (211) and their
gradual increase with time. In addition, nHA peak appears more
pronounced starting from 1 h in ternary MPs, while in 1-BG MPs
from 24 h and in 2.5-BG MPs and 5-BG MPs from 6 h. Regarding
the presence of metal copper Cu® phase, the average crystallite size
was calculated after 14 d of degradation (Debye-Scherrer | (eq. 2).
Results are plotted in Figure S15. No relevant differences in crys-
tallites size are detected for the Cu-doped samples after 14 d.

Besides nHA and Cu® phases, the occurrence of peaks belonging
to calcium carbonate crystals (CaCOs3), and in particular the calcite
phase (PDF 00-005-0586) are also detected, with its most intense
peak at 29.4° In addition, not all the time-point diffractograms ex-
hibit CaCO3 but only at 3 h, 6 h, 7 d and 14 d It must be considered
that SBF is a metastable saline solution, containing a relevant con-
centration of both calcium and carbonate ions, so that their crys-
tallization is likely to occur. Calcite crystals were found in previous
research works [32,91-93] their nucleation is more likely to occur
in the first soaking hours. In 0-BG MPs and 1-BG MPs the peaks
appear starting from 6 h of immersion. In 5-BG MPs they are de-
tected only at 1 h of soaking, while in 2.5-BG MPs they are not
detected at all, showing that this event could be due local super-
saturation associated to aggregation of microspheres. Although the
nucleation of calcite crystals cannot be avoided, their amount is
probably limited since its presence is not detected in FTIR spec-
tra, and thus their existence does not affect the bioactivity of the
synthesized bioglass microspheres [93].

Combination of EPR spectroscopy (Figure S16) and EDX per-
formed on microspheres after 14 d of interaction with SBF allowed
to check the evolution of copper environment. Results are summa-
rized in Table 2-b. Concerning Cu®, there was little change for 1-
BG MPs and 2.5-BG MPs between the as-synthesized samples and
after 14 d of interaction (around 84 and 92 at.% respectively). How-
ever, for these two samples, the proportion of Cu?* integrated into
the silicate lattice decreases (to the benefit of Cu?t associated with
CuO), suggesting that most of the copper released comes from the
silicate network. Contrary to the other samples, 5-BG MPs demon-
strates a significant decrease of Cu® percentage that can be linked
to the threshold effect previously described for the integration of
copper in the as-synthesized particles. In the same time there is
a significant increase of Cu®* involved in CuO highlighting the po-
tential surface oxidation of a part of metallic copper nanoparticles
during the immersion in SBF.

Ion release profile and pH evolution

Ionic profiles of the spray-dried bioglass microspheres were de-
termined by ICP-OES for Si, P, Ca and Cu elements, by analyzing
the SBF solutions from 1 h to 14 d, including the initial SBF solu-
tion. Results are grouped by element and are shown in Fig. 7, with
a zoom on the right for the first time-points (0 d, 1 h, 3 h, 6 h).
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All the samples exhibit a similar trend of each element releasing,
even with few differences in the concentration values.

Si profile (Fig. 7-a), that is not initially present in SBF, shows
a rapid release in the first hour of immersion, in the range 70-
90 ppm. Next, it begins to slightly decrease until 7 d, after which
it remains constant. Calcium concentration (Fig. 7-c) initially fol-
lows a similar burst effect, from about 100 ppm at 0 d to 300-
330 ppm at 1 h, depending on the sample. However, after staying
constant for the following hours, the Ca?t dissolved undergoes a
drastic decrease, almost reaching the same initial values. After that,
it rises back to almost the values of the burst effect (260-300 ppm
depending on the sample), and then plateaus. On the contrary, P
dissolved in solution, undergoes continuous decrease until it is no
longer detected starting from 24 h of soaking (Fig. 7-b). Finally, Cu
profile (Fig. 7-d) of Cu-doped samples exhibits a burst effect in the
first hour with respect to Si and Ca trends (8 ppm for 1-BG MPs,
17 ppm for 2.5-BG MPs and 5-BG MPs). After that time, Cu concen-
tration of 1-BG MPs and 2.5-BG MPs does not change significantly,
while for 5-BG MPs the amount of copper in solution continues to
increase up to 25 ppm at 7 d.

