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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF BIOACTIVE GLASS-CERAMIC
PARTICLES WITH ADVANCED ANTIBACTERIAL PROPERTIES FOR APPLICATIONS
IN BONE REGENERATION
By
Natalia Pajares Chamorro
Bacterial infections are major surgical complications, which have worsened due to the continued
evolution of drug-resistance. In coping with the decay of the antibiotic era, scientists eagerly search
for alternative treatments. Multi-functional biomaterials capable of combating infections while
triggering tissue regeneration are of great interest. For example, bioactive glasses have been
regularly used to deliver drugs and regenerate tissue owed to their unique bone-bonding ability.
Doping the bioactive glass structure with broad-spectrum biocide ions such as Ag" confers
advanced antibacterial properties. The release of Ag" is controlled by the degradation process of
the glass network, maintaining the dose within a therapeutic window that is not cytotoxic to

eukaryotic cells. Despite the extensive research performed on Ag-doped bioactive glasses, their

regenerative properties in bone tissues have been rarely investigated.

This thesis presents promising interactions between Ag-doped bioactive glass (Ag-BG)
microparticles and osteoprogenitor cells, providing evidence of the ability to support bone
regeneration. Ag-BG’s degradation provoked cell proliferation and cell differentiation in vitro and
demonstrated healing of critical calvaria defects in mice after one month of implantation, thanks
to the release of Si and Ca ions. Additionally, Ag-BG was antibacterial against Staphylococcus
aureus (S. aureus), the most common cause of bone-degenerative diseases like osteomyelitis, and
demonstrated low proclivity to induce resistance. The antibacterial potential originated from the

degradation by-products of the structure. The mechanism of inhibition was built upon four main



sources from higher to lower contribution: Ag" release, oxidative stress, mechanical damage by
nano-sized debris, and osmotic effect. In addition, Ag-BG was capable of restoring ineffective
antibiotics with cell-wall-related inhibitory mechanisms by simple combinatorial therapies,
rendering them effective in clearing infections. This unprecedented functionality of Ag-BG was

expanded with antibiotic depots, where Ag-BG served as a carrier for an ineffective drug.

Bioactive glass nanoparticles (BGNs) have been proposed to advance biological and antibacterial
properties compared to their micro-sized counterparts. However, the challenges of producing
BGNs with multifold metallic ions in a reproducible manner have limited their use. Here, the
Stober method was comprehensively studied to understand the effect of process variables on
BGNs’ composition, structure, and morphology. The use of methanol as solvent and the early
addition of metallic ion reagents before catalysis helped improved their cation incorporation within
the glass network. Extended stirring was key to achieving the targeted composition and controlling
the particle size. Monodispersed 10 nm Ag-doped BGNs (Ag-BGNs) were achieved. These Ag-
BGNs were stronger antimicrobial weapons, providing bacterial inhibition within hours of
treatment. The biological properties were not significantly advanced in the Ag-BGNs compared to

Ag-BG; however, cell proliferation, differentiation, and bone re-growth were still provoked.

These Ag-BGNs were used as fillers in hydrogel nanocomposites with natural matrices consisting
of collagen type I or extracellular matrix. Ag-BGNs distributed homogeneously along the polymer
fibrils and allowed polymerization within hours at physiological conditions. These materials hold
potential for injectable devices, designing minimally invasive single-step treatment for debilitating

bone infections while promoting tissue recovery.
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filled with an injectable collagen implant, and (c) skin would closure with liquid stitches. ........ 66

Figure 14: Identification of micro-CT analysis values for (a) threshold, where the inset shows the
entire calvaria and the region of interest (yellow cylinder), and for (b) bone and water ADUs,
where the inset shows the cross-sectional view of the calvaria with the selected line profile. .... 68

Figure 15: Example of a TSA plate with 10 pL spots of 10-fold bacterial suspensions for CFU
S 11011013 1310 4 A OO P USSP 72

Figure 16: Schematic process for the collection of new generation clones. After treating wild-type
(WT), MRSA with 2.5 mg/mL of Ag-BG, colonies of the different phenotype (i.e., regular size
(type I) or small-colony variants (type II)) were isolated and treated again with the same
concentration of Ag-BG. This process was repeated through several generations to evaluate the
ability of MRSA to develop resistance to Ag-BG. .......cocooviiiiiiiiiiiiiniiieeicecceeeeeeee 74

