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Poly(p,L-lactide)-grafted Cu-doped bioactive glass
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Freeze-casting enables the fabrication of porous scaffolds for bone reconstruction, but the homo-
geneous dispersion of bioactive glass (BG) in polymer solutions remains challenging. Here, we report, for
the first time, the synthesis of core—shell microparticles combining Cu-doped BG with poly(p,L-lactide)
(PoLLA) grafted via a surface-initiated “grafting from" approach. Covalent grafting was confirmed by
FT-IR spectroscopy and TGA analyses, with grafted chain lengths close to theoretical values. In simu-
lated body fluid (SBF), the PoLLA corona temporarily delayed glass degradation and ion release,
mitigating the initial “burst effect”, particularly for Cu?*. In vitro, all samples displayed dose-dependent
antibacterial and cytotoxic responses, but PoLLA-grafted particles improved cell viability while preserving
antibacterial activity. Notably, PpoLLA-BG5 achieved the best balance between bacterial inhibition and
cytocompatibility. These polymer-grafted, Cu-doped BG microspheres represent promising candidates
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as building blocks for future PpLLA-based scaffold fabrication via freeze-casting approaches, with
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1. Introduction

The demand for bone substitutes in maxillofacial surgery is
increasing with the development of synthetic biomedical implants
tailored to defect size and patient’s pathological condition."?
For critical-size defects, such scaffolds must exhibit optimal
macroporosity and appropriate properties to support cell adhe-
sion and proliferation, angiogenesis, and bone formation,
thereby ensuring implant osteointegration.>> In some cases,
additional features are also required, such as antibacterial
activity, particularly in infection-associated pathologies like
mandibular osteoradionecrosis (MORN).*” Bioactive glasses
are promising bone substitute materials due to their strong
osteointegration potential.**' Upon contact with biological
fluids, they degrade, releasing active ions (Si0,*~, Ca**, PO,*")
that stimulate bone reconstruction and form a hydroxyapatite
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scalable processing and tuneable ion-release-driven biological responses.

layer, enhancing implant-bone bonding.">'* Incorporation of

metallic ions further improves biological activity, e.g., Cu>* doping
promotes angiogenic, osteogenic, and antibacterial properties,'*>°
useful in conditions such as MORN. To overcome brittleness,
bioactive glasses are often combined with biodegradable polymers,
notably poly(p,i-lactide), which provides biocompatibility, mechan-
ical strength, and ductility for porous scaffolds.>>°

Several methods exist for fabricating polymer-based porous
scaffolds, including electrospinning,””*® solvent casting®®*°
and freeze-drying,*" all dependent on solvent selection.?**>7¢
Freeze-casting, based on solvent solidification and sublima-
tion, yields oriented porous structures and can process many
composites if components disperse well and segregate from
solvent crystals.>*** In polyester/bioactive glass systems, uni-
form filler distribution is crucial for consistent mechanical and
biological properties.®®> Colloidal stability of hydrophilic in-
organic particles in organic solvents (such as dimethyl carbonate)
is key, yet combining biodegradable polyesters with bare bioactive
glass remains challenging due to poor polymer-filler-solvent
affinity, causing aggregation and inhomogeneity.'**"?%37-41
Covalent grafting of polymer chains onto the surface of bio-
active glass particles can effectively overcome this limitation.
This method, commonly referred to as the “bricks and mortar”
approach,”” enhances dispersibility through the synergy of
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favourable enthalpic interactions (grafted chains/solvent) and
steric interactions among the grafted particles themselves.*®
Accurate determination of the grafted polymer properties
(M, B, DP, i.e. average molecular weight, dispersity and degree
of polymerisation), as well as grafting density and inorganic
particle characteristics (specific surface area, size, morphology), is
essential to properly understand the behaviour of hybrid particles
in solution, yet their characterisation remains a challenge.

Two main strategies exist for synthesising polymer-grafted
particles: ‘“grafting onto” and “grafting from” In the former,
functionalised particles are coupled with preformed polymers
bearing complementary groups, allowing prior characterisation
of both components (nuclear magnetic resonance (NMR), size
exclusion chromatography (SEC), transmission electron micro-
scopy (TEM) etc.). Biodegradable polyesters, such as poly(p,L-
lactic acid) (PpLLA), have been successfully grafted onto amino-
functionalised silica nanoparticles (NPs) for nanocomposites
involved in biomedical applications.**™*” However, this method
is limited by low grafting density due to steric hindrance from
pre-attached chains.*®

The “grafting from” approach relies on surface-initiated
polymerisation, where monomers grow directly from functional
groups on particle surfaces acting as macroinitiators. Techniques
such as atom transfer radical polymerisation (ATRP),*®* reversible
addiction-fragmentation chain transfer polymerisation (RAFT),>
and ring opening polymerisation (ROP)*" yield higher grafting
densities and molecular weights than the ‘“grafting onto”
method,”>>* though propagation control is limited by steric
hindrance of immobilized chains. Once core-shell structures
are formed, polymer characterisation requires indirect meth-
ods such as chain cleavage, free initiator addition, or thermo-
gravimetric analysis (TGA).>*">® This strategy has enabled the
synthesis of highly grafted, well-dispersed silica and bioactive
glass nanoparticles with biodegradable polyesters, notably via
ROP of e-caprolactone, r-lactide, and p,i-lactide.>*°5762

Despite the strong potential of the ‘“grafting from” strategy,
it has so far only been applied to nanoscale bioactive glass
particles obtained through Stéber-derived syntheses.’” While
these nanoparticles are of particular interest, their production
via sol-gel chemistry involves large quantities of flammable
solvents such as ethanol and results in low yields and highly
agglomerated nanospheres, making them unsuitable for the
large-scale fabrication of implantable scaffolds. To address this
limitation and, as an alternative to copper-doped nanoparticles,*®"°
we have recently developed® the first synthesis of Cu-doped ternary
bioactive glass microparticles (MPs) by combining spray-drying
and sol-gel chemistry. Although this method offers far better
industrial scalability, the resulting microparticles (due to
their larger size and mass) are more prone to sedimentation
especially in organic solvent adapted for polyesters. Therefore,
their functionalisation, particularly with long polymer chains,
is essential. To the best of our knowledge, the ‘“‘grafting from”
approach has never been applied to such microparticles.
Its implementation presents several challenges, especially due
to their lower specific surface areas and larger radii of curvature
compared to nanoparticles. Beyond the synthesis itself, the
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effect of a grafted polyester corona (regardless of the grafting
method) on the acellular degradation mechanisms of bioactive
glass particles and the in vitro properties (such as cytocompat-
ibility and antibacterial properties) has yet to be explored.

In response to these challenges, the present research work
aims to report the synthesis of poly(p,.-lactide)-grafted bioactive
glass microparticles via “grafting from” approach. The micro-
particles selected for grafting are Cu-doped ternary bioactive
glass particles (with Cu contents of 0, 1, 2.5, and 5 at%)
synthesised via spray-drying technique and previously reported
in our earlier work.®® This study will first focus on the surface-
initiated ROP of p,i-lactide from the surface of these spray-dried
microspheres. The resulting core-shell particles will be
characterised in terms of their morphology, physicochemical
properties and grafting density using a range of analytical
techniques. The second part will assess the acellular reactivity
of these core-shell structures in simulated body fluid (SBF),
specifically investigating morphological, compositional, and
structural changes, as well as ion release profiles. These results
will be compared with those of the non-grafted microspheres,
with particular attention to copper release kinetics and influ-
ence of the PpLLA corona. Finally, this comparative approach
will be extended to evaluate the in vitro behaviour of these
microspheres (particularly their antibacterial activity and cyto-
compatibility) and to correlate these biological responses with
the previously established physicochemical characteristics.