The mineralization process of bioactive glasses immersed in
SBF involves a complex mechanism of ion exchange between sur-
face and medium. As the silica network starts to degrade, active
cations such as Ca2* and Cu2*, but also anions such as SiO4*~ and
PO43~ (and their protonated forms) are released in the medium.
Then, being the SBF solution supersaturated regarding hydroxyap-
atite phase, Ca?+ and orthophosphate ions (PO43~and HPO,42) re-
precipitate on the bioglass surface and recombine to form amor-
phous and/or (poorly) crystalline calcium phosphates. By consider-
ing the ionic release profiles and the results of the powder charac-
terization, the behavior of the synthesized BG MPs globally follow
the same trends than models described by L. Hench and co-workers
[94-96], and in previous works [92], but with some modifications.

In the early stage of immersion in SBF, two events occur con-
sequently and almost simultaneously. Firstly, once the medium en-
ters in contact with the BG MPs surface, a large amount of CaZt
and Cu?* cations diffuse through the silica structure and pass
in solution. Cation vacancies are promptly replaced by H*, H30"
and H,0, which attack the silica network (both bridging and non-
bridging oxygen atoms) by hydrolyzing the siloxane bond Si-O-Si
and creating silanol groups. Interestingly, 1-BG-MPs and 2.5-BG-
MPs demonstrate the highest rate of released Si and Ca between
1 h and 6 h. It is clearly related with the lowest network connec-
tivity (NC, Fig. 4-b) of this sample. It is correlated with the larger
amount of Q'¢, and Q%¢, silicon environment leading to enhanced
silica network hydrolysis. Then, during this step, silica dissolves in
SBF in the form of silicic acid Si(OH)4 or longer oligomers. The
consequence of this ionic exchange, besides the high Si release,
is the sudden increase of the pH (Figure S17) in the first hour,
from 7.4 up to 8-8.25 depending on the sample. The confirma-
tion that the silicon release is responsible for the pH increase is
given by their directly proportional relation. In fact, 1-BG MPs, that
releases the highest content of Si(OH)4 groups, exhibits the high-
est pH increase, so as for the other samples that follow the same
relation.

Between 1 h and 6 h, the concentration of Si, Ca and Cu in SBF
remains globally constant, while P keeps lowering. During these
hours the reprecipitation process begins, but slowly, since it is still
balanced by the fast releasing of the elements.

Orthophosphate groups do not follow the same behaviour prob-
ably because contrary to the Ca2* that is a network modifier en-
hancing degradation of silica and totally leached out from the sil-
ica network at the end of interaction (Fig. 4-a), phosphorus is
a network-former, covalently integrated in the silica network. As
demonstrated by Fig. 5-b, almost 25% of phosphorus is still present
after 14 d in the silica network (the Si-O-P bond associated to



G. Vecchio, V. Darcos, S.L. Grill et al.

Acta Biomaterialia 181 (2024) 453-468

100 100
90t Si (@) | 9
80 4 80 -
704 704
L)
g 60 60 -
S
& 504 50
= —&— 0-BG-MPs
& 401 —@— 1-BG-MPs 40 4
= ] —sk— 2.5-BG-MPs 35
: =% 5-BG-MPs :
20 20
10 10 -
0# T T T T T T 0-
0 S0 100 150 200 250 300 350
x5 P (¢) 2544 P (d)
20 1 20
o
§_ 15 15
2
N’
& 101 10 -
54 5
0 - 01
0 50 100 150 200 250 300 35 0 1 2 3 4 5 6 7 8 9 10
3501 Ca )
300 -
~
= 250 - \
=%
(=%
= 2004
31
=
150 -
100
s 0
0 50 100 150 200 250 300 35 0 1 2 3 4 5 6 7 & 9 10
301
Cu (g) 25{Cu (h)
25 4 e ——
201
z 201 . i
g 15
2 15
N’
= 104
2104 .
SN
5 4
0
0
0 50 100 150 200 250 300 35 0 1 2 3 4 5 6 7 8 9 10
Time (h) Time (h)