Figure 17: IVIS imaging analysis for bacteria viability. (a) Snapshots of representative wells
during the three steps of the biofilm experiment (before treatment, after particle addition, and after
24 h exposure to particles), and (b) example of bacteria viability calculations based on photon
emitted intensity, where orange and blue shading is used to highlight the normalized initial bacteria
viability and the final one after treatment, r€SPECtIVELY.......covviieiiiieiiieeieeceeee e 80

Figure 18: Characterization of vancomycin’s light absorbance in PBS where higher vancomycin
concentrations show higher optical density following Beer-Lambert’s law. .........c.ccocceiiinie. 83

Figure 19: Experimental set-up of cell proliferation test (a) and antibacterial test against MRSA
(b) performed with Ag-BGN/hydrogel nanoCOmMpPOSILES. ......c.ueeeevreeriieeriiieenieeenieeeeeeeeeeeeeieeeens 87

Figure 20: The degradation of Ag-BG immersed in PBS caused fluctuation in the pH value within
a biologically neutral range. Modified from [237]. ..ccooeeiiiieiiieeie e 89

Figure 21: Capability of Ag-BG to stimulate the formation of apatite layer when immersed in
SBF. (a) Structural vibration in FT-IR shows an increase of the intensity for P-O bending and C-
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O stretching after immersion. (b) The surface of Ag-BG microparticles is smooth before
immersion and lacks the presence of deposits. Inset shows a lower magnification image of particles
with a scale bar representing 2 um. (c) Apatite flakes (marked as white arrows) are deposited at
Ag-BG's surface after 14 days immersed in SBF. .........ccccociiiiiiiiiiiieeeeee e 91

Figure 22: Cell viability (a) and proliferation rate (b) of hBMSCs after exposure to different
concentrations of Ag-BG (2.5 mg in red, 5 mg in green, 7.5 mg in navy blue, and 12.5 mg in
orange) in the growth medium. Note that Ag-BG treated cells proliferate faster than the untreated
cell. Statistical significance (p < 0.05) between untreated and Ag-BG treated cells is indicated with
[0 T 1725 1 PSPPSR 93

Figure 23: Expression level for BSP, OCN, and RunX2 gene markers after 10 days in osteogenic
medium with increasing Ag-BG concentrations (5 mg in green, 7.5 mg in navy blue, and 12.5 mg
in orange). Normalized gene expression of untreated hBMSCs is represented with a dashed line.
Statistical significance (p < 0.05) between untreated and Ag-BG treated cells is indicated with (*).
MOodified frOm [238]. ..t et et et e et e et e e e e e eteeeeareeeeareeen 94

Figure 24: Secretion of Ca minerals in hBMSC differentiation in growth (a-b) and osteogenic
media (c-d) after treatment with Ag-BG (5 mg in green, 7.5 mg in navy blue, and 12.5 mg in
orange). Optical density (a and c¢) was normalized using untreated cells (in black) as 100%.
Fibroblast presented a spindle-like shape and reached confluence after 10 days (b and d, where the
scale bar represents 500 um). The insets of the 16 mm diameter wells show the stained cell
monolayers after ARS. Acellular wells that contained only Ag-BG and medium did not yield to a
red-stained monolayer. Statistical difference between untreated and Ag-BG treated cells for p <
0.05 is indicated With (F) [238]...cccuieiiieiieiieeieeete ettt ettt et e e beestaeereesaaeesseessnesnsaens 95

Figure 25: Evolution of Ag-BG surface topography (a-d) and structure (e-f) after 10 days in cell
culture with the osteogenic medium. As synthesized particles (a-b) present a smooth surface, while
after co-culture (c-d), a Ca-P rich phase (white arrows) is deposited at the surface. EDS spectra
(insets in b and d) showed an increase in Ca content intensity (highlighted in yellow). FT-IR (e)
and XRD (f) of Ag-BG microparticles as-synthesized (black line) and after exposure to cells (red
line) confirmed the presence of biomineralized hydroxyapatite. Modified from [238§]. .............. 97