2. Materials and methods

2.1. Raw materials

3-(Aminopropyl)triethoxysilane (APTES, 99%), tin(u) 2-ethyl-
hexanoate (Sn(Oct),; 92.5-100.0%) and ethyl acetate (puriss.
p.a., ACS reagent, >99.5% (GC)) were purchased from Sigma-
Aldrich, while anhydrous toluene (ERBAdry™) was provided
by Carlo Erba. All these reagents were used without further
purification. p,i-Lactide (racemic mixture) was obtained from
Corbion Purac (PURASORB® DL). Triethylamine (TEA, >99.9%)
was provided by Sigma-Aldrich and distilled over molecular sieves
before use.

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%), calcium chloride
dihydrate (CaCl,-2H,0, 99.0-103.0%), di-potassium hydrogen
phosphate trihydrate (K,HPO,-3H,0, >99%), sodium sulphate
anhydrous (Na,SO,4, 98.5-101.0%), tris-(hydroxymethyl) amino-
methane (TRIS, >99%) and sodium hydrogen carbonate
(NaHCOs3, 100.1%) were of analytical grade and provided by
VWR chemicals. All the chemicals were used as received, with-
out further purification. Ultrapure water (p = 18.2 MQ c¢m) was
obtained through Millipore Milli-Q water system.

2.2. Synthesis of core-shell bioactive glass microspheres

2.2.1. Synthesis of Cu-doped ternary bioactive glass micro-
spheres by spray-drying. Cu-doped bioglass (BG) microspheres
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with composition Si0,-CaO-P,0s-CuO were synthesised by
coupling the sol-gel method and the spray-drying process. Four
compositions of MPs, each with varying Cu content, were
obtained by substituting copper for the Ca cations. The nom-
inal compositions were 67.5510,, (25 — x)CaO, 7.5P,0s, (x)CuO
(at%), where x = 0, 1, 2.5, 5 at% and respectively denominated
BGO, BG1, BG2.5 and BG5. The procedure to obtain these
microspheres was already illustrated in our previous research
work.®’

2.2.2. Amino-functionalisation of the spray-dried micro-
spheres. The amino-functionalisation procedure was taken
from the work of Lagarrigue et al.** In the typical amino-
functionalisation synthesis of b-BG MPs, 8 g of MPs were
dispersed in 320 mL of anhydrous toluene in a three-neck
round-bottom flask by means of ultrasound bath and magnetic
stirring for 20 minutes. After that, the flask was sealed and
equipped with a condenser and placed in an oil bath at 80 °C.
The suspension of MPs was degassed by bubbling nitrogen for
15 minutes. 80 mL of APTES were picked up under inert
atmosphere, then it was injected in the reaction flask while
maintaining a constant nitrogen flux, which was removed just
after the beginning of the reaction. Thus, the solution was
refluxed overnight under magnetic agitation. Once the reaction
was completed, the functionalised MPs were separated from
the medium by centrifugation (5000 rpm, 10 min) into proper
Teflon (TEP) tubes. In order to remove the unreacted APTES,
the resulting powder underwent two additional redispersion/
centrifugation cycles (5000 rpm, 5 min), by redispersing the
particles into 40 mL of anhydrous toluene at each cycle. Finally,
the powder was collected and dried in vacuo at 70 °C for
24 hours. The four MPs samples will be labelled as NH,-BGx.

2.2.3. Surface-initiated ring opening polymerisation of
p,i-lactide for the surface of amino-functionalised microspheres.
The surface-initiated ROP of p,L-lactide was carried out through
the standard Schlenk technique in solution by using the amino-
functionalised MPs as macroinitiator. All the four polymerisa-
tions were performed by taking a MPs/p,L-lactide mass ratio
equal to 0.2 wt wt ', since the grafting density of primary
amines on the NH,-BGx surface was determined in a second
moment through TGA analysis. In the synthesis of PpLLA-
functionalised particles, 10 g of NH,-BGx, which correspond
to 1.29 mmol of primary amines (png, = 0.129 mmol gyps ')
were previously dried under vacuum at 80 °C overnight. Then,
the powder was dispersed in anhydrous toluene (70 mL) into
a dried Schlenk tube by means of an ultrasound microtip
(18 W, 10 min) directly immersed in the medium. After that
time, 40 g of p,L-lactide (0.277 mol, [p,L LA] = 4 M) were added
to the suspension and the Schlenk was put under magnetic
stirring, sealed with a rubber septum and solution was
degassed by bubbling nitrogen for further 10 minutes. Stan-
nous octoate (0.26 mmol) and triethyl amine (0.65 mmol) were
subsequently injected through the septum, so the Schlenk was
immersed in an oil bath at 100 °C under a constant nitrogen
pressure and continuous agitation for 24 hours. The monomer
conversion was monitored by 'H NMR analysis of samples
taken up directly from the reaction mixture. The spectra of
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the crude products at the end of the ROP are reported in Fig. S3.
The resulting suspension contained polymer-grafted micro-
particles (denominated PpLLA-BGx) and free polymer chains
probably initiated by residual moisture or other polar com-
pounds. In order to separate the free polymer chains and
recover only PpLLA-BGx, the resulting suspension was precipi-
tated into cold ethyl acetate (700 mL), which is a good solvent
for both pr-lactide and free PpoLLA chains. The core-shell
particles were then recovered by centrifugation in TEP tubes
(5000 rpm, 5 min), and the resulting powder underwent two
additional redispersion/centrifugation cycles by dispersing the
particles in 70 mL of ethyl acetate. Finally, the purified powder
was dried under vacuum to remove the traces of solvent. The
supernatant solution derived from the four PbLLA-BGx samples
purification was collected, concentrated and dried under
vacuum, so that the free PoLLA chains could be analysed by
size exclusion chromatography (SEC) analysis.

2.3. Characterisation of core-shell bioactive glass/PpLLA
microspheres

2.3.1. Morphological, physico-chemical analysis and ion
release profiles. Particle’s morphology was observed by scan-
ning electron microscopy (SEM) with a FEI Quanta450 in low
vacuum mode (water vapor pressure: 90 Pa). Images were
registered in secondary electron 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 composition. Sam-
ples were compressed into pellets and fixed on the SEM
supports by means of a carbon adhesive strip. Average mole-
cular weights (M,,) and dispersity (P) of the free PoLLA chains
were determined using size exclusion chromatography (SEC)
on a Shimadzu Prominence system (Shimadzu Corp, Kyoto,
Japan). The system was equipped with a PLgel MIXED-C guard
column (Agilent, 5 pm, 50 x 7.5 mm), two mixed medium
columns PLgel MIXED-C (5 pm, 300 x 7.8 mm), and a Shi-
madzu RI detector 20-A. The mobile phase was THF with a flow
of 1 mL min™" at 35 °C. Polystyrene (PS) standards were used
for calibration and polymers characteristics obtained expressed
according to those standards. Fourier-transform infrared
spectroscopy (FTIR) was carried out with a Nicolet iS50 spectro-
photometer (Thermo Scientific, USA), in transmission mode,
in a range of 400-4000 cm ™" with a resolution of 2 em™" and 64
cumulative 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 with a Bruker D8-2 ADVANCE
X-ray diffractometer for powders (Bruker, Germany), employing
a Cu Ko, X-ray source (/cuks = 1.54056 A) and carrying out the
analysis in a 260 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.
Bare, amino-functionalised and PpLLA-grafted BG samples were
characterised by thermogravimetric analysis (TGA) using a TGA
2 Star System (Mettler Toledo). The analysis was performed

This journal is © The Royal Society of Chemistry 2026
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from 25 °C to 800 °C with a heating rate of 5 °C min~" under N,
atmosphere, then an isotherm of 10 minutes at 800 °C before
the end of the analysis.

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 spectro-
scopy (ICP-OES). Typically, solutions were diluted with demi-
neralized water by a factor of 10, and analysed with an Agilent
5800 VDV ICP-OES in radial mode. The standard ranges were
calibrated using single-element solutions. Diluted SBF was also
analysed in order to obtain background values. The measure-
ments were realised for all the sample solutions at each time
point. Si, P, Ca and Cu concentrations were determined. The
PH of every recovered sample solution was measured with a
pHmeter inoLab pH7110 (3 points-calibrated with standards).