Fig. 7. lon release profile of the spray-dried BG MPs during in vitro acellular tests in SBF, from O d to 14 d The graphs on the right represent the zoom of the first time-points
(0d, 1h,3h, 6 h) Every point in the graphs corresponds to the concentration of the element (Si, P, Ca or Cu) detected in SBF solution at each time-point. The error bars
are present for each point but sometimes too small to be clearly visible.

464



G. Vecchio, V. Darcos, S.L. Grill et al.

(Q'p) species). As this phosphorus is still involved in the particles,
the formation of calcium phosphate requires phosphates from the
medium. Indeed, Si(OH)4 groups condensate forming a silica-rich
porous layer, on which calcium and phosphate precipitate giving
mostly amorphous calcium phosphates and/or non-stoichiometric
apatite heterogeneously distributed as it can be observed from
SEM micrographs at 24 h. The MPs’ surface is not totally covered
of those species, and this may be the reason of the constant con-
centration of Si and Ca in SBF between 1 h and 6 h. Indeed, unde-
graded regions of particles allow a high dissolution rate that still
compensates the ionic loss due to their precipitation. As the ap-
atite continues to deposit and crystallize on the BG surface, SiO4*~
and Ca?* diffusion starts to decrease, and that can explain why cal-
cium concentration collapses to the initial level in SBF within 24 h,
while phosphates are no longer detected. Between 6 h and 24 h
the apatite precipitation accelerates and spreads over the MPs sur-
face together with the silica amorphous layer, so that the Si and Ca
lowering in the medium is the result of their difficulty to diffuse
through those new phases/layer. FTIR spectroscopy and XRD re-
sults sustain this hypothesis, since the presence of apatite starts to
be sufficiently detected within the first 24 h of immersion. As the
phosphate amount in SBF runs out after 24 h, Ca2* concentration
turns back to increase up to 7 d, then its kinetics becomes static, as
well as for the SiO4*~ ions. The unavailability of phosphate groups
in the medium prevents Ca2* ions from recombining and precip-
itating, so their presence in solution continues to increase. How-
ever, ACP nanodomains in the inner part of particles are exposed
to water uptake, the latter following new diffusion pathways cre-
ated by the partial silica degradation and the intrinsic inner poros-
ity of spray-dried microspheres. Consequently, ACP clusters evolve
toward nHA crystals according to the mechanism described above
and proved by FTIR and XRD results. Furthermore, the gradual de-
crease of the pH from 24 h to 14 d suggests that OH™ ions are
progressively absorbed within the apatite structure, which turns
into nanocrystalline hydroxyapatite. Therefore, the static kinetics
of releasing exhibited by all the elements and for all the samples
is to be considered only apparent. In reality, an equilibrium be-
tween ions diffusion through the BG structure (SiO4*~, PO43~ and
Ca?t) and their precipitation is reached, and the consequence is
the gradual growing of the nHA phase. In this last period, HCO3~
and CO32- are absorbed into the HA structure, forming a nHCA
phase, as already mentioned in the FTIR analysis.

The copper release curves (Figure S18) were fitted with the fol-
lowing model: [Cu?t]=k.t" (where t represents time, k is the rate
constant of the reaction, and n is the order of the reaction) to
quantitatively compare copper release kinetics. The values of k in-
crease with the initial dopant quantity in the glasses, with respec-
tive values of 8.08567, 16.82993, and 16.82993 for 1-BG MPs, 2.5-
BG MPs, and 5-BG MPs. The values of n also increase, with re-
spective values of 0.00593, 0.01282, and 0.06084. Copper release
behavior can be understood only by investigating how it was in-
tegrated in the glass network. Indeed, as demonstrated by EPR
and XRD copper could be either reduced in Cu® nanoparticles, in-
tegrated in the silica network as Cu?* ions or less frequently in
CuO clusters. The maximum Cu?*t released amount corresponds to
24.6 %, 18.8 % and 16.9 % of the total copper integrated in 1-BG
MPs, 2.5-BG MPs and 5-BG MPs, respectively. Considering the re-
spective percentage evolution of each Cu environment (Table 2-a
and b), the copper released in SBF mainly comes from the glass
network and to a lesser extent from Cu® nanocrystals. This behav-
ior is particularly interesting because the remaining copper stocked
as Cu° could provide long term antibacterial and pro-angiogenic ef-
fect [24].