Figure 26: The cross-sectional view of the implant (a) shows a homogeneous distribution of the
Ag-BG microparticles loaded on the collagen sponge. The inset is the top optical view of the
implant. Micro-CT images of the calvaria after 30 days of treatment, where the white scale bar
represents 3 mm, are displayed in (b). Bone volume fraction formed (c) and 2D assessment of bone
area (d) were calculated from micro-CT and histology, respectively, for n=5 animals and 2
defects/animal. Statistical significance (p < 0.05) between groups is marked with (e). Histology
images of the coronal cross-sections of calvaria are divided in half along the sagittal crest (e),
where the presence of new soft tissue and bone is indicated with (*). Yellow arrows represent the
edges of the defect, black circumference for retained Ag-BG microparticles, and black arrows for
collagen sponge. Note that mice treated with PBS present little overall regeneration of calvaria
QO ECt. [ 238 ittt e et e e et e e e ta e e e e e e e ba e e e ba e e taa e e abaeeeabeeenreeenaeeans 99

Figure 27: Ag-BG and BG microparticles exhibit strong antibacterial action against growth-
arrested MRSA (a and b). Bacteria growth was inhibited after exposure to Ag-BG (c), but bacteria
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remained viable when treated with BG (d). Suspensions of MRSA (ODgoo = 1 equivalent to ~ 10®
CFU/mL, represented by a dashed line) were mixed with fresh PBS (a-b) or TSB (c-d) medium (0
mg/mL, untreated control represented by white bars) and increasing concentrations of Ag-BG (a
and c) or BG (b and d). The CFUs were enumerated after 24 h with a limit of detection of 10-100
CFU. (*) Indicates the significant difference between the untreated versus the particle-treated
groups (p < 0.05). Modified from [237]. ..coeeeiieieeii ettt 101

Figure 28: The bactericidal activity of Ag-BG increased over time (a). Suspensions of MRSA
(ODgoo = 1 equivalent to ~ 103 CFU/mL, represented by a dash line) were mixed with fresh PBS
medium (0 mg/mL, untreated control represented by white bars) and 2.5 mg/mL of Ag-BG (red
bars). The CFUs were enumerated for up to 2 days with a limit of detection of 100 CFU. Note that
the concentration of untreated bacteria did not decrease over time. (*) Indicates the significant
difference between the untreated versus the particle-treated groups (p < 0.05). The morphology of
untreated (b, I-1I) and Ag-BG-treated (b III-IV) MRSA was evaluated in SEM after 12 h in PBS.
Extracellular matrix, cytoplasmic content, and cell-wall fragments are indicated with pink, yellow
and red arrows, respectively. Modified from [237] .......coooiiiiiiiiiiiee e 103

Figure 29: Reactive oxygen species (ROS) play a significant role in the antibacterial activity of
Ag-BG (a) and BG (b) microparticles against MRSA. Suspensions of bacteria (ODgoo = 1
equivalent to ~ 10® CFU/mL) were mixed with fresh PBS medium (0 mg/mL, untreated control
represented by white bars) and increasing concentrations of Ag-BG or BG under aerobic (plain
bars) and anaerobic (patterned bars) conditions. The CFUs were enumerated after 24 h with a limit
of detection of 100 CFU. (*) Indicates the significant difference between the untreated versus the
particle-treated MRSA, and (#) indicates the significant difference between aerobic and anaerobic
CONAILIONS (P < 0.05). cueiiieiie ettt e et e e et e e e be e e s abeeessbeeesabeeesaseeessseeensseeesseas 104

Figure 30: Ag-BG eradicated the XEN36 biofilm after 24 h treatment in vitro. BG significantly
decreased bacteria viability but did not clear the biofilm. Untreated biofilms (0 mg/mL, represented
by white bars) were used as controls. Bacteria viability is reported as % compared to the biofilm
before treatment (100 % viability represented by a dashed line). (*) Indicates the significant
difference between the untreated versus the particle-treated biofilm, and (e) indicates the
significant difference between BG-treatments (p < 0.05). Insets show the biofilm luminescence
emission from 16 mm diameter wells after treatment. ...........ccccooviiiiiiiiniiiiee, 105