2.3.2. Evaluation of primary amine density, PpLLA grafting
density and estimation of the molecular weight. The density of
primary amines grafted on the surface of BG MPs samples was
determined from TGA analysis by following the procedure
described by Lagarrigue et al.** and illustrated extensively in
the SI. To calculate the grafting density of the polymer, the
second part of Lagarrigue’s method could not be applied
because the PpLLA calibration curve was realised with polymers
having a specific molecular weight, which is not true for the
grafting from approach. Thus, the PpoLLA grafting density was
roughly estimated by adapting the method used by Joubert
et al.,®" starting from the mass ratio between PpLLA and bare
MPs with no organic species grafted. The mass of PbLLA is
calculated from the TGA thermograms, and it is equal to the
difference between the weight loss of PoiLA-BG and NH,-BG
above 150 °C (domains II + IIT). Then, the grafting density and
molecular weight of the grafted chains were estimated by
applying the method described in detail in the SI.

2.4. Invitro acellular evolution

Acellular in vitro tests for the bioactivity evaluation of the
PpLLA-grafted BG samples were carried out by immersing the
BG powders in SBF for up to 14 days (1, 3, 6, 24 hours, 7 and
14 days) at the physiological temperature (37 °C) and under
constant agitation (200 rpm). All the conditions and experi-
mental procedure applied for the bioactivity assessment were
previously described.®® The only difference was that the initial
mass of polymer-grafted particles weighted for the tests was
recalculated with respect to the percentage of polymer grafted
in order to take exactly 100 mg of bare particles for each sample
and respect the concentration of 3 mg mL™*. The powders
recovered from each time-point were characterised by SEM,
FT-IR, XRD and EDX, while the SBF solutions recovered and
filtered were analysed by ICP (in duplicate) and pH measure-
ments (in triplicate). The samples were labelled as PoLLA-BGx-y,
where x is the nominal amount of Cu and y is the specific time
point (0d, 1 h,3 h, 6 h,24 h, 7 d, 14 d)

2.5. Biological assessment

2.5.1. Antibacterial activity against Escherichia coli. Indirect
antibacterial activity of particles was assessed by using the

This journal is © The Royal Society of Chemistry 2026
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recovered and filtered SBF solutions of the in vitro acellular
tests. Solutions at 1 hour and 14 days of BG and PpLLA-grafted
BG immersion in SBF were selected for the evaluation, in order
to compare the effect of the Cu®** amount released in the
medium. Escherichia coli (MG1655 strain) was cultivated in
M9 medium (Na,HPO, 42.25 mM, KH,PO, 22.06 mM, NaCl
8.55 mM, NH,CI 18.7 mM, MgSO, 1 mM, glucose 5.84 mM,
vitamin B1 3 mM) for 16 hours at 37 °C at 180 rpm. This
bacterial culture was diluted 500 fold into fresh M9 medium in
order to obtain exponentially growing culture. When ODggpnm
reached 0.04, cultures were diluted again 5 fold and exposed
to the SBF solutions, at a ratio of 9.5 volumes of cultures for
0.5 volume of SBF. 200 pL of this mix was put into a well of a
96-wells plate, incubated at 37 °C with agitation (150 rpm) for
24 hours in Varioscan (ThermoFischer). The OD at 600 nm
taken each 10 minutes were used to draw growth curves and to
extrapolate from exponential phase the growth rate in h™". This
growth rate was determined for each condition and each
biological replicate. At the end of the 24 hours incubation, a
sample was serially diluted and spotted (2.5 pL) on M9 agar
plate and incubated overnight at 37 °C to evaluate the survival
of the bacterial cells.

2.5.1. Fibroblasts 1929 and preosteoblasts MC3T3-E1 cel-
lular viability. Particles were exposed to UV-C (254 nm) for
5 minutes before addition of growth medium. Fibroblasts L929
were purchased from ECACC (NCTC-Clone 929, 85011425). The
cells were maintained in DMEM high glucose (Sigma-Aldrich,
D6546) supplemented with foetal bovine serum (5% v/v)
(Gibco, 10270-106), 2 mM r-Glutamine (Gibco, 35050-038) and
100 U per mL of penicillin and 100 ug mL™" streptomycin
(Sigma-Aldrich, P0781) at 37 °C in a humidified incubator
containing 5% CO,. L929 cells were tested to be free of
mycoplasma. The osteoblastic cell line MC3T3-E1 was pur-
chased from ECACC (99072810). The cells were maintained in
oMEM supplemented with 10% v/v foetal bovine serum (FBS),
2 mM i-Glutamine and 100 U per mL of penicillin and
100 pg mL™" streptomycin at 37 °C in a humidified incubator
containing 5% CO,. MC3T3-E1 were tested to be free of
mycoplasma. L929 and MC3T3-E1 were seeded at 1.0 X
10* cells per well in a 96-well plate and allowed to attach
overnight under appropriate atmosphere. Thereafter, the med-
ium was removed and replaced by 200 pL of the different
suspensions of BG and PpLLA-grafted BG, prepared at
0.15 mg mL ™", in the growth medium as well as the vehicle
control. All dose groups were tested in at least 5 replicates. After
24 h and 48 h treatment, cell viability was assessed by MTS
assay (abcam, ab197010) and Brightfield microscopy. Live&-
Dead (Invitrogen, L3224) staining was done after 24 h and 48 h
as well. Positive cell culture controls were realised and called
TCPS (tissue culture polystyrene).

2.6. Statistical analysis

The molar composition determined by SEM-EDX was estimated
over a 100 pm® 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
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was prepared for each time point and for each PpLLA-BG
synthesised, 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 characterised. The ICP-
OES analysis were realised 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 was measured in
triplicate and results presented as averaged values + standard
deviation for n = 3.

3. Results and discussion

3.1. Synthesis and characteristics of PpLLA grafting

Four kinds of core-shell bioactive glass microparticles/PpLLA
were synthesised with a three steps procedure: (i) synthesis of
spray-dried bioactive glass microspheres with varying amounts
of Cu doping, already described in our previous work®’;
(ii) amino-functionalisation of the bare BG samples (Fig. 1a);
(iii) surface-initiated ROP of pr-lactide from the surface of
amino-functionalised BG MPs (Fig. 1b and Table 1). A further
step was to separate the free residual PpLLA chains. After
separation, the free PoLLA and the PpiLA-grafted BG micro-
spheres were characterised respectively by SEC (to determine
molecular weight and dispersity (P)) and by SEM, FTIR, and
TGA (to assess the density of primary amines and the amount
of PoLLA on the microsphere surface).****

As the micrographs of the four PoLLA-grafted samples are
very similar to each other, and likewise for the four non-grafted

APTES

Sn(Oct),, TEA
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samples, only the images of the 0-BG bare and grafted particles
are shown in Fig. 2 (the complete set of micrographs is
available in Fig. S3). Compared to non-functionalized particles,
the grafted MPs show a greater tendency to agglomerate in
the dry state, which may be partially caused by the drying
conditions. However, the primary objective of the present work
is not to prevent dry-state agglomeration, but rather to avoid
the aggregation and rapid sedimentation of bare, hydrophilic
bioactive glass particles in apolar organic solvents (such as
dimethyl carbonate) used for freeze-casting processes, where
PoLLA grafting significantly improves colloidal stability and
dispersion. Additionally, the observed aggregates appear to be
enveloped in a layer with a texture distinct from that of bare BG
samples. This layer, visible in the interstitial spaces between
individual particles, blurs their contours and is likely attribu-
table to the polymer corona formed on the MPs surface.
Before conducting a more detailed characterisation of the
PoLLA grafted onto the particles, attention can be given to the
free PoLLA chains separated from the grafted ones and analysed
by SEC which, by analogy, can provide insight into the beha-
viour of their grafted counterparts. The four traces were shown
in Fig. S4, whereas molecular weights and dispersity values
were reported in Table S4. The results indicate much higher
molecular weights than expected for the grafted chains, prob-
ably due to the uncontrolled polymerisation initiated by moist-
ure or impurities in solution, except for the samples PpLLA-BGO
(M, = 21000 g mol ') and PpLLA-BG5 (M, = 32000 g mol ).
The high dispersity values obtained for ROP in solution
(1.5-2.2) are in line with a partially controlled polymerisation,
which is typically attributed to the presence of residual moisture