Beyond this direct structural effect of copper doping, the lat-
ter also impacts the calcium and phosphorus integration either in
CaP nanodomains or in the silica network. This consequence in-
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fluences the silica network connectivity and the release kinetics of
major species (Si04%~, PO43~, Ca2*,) and subsequent calcium phos-
phate precipitation and doping ions (Cu?*). This tunable behavior
is a key factor for the understanding of further biological effects,
since these ions play a fundamental role in the bone neoformation
process, antibacterial activity potential cytotoxicity-related issues.

4. Conclusion

This study presents a pioneering approach in synthesizing Cu-
doped ternary silica-based bioactive glass microspheres using a
combination of sol-gel chemistry and spray-drying technique. The
resulting microparticles are well-defined and non-aggregated with
spherical shapes and diameters of a few microns. They exhibit in-
ner porosity, the latter being intrinsic of the spray-drying process
and due to rapid solvent evaporation.

The effects of copper-doping on the structure and composi-
tion of microspheres have been thoroughly described at differ-
ent scales through complementary advanced techniques. For all
doped samples, copper is incorporated in microspheres mainly in
the form of Cu® nanoparticles (formed by reduction with carbon
from the pyrolysis of entrapped organic species) and is also in-
tegrated into the amorphous matrix as Cu?*. Beyond this direct
effect, copper-doping impacts the connectivity of the silica net-
work as demonstrated by 29Si solid state NMR measurements. In-
deed, whereas Qc,! and Qc,% are detected for Cu-doped parti-
cles meaning that calcium is involved as silica network modifiers,
they are not for the undoped particles, calcium being associated
with phosphorus in amorphous calcium phosphate nano-domains.
31p NMR results confirm these conclusions in particular with the
decrease of Q% associated to calcium phosphates at the advan-
tage of Q'p orthophosphates and/or Q%p tripolyphosphates, these
latter participating to the glassy network. This different behavior
is supposed to be induced by preferential Cu?* and phosphates
entities complexation during the pre-spraying step. These results
clearly demonstrate that the presence and the amount of copper
affects the way copper, phosphate and calcium elements are in-
tegrated in microparticles. Logically, these differences affect the
amplitude and kinetics of phenomena occurring during the inter-
action of these bioactive glass microparticles with SBF solution.
In particular, the network depolymerization, the release of active
ions (Si04*~, Ca%*, PO43~, Cu?*) and the formation of surface ap-
atite nanocrystals layer are impacted. Interestingly, copper release
demonstrates a strong correlation between the percentage of initial
copper doping and the amount released. The latter is mainly pro-
vided by the copper involved in the silica network and not from
metal nanoparticles, most of them remaining in the microspheres
after 14 d of interaction. This understanding holds promising impli-
cations for potential therapeutic applications, offering possibilities
for both short-term and long-term delivery of therapeutic copper, a
pivotal element exhibiting antibacterial activity and pro-angiogenic
properties. This study showcases the potential of the spray-drying
process as a versatile and efficient method for scalable produc-
tion in bioactive glass particles fabrication. Future directions in-
volve comprehensive cytotoxicity and antibacterial evaluations and
the prospect of associating or functionalizing these bioactive glass
microspheres with polymers for the fabrication of porous scaffolds
lays the groundwork for the design and development of advanced
biomaterials with tailored functionalities for bone substitution.
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