Figure 31: The antibacterial activity of Ag-BG (a) induced phenotypic changes in wild-type (WT)
MRSA after treatment in grow-arrested conditions (b). Colonies were classified depending on their
size. Clone type I identifies colonies that maintained the same size as the WT, while clone type 11
identifies the ones that became smaller. A surviving colony after Ag-BG treatment was collected
to produce the different generations (Gx). Ag-BG had a similar effect on clone type I than in the
WT (c) regardless of the generation. Clone type II developed higher sensitivity towards Ag-BG
treatment, which increased with the generation (d). The red shaded line (¢ and d) indicates the CFU
resulted from Ag-BG-treated WT as illustrated in (a) for reference. Each clone and generation's
bacterial suspension was always prepared with ODgoo = 1 and mixed with fresh PBS to serve as a
control (white bars). The untreated WT and clone type I groups grew up to 108 CFU/mL (indicated
as a dashed line), while clone type II yielded consistently lower CFU as the generations progressed.
The CFUs were enumerated after 24 h with a limit of detection of 10-100 CFUs. The statistical
significance for p < 0.05 is indicated with (V) between the untreated group in WT and clone type
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I1, (*) between untreated and Ag-BG-treated at each generation, and (®) between Ag-BG-treated
bacteria of a different GENEration. ...........ccceeviieiiieiiieiie ettt ettt e te e eebeesaneeseens 107

Figure 32: The produced colony phenotypes present different morphological and structural
features than WT (a). Clone type II at the G3 developed hair-like extensions (pink arrows) and
spherical elements (purple arrow) around the surface. Cell size and cell-wall thickness
measurements of WT (b) are represented as a dashed line for comparison. The cell size in clone
type I was similar to WT (c¢) and could not be accurately measured in clone type II due to cell
aggregation (indicated as N/A). The cell-wall thickness presents a decreasing trend as generations
progressed from the G1 to the G3 in clone type I and from the G1 to the G2 clone type II (d). Note
that the cell-wall thickness increased in the G3 of clone type II above that of WT. Measurements
were collected from at least 100 bacteria. The statistical difference p < 0.05 between WT and the
clones is INAICAted WIth (F). ...coouiiiiiiiiieiieiece et e e saeeesseennnas 109

Figure 33: Structure of a G3-clone type II multi-cellular cluster after 24 h of Ag-BG treatment in
PBS. (a) The cells presented surface appendices (pink arrow) and surrounded Ag-BG
microparticles (blue circle). (b) Intracellular accumulation of nano-size debris (white circle).. 110

Figure 34: Consecutive Ag-BG-treatments generate a MRSA mutant responsive to antibiotics.
MRSA WT is resistant to oxacillin (a) and fosfomycin (b) after 24 h exposure under growth-
assisted conditions. Clone type II at the G3 acquired higher sensitivity to both oxacillin (c) and
fosfomycin (d) after 24 h. The bacterial suspensions were prepared with ODgoo = 1 in fresh TSB
(white bars). Note that the untreated WT and clone type II presented 10® and 10’ CFU/mL at 0 h
(represented with dashed lines), respectively. The CFUs were enumerated with a limit of detection
of 100 CFU. The statistical significance p<0.05 between untreated and antibiotic-treated MRSA
1S INAICAEd WIth (). 1oeiiiiiii et e e e et e e e eabee e abeeenaneeeaneas 113

Figure 35: Ag-BG resurrects selected antibiotics against MRSA under growth-arrested conditions.
Ag-BG synergizes with cell-wall targeting antibiotics: oxacillin (a - 0.1 pg/mL), fosfomycin (b -
0.05 pg/mL) and vancomycin (¢ - 500 pg/mL). Ag-BG's combination with protein synthesis
inhibitors showed no synergism for aminoglycosides gentamycin and tobramycin (d and e - 0.01
pg/mL) nor erythromycin (f, 5 pg/mL). Chloramphenicol (g - 1 pg/mL) and ciprofloxacin (h - 0.05
pg/mL) became more toxic to MRSA when delivered with Ag-BG. Suspensions of MRSA (ODsoo
= 1 equivalent to ~ 10® CFU/mL) were mixed with fresh PBS medium (untreated control - white
bars), antibiotic (black bar), 2.5 mg/mL of Ag-BG (red bars) or a combination of substances (red
pattern bars). Note that antibiotics alone were ineffective against MRSA. The CFUs were
enumerated after 12 h and 24 h, as specified, with a limit of detection of 100 CFU. (*) Indicates
the significant difference between Ag-BG and Ag-BG/antibiotic and (#) the significant difference
for the combination at the two different time points (p < 0.05). Modified from [237]. ............. 117