Toluene, 80°C

NH, o
RN NH, o)‘l/
HoN NH, + )\g/
NH,
HyN NH;

NH,-BG D,L-lactide

Toluene, 100°C

PDLLA-BG

Fig. 1 Synthetic pathway illustrating (a) the amino-functionalisation of bioactive glass microparticles with (3-aminopropyl)triethoxysilane (APTES) and (b)
the surface-initiated ring-opening polymerisation (ROP) of p,L-lactide from the amino-functionalised microparticle surface.
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Table 1 Synthesis parameters for the surface-initiated ROP of pL-lactide from the surface of amino-functionalised spray-dried quaternary bioactive

glass microparticles and corresponding DP and Mn

Mapres  Pxm, (MMOlyy,  [In]/[Mon])/ Conv. My, OPbLLA OPDLLA npoia  Mnep
Sample (mmol)  gwes )* [TEA]/[Sn] (eq.) (%) (g mol ')  (#chains nm 2)*  (umol gyps *)°  (mmol (g mol™)¢
PpLLA-BGO 16.3 0.167 1/167/0.5/0.2 94 22600 0.34 2.09 0.209 21600
PpLLA-BG1 15.3 0.156 1/177/0.5/0.2 97 24700 0.38 2.01 0.201 23600
PpLLA-BG2.5 15.5 0.158 1/175/0.5/0.2 96 24200 0.60 3.44 0.344 22300
PpLLA-BG5 12.7 0.129 1/215/0.5/0.2 95 29400 0.24 1.48 0.148 28200

“ Determined from eqn (S5). * Determined from eqn (S8).  Determined by multiplying M, by the monomer conversion. 4 Determined from

eqn (S9). ¢ Determined from eqn (510).” 7ppiza = 100 Gppipa (mol g~ ). £ Determined from eqn (S11).

BGO
@

PpLLA-BGO

(a)

(b)

Fig. 2 SEM micrographs of (a) as-synthesised bare BGO and PoLLA-BGO
particles, shown as agglomerates (top) and individual particles (bottom),
and (b) the same samples after 14 days of immersion in SBF.

or impurities, as frequently encountered when using tin(m)
octanoate as catalyst.

PoLLA-grafted BG samples were characterised by FT-IR ana-
lysis in order to confirm the successful grafting of PpLLA onto
the particles surface. The spectra exhibit almost the same
behaviour. Therefore, only the spectra of the bare and grafted
BGO particles are presented in Fig. 3a-c, while the full set of
spectra is provided in Fig. S5a, b and Fig. S6a-c, for bare and
polymer-grafted samples, respectively.

The vibrations of the silica network typical of bioactive
glasses are identified at 1100 cm™', 815 cm™ "', 466 cm ',
corresponding to the asymmetric stretching, bending, and rocking
vibrations of the siloxane bond (Si-O-Si), respectively.”®>®

This journal is © The Royal Society of Chemistry 2026

At 604 cm ™! and 564 cm ™' two small bands can be observed,
standing for the bending and stretching vibrations of
PO,*” ions in a CaP environment, both apatitic and non-
apatitic.>®"°"%*%® Regarding the PpLLA presence for grafted
particles, the small bands at 3000 cm™', 2950 cm™' and
2925 ecm ™' were assigned to the symmetric and asymmetric
stretching of the C-H bond of the PoiLA methyl group, and to
the stretching of the C-H bond belonging to the APTES
ethylene groups.”>”® The strongest band detected for the PpLLA
backbone is found at 1767 cm ™, typical of the C—=O stretching
of the ester group, while other small bands are identified at
1456 cm ! (-CH; bending), 1387 cm ' (C-H symmetric bend-
ing deformation) and 930 cm™' (C-C stretching).”” A small
band at 1541 cm™ ', and a weak and broad band around
700 cm~ ', were identified respectively to the N-H in-plane
and out-of-plane bending vibrations of the secondary amide
bond,®® thus providing spectroscopic evidence consistent with
the successful grafting of PoLLA chains onto the MPs surface.
Another evidence of the successful amidation might be found
in the broadened band belonging to the physiosorbed water
in the range 1600-1700 cm™ ', which might overlap with the vibra-
tion of the C=O stretching of the amido bond at 1641 cm™ "%
Finally, the broad band at 3430 cm™ ' may be attributed to the
contribution of either free and hydrogen bonded silanol groups
with water (Si-OH and Si-OH- - -H,O stretching vibration®®), but
also to the N-H stretching band.

3.2. Grafting density by thermogravimetric analysis

Thermogravimetric analysis was performed on bare, amino-
functionalised and PoLLA-grafted MPs with the purpose to evaluate
the grafting density of APTES molecules and PpLLA chains on MPs
surface, as well as to estimate the molecular weight of the grafted
polyester. The thermograms of BGO NH,-BGO and PpLLA-BG0 were
shown in Fig. 3d, while the full set of thermograms is illustrated in
Fig. S6d-g, and they were all divided into three zones, according to
the thermal degradation of the chemical species:

eDomain I (25-150 °C): evaporation of the physiosorbed
water on the MPs surface;

eDomain II (150-350 °C): thermal degradation of grafted
PpLLA chains, overlapped to the condensation of superficial
silanol groups*®®>7°;

eDomain III (350-800 °C): thermal degradation of amino-
propyl groups from grafted APTES molecules, overlapped to the
condensation of internal silanol groups.”®”*

J. Mater. Chem. B, 2026, 14, 2644-2661 | 2649
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Fig. 3 (a) Stacked FT-IR spectra (in absorbance) of BGO and PoLLA-BGO, with enlarged views of the (b) 1300-1800 cm™ and (c) 500-950 cm™ regions.

(d) TGA thermograms of BGO, NH,-BGO, and PolLA-BGO.

The weight loss percentages (Am) for all analysed samples in
each domain are summarised in Table S5. The density of grafted
amines was characterised using the same methodology described
by Lagarrigue et al.** and the corresponding values are presented
in Table 1 and Table S2. The grafting density (pn,), expressed as
the number of APTES molecules per nm” of MP surface, ranges
between 20 and 30 #NH, nm >, significantly higher than the
values reported for NH,-BG NPs in Lagarrigue’s study. However,
the molar amount of primary amines per gram of NH,-BG particles
is lower. This apparent paradox arises from the lower surface area
of MPs compared with NPs: fewer accessible sites per gram of
microparticles result in a lower total number of grafted molecules,
despite a higher surface functionalisation density. Importantly, the
same initial amount of APTES per gram of particles was applied to
all samples, regardless of their specific surface area.

The conversion of lactide monomer for the synthesis of
grafted BG MPs was almost quantitative (94-97%). The theore-
tical molecular weights calculated by considering the monomer
conversion are between 22000 and 30000 g-mol~' (Table 1).
The grafting densities of PoLLA chains were estimated using
TGA and eqn (S9) and (S10). These grafting densities ranged
from 0.24 to 0.60 chains per nm? of MPs surface, with the ppipa
of PpLLA-BG2.5 being the highest value.

These values are higher than those reported previously,**
owing to the specific surface area differences mentioned above.

2650 | J Mater. Chem. B, 2026, 14, 2644-2661

Consequently, the amount of polyester grafted per gram of
MPs is considerably lower. In addition, the experimental
molar masses were estimated using eqn (S11). The measured
molecular weights are in good agreement with the theoretical
values, confirming successful grafting and the presence of long
polymer chains in the 22 000-28 000 g mol™ " range. All these
results are summarised Table 1. No significant differences
in grafting efficiency were observed among the samples,
indicating that the surfaces of the four spray-dried bioactive
glass microparticles are essentially identical, irrespective of
their Cu content.