Figure 36: Ag-BG resurrects the inhibitory action of oxacillin and fosfomycin and decreases the
MIC of ciprofloxacin against MRSA under growth-assisted conditions. MRSA was exposed to
antibiotics (black bars): oxacillin (0.8 pg/mL) (a), fosfomycin (0.4 pg/mL) (b), ciprofloxacin (0.1
pg/mL) (c); Ag-BG (20 mg/mL — orange bars) and a combination of substances (orange pattern
bars). Suspensions of MRSA (ODgoo= 1 equivalent to ~ 103 CFU/mL) were mixed with fresh TSB
medium (untreated control - white bars). Note that antibiotics alone were ineffective against
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MRSA. The CFUs were enumerated after 24 h with a limit of detection of 100 CFU. (*) Indicates
the significant difference p < 0.05 between Ag-BG and Ag-BG/antibiotic treatments.............. 118

Figure 37: TEM images of bacteria untreated (A—C), after being exposed for 24 h to oxacillin
alone (D-F), fosfomycin alone (G—I), vancomycin alone (J-L), Ag-BG microparticles alone (M—
0), or to the combinations: Ag-BG/oxa (P-R), Ag-BG/fosfo (S-U), and Ag-BG/vanc (V-X). Ag-
BG micro-sized and nano-sized particles were marked with blue lines. Yellow arrows point to
damaged cells. Red arrows indicate the void formation between the cell envelope and cytoplasm,
and the black arrow marks a nano-tunnel/channel. Modified from [237]. ....ccccovvvievieiicieeennen. 121

Figure 38: Ag-BG synergizes with vancomycin for concentrations above the MIC of Ag-BG (2.5
mg/mL). Suspensions of bacteria (ODgoo = 1 equivalent to ~ 108 CFU/mL) were mixed with fresh
PBS medium (0 mg/mL, untreated control, white bars), 500 ug/mL of vancomycin (antibiotic
control, black bars) and increasing concentration of Ag-BG (red bars) and their combination with
500 pg/mL of vancomycin (Ag-BG/vanc, patterned bars). The grey shaded line indicates the CFU
resulted from vancomycin treatment alone for reference. The CFUs were enumerated after 24 h
with a limit of detection of 100 CFU. (*) Indicates the significant difference between Ag-BG and
Ag-BG/500vanc (p < 0.05). Modified from [238]....c.ccoiieiiiiiiiiiieieeieesee et 123

Figure 39: The concentration of vancomycin (a), chloramphenicol (b), and ciprofloxacin (c)
combined with Ag-BG tailor the inhibition power of the Ag-BG/antibiotic system against growth-
arrested MRSA.. Suspensions of bacteria (ODsoo= 1 equivalent to ~ 108 CFU/mL) were mixed with
fresh PBS medium (untreated control represented by dashed line), 2.5 mg/mL of Ag-BG (red bar)
and a combination of 2.5 mg/mL Ag-BG with increasing concentrations antibiotics (patterned
bars). The grey shaded line indicates the CFU resulted from antibiotic treatment alone for
reference. Note that antibiotics alone were ineffective against MRSA since the concentration used
was below their MIC, as reported in Table 6. The CFUs were enumerated after 24 h with a limit
of detection of 10 CFU. (*) Indicates the significant difference between 2.5Ag-BG and 2.5Ag-
BG/antibiotic (p < 0.05). Modified from [238].......ccoviiiiiierieieeeneeeeeeee e 124

Figure 40: BG shows antibacterial properties and synergizes with fosfomycin (fosfo) to reduce
MRSA viability under growth-arrested conditions (i.e., PBS medium). MRSA was exposed to
fosfomycin (fosfo, 0.05 pg/mL — black bar), Ag-BG (2.5 mg/mL — red bar), or a combination of
the substances (Ag-BG/fosfo — red pattern bar) but also to BG (2.5 mg/mL — purple bar) and a
combination of the substances (BG/fosfo — purple pattern) for 24 h before the enumeration of CFU.
The white bar indicates the CFU for the untreated control (0 mg/ml). (d) Indicates the significant
difference between BG and the combination BG/fosfo, (*) the significant difference between BG
and Ag-BG, and (#) the significant difference between the combinations BG/fosfo and Ag-
BG/fosfo (p <0.05). Modified from [237]. ...ccouieiiiiiieiieeieeee ettt 125

Figure 41: Mass of vancomycin (vanc) loaded on Ag-BG particles after 2, 6, and 24 h uptake time
(a). The loading efficiency represents the % of vancomycin loaded from the initial uptake solution.
Statistical significance p < 0.05 between 2 h uptake time the other groups is indicated as (*). No
statistical difference was obtained between 6 and 24 h uptake. (b) FT-IR of Ag-BG (red), Ag-
BG@pvanc after 6 h uptake (pink), and vanc (black) revealed the development of new vibration
modes in the conjugate (grey shading) that further proved vancomycin incorporation. ............ 127
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Figure 42: Surface morphology and chemistry of the Ag-BG particles as-synthesized (a), after
immersion in PBS for 6 h (b), and after vancomycin uptake in PBS for 6 h (c). Elemental
distribution presented with color maps for silicon (Si, fuchsia), phosphorous (P, orange), calcium
(Ca, yellow), sodium (Na, green), silver (Ag, navy blue), and chlorine (Cl, cyan) and elemental
spectrum. The homogeneous distribution of Cl in (c) is correlated to the precipitation of
vancomycin. Salts and Ca-P deposits are indicated with red and white arrows, respectively.... 129

Figure 43: Daily release dose (a-b) and cumulative release profile (c-d) of vancomycin from Ag-
BG@vanc in 1 mL of PBS at 37 °C (a and c, pink dashed line) and 2 °C (b and d, blue dashed line).
The dashed lines are a guide t0 the EYe.......cieciiieiiiieiieceece e e 130

Figure 44: Inhibition of MRSA after 24 h treatment with Ag-BG and Ag-BG@vanc in PBS. (a)
Enumeration of colonies. Statistical difference p<0.05 between untreated and treated MRSA (*)
and between Ag-BG and Ag-BG@vanc (#). (b) Interaction between bacteria and Ag-BG (I-II) or
Ag-BG@vanc (III-IV). Morphological features at the particle surface like nano-sized debris and
Ca-P deposits are indicated with blue and white arrows, respectively. Vancomycin appears as thin
strings exiting the deposits (green arrows). Red and yellow arrows mark cell-wall fragments and
cellular content resulted from bacterial damage. (c) Elemental maps in Ag-BG@vanc after MRSA
treatment for carbon (C, green), silicon (Si, pink), (Si, fuchsia), phosphorous (P, orange), calcium
(Ca, yellow), and chlorine (Cl, cyan), and elemental spectrum.............ccceeeveevrienieeieenieenneennnn. 132

Figure 45: Ag-BG@vanc conjugate (pink-stripes) enhanced cell proliferation at a similar level
than Ag-BG (red). Vancomycin at a concentration of 0.06 mg/mL (black) slightly decreased cell
viability. The significant difference (p< 0.05) between untreated treated cells is indicated with (*).
..................................................................................................................................................... 133

Figure 46: Morphology, distribution, and elemental analysis spectra of BGNs and its aggregates
for M1-P1 (A-D), M1-P2 (E-H), M2-P1 (I-L), M2-P2 A (M-P), M2-P2 B (Q-T), and M2-P2 C (U-
X) synthesis ProtOCOLS [2060]. ..ccuuiiiiiriieiiieiieeie ettt sttt ettt e et eseeeebe e aee e 135

Figure 47: M2-P1 BGNs present mesoporosity in agreement with the N> adsorption-desorption
isotherm type IV (a). The pore size and distribution obtained by BET analysis (b) demonstrate an
average pore size of 20 nm and 90 nm gaps between individual nanoparticles. Modified from [266].
..................................................................................................................................................... 139

Figure 48: Structural analysis of BGNs from FT-IR vibrations. M1 protocols present a non-
modified SiO, network, while in M2 protocols, the network was modified by Ca?" ions, evidenced
by the shoulder at 900 cm™ [266]. .....c.ovoviviuieieeeieeeeeeeeeeeeee e 140

Figure 49: Characterization of the amorphous BGNs structure by XRD analysis (a). The
diffraction peaks were deconvoluted with Gaussian curves (b), revealing a significant peak shift
towards higher 20 as the SiO2 network was modified in M2 BGNS. .....c.cccoceeviiriiniininiencnns 141