To conclude this section, we demonstrated the successful
synthesis of core-shell bioactive glass/PbLLA particles using a
“grafting from” strategy. The resulting grafting density of
PpLLA chains was higher than that typically achieved with a
“grafting to” approach (0.2 chains-nm?).****> Although
surface-initiated polymerisations can be affected by competi-
tive chain-growth mechanisms, leading to increased dispersity
(P) of the grafted polymers and reduced control over their final
properties, “grafting from” offers a clear advantage by reducing
the number of experimental steps. In this case, ring-opening
polymerisation (ROP) occurs directly from the particle surface,
with surface amination being the only required functionalisa-
tion. Moreover, this approach appears to allow the achievement
of high molecular weights, which is difficult to obtain with

This journal is © The Royal Society of Chemistry 2026
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“grafting to” methods because of steric hindrance and limited
accessibility of the particle surface.

3.3. Acellular in vitro evolution of PpLLA-grafted BG MPs in
SBF solution

The in vitro acellular behaviour of the grafted particles in SBF
was evaluated and compared with that of bare particles to
assess the influence of the polymer-grafted corona on the
morphological, physicochemical, and ion-release changes of
the bioactive glasses, with particular attention to copper release
kinetics. As a reminder, our previous study®® showed that the
bare particles generated by spray-drying were mainly composed
of a silicate glassy network, in which, depending on the copper
concentration, phosphate and calcium ions were incorporated
into the network (as co-former and network modifiers, respec-
tively), while copper atoms were integrated either as Cu®*
network modifiers and Cu® nanoparticles. In the same work,
the distribution between copper ions and metallic copper was
accurately investigated by combining electron paramagnetic
resonance (EPR) and quantitative EDX using a calibrated
standard, and the Cu®>"/Cu’ ratios were reported for as-
synthesized samples and after immersion in SBF.

The PprLLA-grafted BG samples were characterised at each
time-point by FT-IR and XRD analysis. FT-IR spectra showing
the evolution of bare and PpLLA-BG samples before soaking in
SBF and after 14 days immersion are presented in Fig. 4a, while
the full set of spectra of all the time points representing the
evolution of PpLLA-BGO, PpLLA-BG1, PpLLA-BG2.5 and PpLLA-
BGS5 in SBF are provided in Fig. S8a, c, e and g, respectively. For
comparison, FT-IR spectra from the degradation study on bare
BG samples are reported in Fig. S7a, c, e and g for BGO, BG1,
BG2.5 and BGS5, respectively. The spectra of all the polyester-
grafted samples at each time-point display an evolution similar
to that of bare samples. For instance, the gradual increase
of the orthophosphate band (500-650 cm™*) with the soaking
time, along with the emergence of two distinct bands at
604 cm™ ' and 564 cm™' (PO,>~ stretching in apatitic environ-
ment) starting from 24 h onwards, constitute a qualitative
indication of nanocrystalline apatite formation. In this case,
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no significant difference in the PO,*>~ band was observed as a
function of the copper content. Furthermore, the vibration of
carbonate group (CO,;*" stretching) is detected at 880 cm
indicates the presence of a small amount of carbonated nano-
hydroxyapatite (nHCA).”> Therefore, the main distinction
between PpLLA-grafted and bare samples is that the former
had additional bands belonging to the polyester chain back-
bone, with the most intense band located at 1767 cm ™' (C=0
stretching of the ester groups). Notably, the intensity of this
band progressively decreases with the immersion time in SBF.
In some cases (e.g., PDLLA-BG0-14d and PpLLA-BG5-14d), this
band is barely detectable. Thus, the reduction in carbonyl band
intensity can be regarded as a qualitative marker of PpLLA
degradation in the medium, associated with random chain
scission by hydrolysis.

XRD diffractograms representing the evolution of bare and
PpLLA-BG samples before soaking in SBF and after 14 days
immersion are presented in Fig. 4b, while the complete set of
diffractograms of all the time points representing the evolution
of PpLLA-BGO, PpLLA-BG1, PpLLA-BG2.5 and PpLLA-BG5 in SBF
are provided in Fig. S8a, c, e and g, respectively. For compar-
ison, XRD diffractograms of the degradation study on bare BG
samples were reported in Fig. S7a, ¢, e and g for BGO, BG1,
BG2.5 and BG5, respectively.

As confirmed by FT-IR analysis, XRD diffractograms follow
the same overall trend as those of bare BG samples. Similarly,
the peaks associated with Cu® nanoparticles remain unchanged,
while the broad diffraction peak of nanocrystalline hydroxyapatite
(211) at 31.8° gradually increases, becoming more evident after
24 h. As reported in previous work, the main sharp peak of
calcite (CaCOj3) appears at 29.4°, although only in some dif-
fractograms and with variable intensity. The occurrence of
calcite, as already discussed, is most likely due to random
homogeneous nucleation induced by the high concentration
of Ca®" and carbonate ions in solution. The main difference
compared with as-synthesised BG diffractograms is the appear-
ance of a new peak at 18°, observed only in Cu-doped PpoLLA-BG
samples after 7 and 14 days of immersion in SBF. This relatively
sharp diffraction peak can be attributed to the main diffraction
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Fig. 4 (a) FT-IR spectra (in absorbance) of BGO and PoLLA-BGO particles with enlarged 500-650 cm™ region, prior to soaking in SBF and after 14 days
degradation; (b) XRD diffractograms of BGO and PoLLA-BGO particles, prior to soaking in SBF and after 14 days degradation.
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plane of copper hydroxyphosphate (Cu,(OH)PO,) (JCPDS card
File No. 36-0404).”>”* This phenomenon may be explained by
local acidification of the medium, in phosphate- and copper
ion-rich regions, as a consequence of PoLLA degradation.

SEM micrographs of bare and grafted BGO after 14 days of
degradation are presented in Fig. 2b, while additional images
after 24 h, 7 days, and 14 days of immersion in SBF are reported
for bare and PpLLA-grafted samples in Fig. S9 and S10, respec-
tively. From the first day of immersion, both grafted and bare
particles are mainly observed as large agglomerates, similar to
their state prior to soaking, although significant morphological
modifications occur upon degradation. After 24 h, a newly
formed layer becomes visible, particularly in the interstices
between particle aggregates. Based on its characteristic rough
“cauliflower-like” morphology, this layer can be attributed
to hydroxyapatite, clearly distinguishable from the smoother
and more homogeneous polymer coating initially covering the
large MP aggregates. However, this mineral phase develops in a
heterogeneous manner. Its growth appears more pronounced
in samples with lower PoiLA content, likely due to polymer
degradation that locally exposes the surface to ionic exchange,
as evidenced in micrographs of PpLLA-BG0-24h and PpLLA-BG5-
24h. After 7 days, both individual particles and their aggregates
are covered by a homogeneous mineral layer, closely resem-
bling the morphology observed for bare BG samples at the
same time point. At this stage, particle boundaries are no
longer discernible, as in PptLA-BGO0-7d. Interestingly, in the
group image of PpLLA-BG2.5-7d, remnants of the polyester
layer remain visible, with hydroxyapatite domains deposited
preferentially in superficial regions where grafted PoLLA has
presumably degraded. After 14 days of soaking, the samples
display similar morphological features. However, it remains
challenging to determine whether the amount of newly
formed mineral phase has further increased compared to
the 7-day stage.

EDX compositional analysis was carried out on polymer-
grafted samples immersed for 14 days in SBF, and the at%
values of the elements composing the PpLLA-BG samples with
respect to the bare BG MPs prior to soaking (labelled “as-
synthesised”) were reported in Table 2. For comparison, the at%
composition of bare BG samples after 14 days was reported as well.