Figure 50: Distribution of Q" silicon species in M1-P2 (a) and M2-P2 (b) BGNs from solid-state
29Si CP MAS-NMR. The Gaussian deconvolution of the spectra is displayed in lighter colors, with
their corresponding Q™ showing higher contribution of Q* and Q* species in M1, and M2 BGNSs,
TESPECHIVELY [206].nviiiiieiieeitee ettt ettt ettt et et e et e et e e b e e sseeenbeesseeenbeesnseenseesneeenne 143
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Figure 51: The presence of Ca*" ions above 30 (mol.%) in M2-P1 BGNs before calcination was
confirmed semi-quantitively by EDS analysis (a). FT-IR spectrum (b) demonstrates Ca>" ions only
modify the SiO. network after calcination, as evidenced by the development of a 900 cm
shoulder. Modified from [2606]. .......cc.eiiiiiiiiiieeeie ettt e 145

Figure 52: BGNs degrade upon immersion in PBS, causing significant fluctuations in the pH
value, which increases above the biological range (7.5-7.7) (a). After preconditioning in DMEM
for 4 days, the pH stabilizes around neutral values (b).........ccceeviieeciiiniieeeieeeeee e 146

Figure 53: Apatite-forming ability of BGN after 7 days in SBF (solid line) compared to their
respective spectra before SBG (dashed line). Carbonate calcium phosphate deposition was
evidenced in M1 and M2 BGNS, although the vibration was weaker in M1 BGNs [266]. ....... 148

Figure 54: BGNs exhibit mild antibacterial activity against MRSA (a). Suspension of bacteria
(ODeoo= 1 equivalent to ~ 10> CFU/mL) were mixed with fresh PBS medium (untreated control,
white bar) or 1 mg/mL of 58S (black bar), M1-P1 (green bar) , M2-P1(brown bar) or M2-P2 C
(orange bar). The CFUs were enumerated after 24 h with a limit of detection of 100 CFU. The
interface between BGNs and bacteria was evaluated in SEM (b), where the color arrows point to
nanoparticles. The white scale bar represents 200 NIM...........ccoeeverieeriierieereenie e 149

Figure 55: Morphology, distribution, and elemental analysis spectra of Ag-BGNs. Aggregates
were observed in powder form (a), but monodispersity is achieved in solution (b). EDS confirmed
the INCOrPOration Of CAIONS (C). .eeevvrrieirieiiiieeiieeciteeeete e e eieeeste e et eeeteeesaeeesbaeesabeeesaseeeaseesnnneas 150

Figure 56: Ag-BGNs did not absorb light in UV-Vis (a), and the powder was colorless (inset),
confirming the absence of Ag compounds. ??’A1 MAS-NMR confirmed the dominant presence of
A1V units (b), used to trapped Ag" ions. The contribution of low Q" units in *’Si MAS-NMR
demonstrated Ag-BGNs had a modified silicate network (C). ......cccevvieiiiniiiiiiniiiieeeeee, 153

Figure 57: The degradation of the Ag-BGNs upon immersion raised the pH, which stayed at a
toxic level ( > 8) for up to 4 days before returning to neutral values (a). After preconditioning in
DMEM for 4 days, Ag-BGNs degrade at a lower rate, as evidenced by the solution's steady neutral
PH (D) ettt b e a e bt ettt sb ettt s as 154

Figure 58: Deposition of biological apatite phase in Ag-BGNs after immersion in SBF. Ca-P
needles (white arrows) formed around Ag-BGNs (blue arrows) after 3 days of immersion. The
continued deposition caused the coalescence of needles in flower-like deposits after 7 days and
their evolution to flakes upon crystallization after 14 days. The white scale bar represents 300 nm.
The Ca/P ratio reached a value of 1.7, as obtained semi-quantitatively by EDS. The pH remained
within neutral values in SBE. ... 156

Figure 59: The structure of Ag-BGNs evolves during apatite deposition. FT-IR (a) shows the
development of P-O vibrations and an increase in peak sharpness. Carbonated hydroxyapatite
peaks were identified by XRD (b) after 14 days in SBF. At the nanoscale, the Ag-BGNs (blue
arrows) were surrounded by needles (white arrows) after 14 days in SBF (c), as shown in the bright
field (BF) image. The dark field (DF) image evidenced a nanophase distribution with amorphous
nanoparticles and semi-crystalline needles. The SAD pattern (inset) further confirmed the
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deposited phase was carbonated hydroxyapatite. The red circle represents the objective aperture
fO1 the DF TMAEE. ...veeiiiieiiecie ettt ettt ettt e e b e e sibeeabeeeabeesbeessseensaensaeenseensnas 158