From the EDX results, it is difficult to clearly assess how the
absolute Si content decreases in both bare and PpLLA-grafted
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samples compared with pre-soaking values, since its relative
proportion (with respect to other elements) appears higher in
polymer-grafted particles (ranging from +2.6% to +7.7%,
depending on the sample). Conversely, the phosphorus content
increases significantly compared to both pre-immersion parti-
cles and bare BG samples after 14 days in SBF, while the relative
calcium content markedly decreases. Interestingly, the Ca/P
ratio (Table S6) decreases by about 50% compared to pre-
immersion values, thus reversing the trend observed in bare
BG samples, where Ca/P slightly increases after 14 days of
evolution.>® The Ca/P ratios measured for PpLLA-grafted sam-
ples are closer to the stoichiometric value of hydroxyapatite
(particularly for Cu-doped samples), suggesting that nearly all
Ca®" and PO,>” ions are involved in the formation of nanocrys-
talline HA. These findings corroborate the presence of hydro-
xyapatite previously identified by FT-IR and XRD analysis.
However, it remains uncertain whether apatite is the only phase
formed after immersion, since XRD diffractograms revealed an
additional peak at 18° in Cu-doped PpLLA samples at longer
time points. The relatively high phosphorus content detected
in polymer-grafted samples (especially those doped with Cu)
may indicate that a slight excess of phosphate (possibly incor-
porated in the silica network and located near Cu®' ions)
contributes to the precipitation of copper hydroxyphosphate,
triggered by local acidification of the medium during PpLLA
degradation.®”®® This hypothesis is further supported by the
observation that phosphorus content increases substantially,
while copper levels do not decrease accordingly, suggesting that
the higher local availability of PO,*~ and Cu®" ions favours the
formation of copper hydroxyphosphate microcrystals. Consid-
ering the Cu presence, any substantial change was detected.

3.4. Ion release profile

The ion release profiles of PoiLLA-grafted BG samples were
determined by ICP-OES for Si, P, Ca, and Cu, by analysing
SBF solutions collected from 1 h to 14 days of immersion (in
duplicate, including the initial SBF solution). The copper
release results are shown in Fig. 5, while those for Si, P, and
Ca are reported in Fig. S12, with an inset focusing on the
earliest time points (0 d, 1 h, 3 h, 6 h). For comparison, ion
release data from bare BG samples are presented in Fig. S11.
Overall, all samples display similar release trends for each element,
although with some differences in concentration values.

Table 2 EDX analysis of compositional changes in bare and PoLLA-grafted BG samples after 14 days of immersion in SBF (14 d), compared with the initial

microparticles (as-synthesised)

Elemental composition (at%) determined by EDX

Nominal composition (at%)* As-synthesised” BG 14d PpLLA-BG 14d
Sample  Si P Ca Cu Si P Ca Cu Si P Ca Cu Si P Ca Cu
#1 67.5 7.5 25.0 0.0 63.1 6.0 30.9 0.0 59.0 6.0 35.0 0.0 69.5 8.1 22.3 0.0
#2 67.5 7.5 24.0 1.0 65.6 6.6 26.7 1.1 62.1 7.0 30.1 0.8 70.7 9.6 18.6 1.0
#3 67.5 7.5 22.5 2.5 62.7 7.3 26.9 3.2 62.9 7.3 27.7 2.1 70.4 9.9 16.9 2.9
#4 67.5 7.5 20.0 5.0 66.5 7.0 20.9 5.6 61.5 8.0 26.0 4.5 69.1 10.5 14.8 5.6

“ Values corresponding to the composition of both bare BG and PoLLA-grafted samples, as-synthesised (prior to immersion in SBF).
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As expected, the ion release profiles generally follow the same
behaviour as bare samples, indicating that the proposed degra-
dation mechanisms, structural modifications, and release
kinetics also apply to polymer-grafted samples. However, a
systematic decrease in ionic concentrations is observed.

For example, the Si release (Fig. S12a) in the first hours of
immersion reaches ~60 ppm depending on the sample, which
is 10-30 ppm lower than the corresponding values for bare BG.
The P concentration profile (Fig. S12c) follows the same trend
as bare samples, showing slightly higher values in the first
hours, but becoming undetectable after 24 h. Regarding Ca>*
evolution (Fig. S12e), the drastic reduction reported at 24 h in
the previous study is still observed, but it appears considerably
attenuated: PpLLA-BGO, PpLLA-BG1, and PpLLA-BG2.5 suspen-
sions lose only ~15 ppm of Ca®>" between 6 h and 24 h, while in
PpLLA-BG5, the calcium concentration remains unchanged.
Moreover, the amount of Ca®>' released in the first hour is
significantly lower than in bare BG samples, ranging between
175 and 250 ppm depending on the formulation. The Cu**
release profile (Fig. 5) shows the same trend: a reduced ion
release in the first few hours, but reaching, after 14 days, the
same concentrations observed for the bare samples.

As observed in all ion release profiles, the amount of species
leached during the first few hours is generally lower compared
to bare BG particles. This highlights a marked reduction of the
so-called burst effect, i.e. the rapid ion release occurring
immediately after BG powders are immersed in solution. This
phenomenon is typically caused by the substitution of H,
H,;0", and H,O for network modifiers (Ca** and Cu**), followed
by hydrolytic dissolution of the silica network. Accordingly, the
ionic concentrations measured at the earliest time points in
polymer-grafted samples are consistently lower than those of
bare BG.

For the same reason, the phosphorus release profile
decreases with a slightly reduced slope, although phosphate
ions are no longer detectable after 24 h. This behaviour can be
explained by the presence of a PpLLA corona surrounding the
MPs. Thanks to its hydrophobic character, the polymer coating
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shields the particle surface, limiting the glass area in direct
contact with the medium and thereby reducing the extent of
ionic exchange. This shielding effect is consistent with the pH
evolution shown in Fig. S12b: since pH variations indirectly
reflect the degree of ionic exchange, the lower shift observed for
grafted samples (compared with bare BG, Fig. S12a) confirms a
reduced silica network dissolution rate, and consequently a
lower release of other ionic species. Moreover, the slight pH
decrease is likely due to a buffering effect caused by PpLLA
hydrolysis, which generates additional H" in the medium.
However, this ‘“shielding” effect appears to be effective only
during the first hours of soaking. Once the polyester chains
start to degrade (as indicated by the reduction of the C=0 FT-
IR band), the bioactive glass surface becomes increasingly
exposed to SBF, and ionic exchange rises again. Although this
subsequent mineralisation step is not directly evident from the
ion release profiles, it is confirmed by SEM observations, FT-IR
spectra, and XRD diffractograms, all showing hydroxyapatite
formation after 24 h for most samples. As in our previous
study,> nanocrystalline apatite formation on the BG surface
proceeds through two mechanisms: (i) recombination of PO,*~
with Ca”" in solution, followed by precipitation of nHA, and (ii)
gradual conversion of ACP nanodomains (initially present in
the particles) into nanocrystalline apatite through water uptake
and crystallisation. The main difference here is that the first
mechanism is likely reduced and/or delayed due to the lower
calcium release during the early stages. In addition, the slightly
lower pH is less favourable to hydroxide species such as HA. An
additional noteworthy point concerns the ion release profile of
PpLLA-BGS5 during the initial hours of immersion. The extent of
ionic exchange is lower than in the other three samples, and
copper release kinetics at 1 h appear significantly slower than
for PpLLA-BG2.5. After this period, however, the Cu®>" concen-
tration rises more rapidly. This effect may be related to the
molecular weight of the grafted polymer, which is the highest
for PoLLA-BG5 (M, 28200 g mol '), suggesting that polymer
chain length plays a more decisive role than grafting density in
governing (and here enhancing) the shielding effect.
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(a) Copper ion release profiles of bare spray-dried BG and PoLLA-grafted BG samples during in vitro acellular tests in SBF, monitored from O to

14 days. (b) Enlarged view of the early time points (0 d, 1 h, 3 h, 6 h). Each data point represents the Cu concentration measured in SBF at the
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Concerning the doping-dependent behavior of copper
release, the Cu?*'/Cu® ratio in the initial formulation of the
microspheres also represents a fundamental parameter, since a
higher Cu** content results in an enhanced burst effect, as
previously demonstrated.>® However, the fraction of copper
present as Cu® clusters acts as a reservoir for long-term release.
Even at medium time scales, and despite the slower release
kinetics observed for the PpiLA-grafted particles, the total
amounts of copper delivered differ: 16.9-24.6% and 21.0-
30.8% of the initially incorporated copper are released for BG
and PpLLA-BG samples, respectively. Indeed, the possible
degradation of Cu® nanoparticles should also be considered,
as these may be particularly sensitive to the local increase in H'
concentration induced by PoiLA hydrolysis.

3.4. Biological assessment

The antibacterial activity against E. coli was evaluated through
indirect assays using the SBF solutions, whereas cell viability
was assessed by culturing murine fibroblasts and preosteo-
blasts in direct contact with the particles. The objective was to
investigate the correlation between the polymer corona, Cu>*
release, and the biological responses, in order to determine
whether the presence of the PpoiLA shell provides a beneficial
effect for the intended application.

3.4.1. Antibacterial potential against E. coli. The anti-
bacterial activity of BG and PpLLA-grafted BG particles was
indirectly assessed using the recovered and filtered SBF solu-
tions (sample C of the triplicates) obtained from in vitro acel-
lular tests. Solutions collected after 1 h and 14 days of
immersion were selected to evaluate in particular the impact
of Cu®" release on bacterial growth. The 1 h SBF solutions
reflect the initial burst of copper released by bare and PpLLA-
grafted BG samples, while the 14-day solutions represent the
maximum Cu®" concentration reached during the acellular
experiments. As previously discussed, the study also aimed to
determine how polymer grafting influences bacterial growth
inhibition. Indeed, PpLLA-grafted BG samples exhibited a mark-
edly reduced burst release of copper in SBF compared to bare
BG MPs, although the concentrations measured at 14 days were
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comparable or slightly lower. For antibacterial activity testing,
E. coli (MG1655 strain) was chosen owing to its predictable
behaviour and ease of handling. E. coli cultivated in M9
medium was mixed with the SBF solutions and distributed into
96-well plates. The optical density (ODggonm) Was recorded over
24 h to obtain bacterial growth curves and calculate growth rates.
After incubation, aliquots of each bacterial culture/SBF mixture
were plated on agar to evaluate the survival of E. coli cells.

The growth rates of E. coli cultures, determined from ODggq
measurements after 24 h incubation with SBF solutions, are
graphically illustrated in Fig. 6. For non-functionalised BG MPs
(Fig. 6a), the observed growth rates are consistent with the
Cu release profiles measured by ICP. Specifically, exposure to
BG2.5 and BG5 SBF solutions (collected after either 1 h or
14 days of immersion) significantly reduced bacterial growth
rates by 40-44% and 70-85%, respectively, compared to BGO.
No significant difference was observed between the 1 h and
14 d solutions, confirming the ICP results and the rapid Cu**
burst release upon immersion. The only exception was BG5,
where the growth rate further decreased between 1 h and 14 d,
consistent with the progressive increase in Cu®" release over
time. Then, in general, the bare BG samples inhibited bacterial
growth in a Cu dose-dependent manner. In contrast, SBF
solutions from PorLLA-grafted BG samples (Fig. 6b) showed
a different trend. After 1 h of immersion, the growth rate was
~1.2 h™' for all tested samples, indicating no detectable
influence of Cu content at this stage. Moreover, these values
were slightly higher than those from bare BG samples, reflect-
ing the reduced Cu release from PoLLA-grafted particles (shield-
ing effect). At 14 days, however, the SBF solutions displayed a
more pronounced antibacterial effect, with PoLLA-BG5 comple-
tely inhibiting E. coli proliferation.

These results are consistent with the macroscopic views
from the survival tests shown in Fig. S14 at different serial
dilutions, where the same trends observed in the previous
analyses can be visually confirmed for both bare and PpLLA-
grafted BG samples. Overall, the data indicate that Cu®>" ions
released in SBF inhibit E. coli growth in a dose-dependent
manner but do not completely eradicate the cells, with the
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Fig. 6 Bar chart representation of E. coli growth rates (along with their standard deviations) in contact with SBF solutions collected after 1 hour and 14

days of BGx (a) and PoLLA-grafted BGx immersion (b).
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exception of PpLLA-BG5, which totally stops the bacterial growth.
The delaying effect of the polyester corona is also evident in SBF
solutions after 1 h of soaking. The limited Cu®* release observed
over 14 days (relative to the total copper content) suggests that
Cu® nanoparticles embedded within the BG matrix may degrade
only after complete breakdown of the glass network, thereby
sustaining copper ion release over extended periods.”>”®

The antibacterial activity can thus be modulated by control-
ling both the amount and the release kinetics of copper. This
study, combined with previous work,’® demonstrates that at the
scale of these particles, two levers can be activated to achieve a
prolonged and effective release: (i) the formulation of the
bioactive glass (for example, by using more reactive phosphate
precursors to enhance the incorporation of Cu®>*""). In practice,
tuning the Cu**/Cu® ratio provides a way to balance the anti-
bacterial response: increasing Cu®" incorporation into the
silicate network (at the expense of Cu’ nanoparticles) would
intensify the initial copper release but shorten its duration,
whereas a higher proportion of Cu® would prolong the anti-
bacterial effect over time. (ii) the presence of PoLLA chains,
whose primary role is to provide mechanical cohesion to the
scaffolds resulting from the assembly of the microparticles/
‘bricks’ studied in this work. Their hydrophobic character,
together with the acidity arising from their hydrolytic degrada-
tion, may directly or indirectly (through their influence on
bioactive glass degradation) affect the antibacterial behaviour.

3.4.2. Cytotoxicity assessment. The cytotoxicity of bare and
PpLLA-grafted BG samples was assessed by direct contact with
cells cultured in a 96-well plate. Two distinct cell lines were
employed: fibroblasts (L929) and pre-osteoblastic cells (MC3T3-
E1). After 24 and 48 h of incubation, cell viability was evaluated
using the MTS assay. In addition, cells incubated for 24 and
48 h were examined by Brightfield and fluorescence microscopy
following live/dead staining. The viability results for fibroblasts
and pre-osteoblasts, obtained from MTS assays after treatment
with the MP suspensions, are presented in Fig. 7a and b,
respectively.

The MTS assay is a colorimetric method for the sensitive
quantification of viable cells. It relies on the reduction of the
MTS tetrazolium compound by metabolically active mam-
malian cells to form a soluble formazan dye in the culture
medium. This reaction is believed to be catalysed by NAD(P)H-
dependent dehydrogenase enzymes. The amount of formazan
formed is quantified by measuring the absorbance at 490 nm,
where higher absorbance values correspond to higher meta-
bolic activity of the tested cells. An increase in cell viability
between 24 h and 48 h, observed in most samples, indicates
active cell proliferation. The relatively high standard deviation
calculated for both cell lines at 48 h arises from the fact that cell
viability values represent the average of n = 2 tests out of a total
of n=>5.

For the L1929 fibroblast plot, neither the bare nor the
polymer-grafted ternary samples exhibited significant cytotoxi-
city compared with the positive control. Bare samples showed
a dose-dependent decrease in cell viability at both 24 h and
48 h, with higher Cu content leading to stronger effects: BG5
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Fig. 7 Cell viability of (a) L929 fibroblasts and (b) MC3T3-E1 pre-
osteoblastic cells after treatment with bare and PoLLA-grafted BG samples
for 24 and 48 h in culture medium, expressed as percentage variation with
respect to the positive cell culture controls (TCPS). For L929, MTS values
represent the mean of n = 4 tests at 24 h and n = 2 tests at 48 h, whereas
for MC3T3-E1 the plotted values correspond to the mean of n = 2 tests at
both time points.

displayed the highest cytotoxicity. In contrast, PpLLA-grafted BG
samples exhibited higher viability than bare samples at the
same Cu doping level: all are cytocompatible except PDLLA-BG5,
which showed slight cytotoxicity. These results indicate that the
polymer corona positively influences fibroblast viability in direct
contact with the particles. For the MC3T3-E1 pre-osteoblastic
cell line, a similar dose-dependent effect was observed for bare
samples, with BG2.5 and BG5 showing cytotoxicity after 48 h.
By contrast, PoLLA-grafted BG samples displayed comparable
viability at 24 h regardless of Cu content. Moreover, as also
observed with L929 fibroblasts, cell viability at 48 h was con-
siderably enhanced for all compositions tested. Thus, MC3T3-
E1 cells exhibited reduced sensitivity when exposed to the core-
shell particles.

After interaction of both cell lines with the microparticles
powders, the cultures were examined by Brightfield and fluores-
cence microscopy, the latter following incubation with live/
dead dyes. Brightfield images of L929 cells treated for 24 h with
bare BG and PoLLA-grafted BG samples are shown in Fig. S15a-h,
respectively. Images of L929 cells treated for 48 h and MC3T3-E1
cells at both 24 and 48 h are not shown, as they exhibited patterns
and cytotoxic effects similar to those already displayed. In the
provided images, dark spots correspond to aggregates of
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Fig. 8 Fluorescence microscopy images of L929 cells after 24 h of
treatment with (a)-(d) bare BG and (e)-(h) PoLLA-grafted BG samples,
following live/dead staining. The positive control (TCPS) is shown at the
bottom (scale bar = 180 pm). Green fluorescence corresponds to viable
cells with intact membranes, while red fluorescence indicates dead cells
with compromised plasma membranes.

Cu-doped MPs, while ternary (non-doped) MPs aggregates
appear light grey. These observations are consistent with the
MTS assay results, confirming a dose-dependent cytotoxic effect
with increasing Cu content, as indicated by the decreasing cell
density. In contrast, PorLA-grafted BG samples did not display
the same cytotoxic behaviour; even PpoLLA-BG5 maintained a
significantly higher cell density after 24 h of contact with L929.
It should be noted, however, that Brightfield microscopy alone
cannot distinguish living from dead cells. Therefore, a live/dead
fluorescence assay was performed. Fluorescence microscopy
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images of L929 cells treated for 24 h with bare BG (Fig. 8a-d)
and PprLA-grafted BG (Fig. 8e-h) are shown. For the same
reasons mentioned above, images of L929 cells after 48 h and
of MC3T3-E1 cells at both 24 and 48 h are not reported.

The live cell dye (calcein AM) stains intact and viable cells
in green. It is membrane-permeant and non-fluorescent until
intracellular esterases cleave its ester groups, thereby produ-
cing a fluorescent molecule. Its maximum excitation and
emission wavelengths are Ae = 494 nm and Ae, = 515 nm,
respectively (similar to FITC). The dead cell dye (ethidium
homodimer-1) labels cells with compromised plasma mem-
branes in red. Being membrane-impermeant, it binds to DNA
with high affinity and exhibits a > 30-fold increase in fluores-
cence upon binding. Its maximum excitation and emission
wavelengths are Jex. = 528 nm and A, = 617 nm, respectively.

Fluorescence imaging further corroborates the results of the
MTS assay and brightfield microscopy. The number of dead
cells increases with higher Cu content, whereas the presence of
the polyester corona appears to mitigate the cytotoxic effect,
even at the highest Cu levels. This protective effect is attributed
to the grafted polyester corona, which delays Cu release during
the early hours of immersion. Such a delay is crucial, as the rapid
release of Cu”" ions is primarily responsible for cell death through
the abrupt increase of intracellular ROS production triggered
by ion uptake. As discussed in the previous section, this delay
can be also extended or reduced by adjusting the Cu®*/Cu® ratio,
e.g. delay increased by increasing the amount of Cu® NPs.

4. Conclusion

This research work aimed, for the first time, to develop core-
shell structures composed of copper-doped ternary bioactive
glass microparticles and poly(p,.-lactide) via a grafting from
approach. The four glasses selected were quaternary bioactive
glass microparticles whose synthesis feasibility was demon-
strated in a recent study by combining spray-drying with sol-
gel chemistry, with copper contents ranging from 0 to 5 at%.
These PpiLA-grafted particles were designed to be used as
“building blocks” for the fabrication of composite scaffolds
by freeze casting. In addition to their primary role in ensuring
the mechanical cohesion of the final scaffolds, grafting was
intended to improve the colloidal stability of micron-sized
bioactive glasses in free PpLLA/dimethyl carbonate solutions.
Indeed, due to the low affinity of BG for free polymer chains
and the organic solvent, combined with the predominance of
gravitational forces, the inorganic particles tend to precipitate
during the freeze-casting process. To overcome this, surface-
initiated ring-opening polymerisation of p,.-lactide was success-
fully carried out from the surface of amino-functionalised BG
powders, as demonstrated by the FT-IR detection of amide
bond vibrations. Furthermore, the polymer grafting density
and the molecular weights of the grafted chains were estimated
by TGA analysis, yielding satisfactory results, particularly with
respect to chain lengths, which were very close to the theore-
tical values.
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During this grafting from approach, the occurrence of free
polymer chains in solution was observed, probably initiated by
polar impurities or traces of moisture. With better control of
the ROP process - for instance, by adding free initiators — the
presence of well-defined free polymer chains could be exploited
to fabricate composite scaffolds without the need to add
additional free PpLLA chains, thereby turning a drawback into
an opportunity to simplify the synthesis steps. Beyond the proof
of concept demonstrated in the present work, the grafting
density and yield of grafted chains can be further optimised
through different strategies, such as the use of more reactive
surface initiators, more accurate characterisation, and optimi-
sation of the monomer-to-initiator ratio. This potential makes
the grafting from strategy highly promising for the synthesis of
well-defined core-shell structures.

Acellular degradation tests in SBF were performed on PpLLA-
grafted BG samples and compared with those of the as-
synthesised bare powders, with the aim of investigating the
influence of the grafted polymer corona on the kinetics of ion
release and the amount of nanocrystalline apatite formed. The
results confirmed that the hybrid MPs were also bioactive,
forming a hydroxyapatite layer on the glass surface. Interest-
ingly, the presence of a polymer shell, owing to its hydro-
phobic nature and to medium buffering by acidic degradation
products, induced a temporary shielding effect on the BG
samples, thereby reducing the effective surface area available
for ionic exchange. This slowed down ion diffusion into the
medium, attenuating the burst effect, particularly for copper
ions release.

Finally, the in vitro biological assessment of both PprLA-
grafted and bare BG samples was performed, evaluating the
antibacterial potential of the recovered SBF solutions against
E. coli and the cell viability for particles in direct contact with
murine fibroblasts and an osteoblastic cell line. All samples
exhibited a dose-dependent antibacterial and cytotoxic effect,
which increased with the Cu content in the MPs. The best
compromise between cytocompatibility and antibacterial per-
formance was found in PpLLA-BG5, whose polyester corona
delayed Cu®* release and thus reduced the extent of the burst
effect. Consequently, a lower initial release but more sustained
over time ensured good in vitro cytocompatibility without
compromising antibacterial activity. In this context, the in vitro
biological properties can be modulated by controlling both the
amount and the release kinetics of copper. Two main levers can
be activated to achieve a prolonged and effective release: (i) the
formulation of the bioactive glass, particularly by tuning the Cu-
doping amount et more precisely, the Cu**/Cu® ratio, and (ii) the
presence of PoLLA chains, whose hydrophobic character, together
with the acidity resulting from their hydrolytic degradation, may
directly or indirectly influence the final biological properties. In
conclusion, the versatility of these synthesised systems constitutes
a promising way to potentially control the cytocompatibility and
antibacterial activity depending on the application.

In conclusion, the versatility of this synthesis strategy offers
a promising approach to control cytocompatibility and anti-
bacterial activity at the scale of organic/inorganic particles, and
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will help to better understand and tailor the properties of
scaffolds fabricated from these building blocks.
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