Figure 60: Ag-BGNs inhibit MRSA under growth-arrested (a) and growth-assisted (b) conditions.
Suspensions of MRSA (ODeoo= 1 equivalent to ~ 103 CFU/mL, represented by a dashed line) were
mixed with fresh PBS (a) or TSB (b) medium (0 mg/mL, untreated control represented by white
bars) and increasing concentrations of Ag-BGNs. The CFUs were enumerated after 12 and 24 h
with a limit of detection of 100 CFU. (*) Indicates the significant difference between the untreated
versus the particle-treated groups (P < 0.05). coveeriieiieiiieieee e e 160

Figure 61: Ag-BGNs resurrect fosfomycin against MRSA. Suspensions of bacteria (ODgoo = 1
equivalent to ~ 108 CFU/mL) were mixed with fresh PBS medium (0 mg/mL, untreated control,
white bars), 0.5 ug/mL of fosfomycin (antibiotic control, black bars) and increasing concentration
of Ag-BGNs (yellow bars) and their combination with 0.002 % of fosfomycin (Ag-BG/fosfo,
patterned bars). The CFUs were enumerated after 6 and 12 h with a limit of detection of 10 CFU.
(*) Indicates the significant difference between Ag-BGNs and Ag-BGN/fosfo (p < 0.05). ...... 161

Figure 62: The synergistic effect of Ag-BGNs with oxacillin (a — 0.1 pg/mL) and fosfomycin (b
- 0.05 pg/mL) against MRSA was observed after only 1 h of exposure and increased over time.
Suspensions of MRSA (ODeoo = 1 equivalent to ~ 103 CFU/mL) were mixed with fresh PBS
medium (untreated control — dashed line), antibiotic (grey shade), 2.5 mg/mL of Ag-BGNs (yellow
bars) or a combination of substances (pattern bars). Note that antibiotics alone were ineffective
against MRSA. The CFUs were enumerated for up to 12 h with a limit of detection of 10 CFU. (*)
Indicates the significant difference between Ag-BGN-treated and untreated MRSA and (®) marks
the significant difference between Ag-BGNs and Ag-BGN/antibiotic (p < 0.05). ....ccccuveneeee. 162

Figure 63: Ag-BGNs promoted the proliferation of hBMSCs. Cell viability via CCK-8, reported
by optical density (OD), increased after treatment with 5, 10, and 20 mg/mL of Ag-BGNs and
decreased after exposure to 0.2 mg/mL Ag>O (a). The proliferation rate (b), obtained as OD/time,
was faster for the lower concentrations of Ag-BGNs. Optical images (c¢) show the increase in cell
density after Ag-BGNs treatment and the lack of viable cells upon treatment Ag,0O. Cell presented
a spindle-like morphology after Ag-BGNs treatment. Scale bar represents 500 pm. Statistical
difference between untreated and treated hMBSCs is indicated with (*) and among Ag-BGN-
treatments of different concentrations with (@) for p <0.05. ......ccoeeiiiiiiiieniiiee e, 164

Figure 64: Ag-BGNs provoked cell mineralization after 2 weeks of co-culture. The ARS-stained
calcified nodules formed by hBMSCs are shown in (a) for untreated and Ag-BGN-treated groups.
Insets show the monolayers formed on 16 mm diameter wells. The scale bars represent 500 um.
Secretion of Ca in the osteogenic medium was quantified by optical density, normalizing the data
to 100% of the untreated cells (0 mg/mL, black bar) (b). Statistical difference between untreated
and Ag-BG treated cells for p < 0.05 is indicated with (*).......ccccceeviiiiniiiiniiicce e, 165

Figure 65: Structure of untreated fibroblasts (a-c) and Ag-BGN-treated (d-f) fibroblasts cultured
14 days in osteogenic medium. Untreated cells present collagen fibrils (red arrows) and mineral
deposits of various sizes (yellow arrows), with granules around mitochondria (M). Ag-BGN-
treated cells internalized the Ag-BGNs (blue arrows), which were found around a large number of
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autolysosomes or autophagosomes (black arrow) and vesicles (V). Inset in (f) shows a high
magnification of internalized Ag-BGNs. The scale bar represents 50 nm. .......cccceeeeveerienennnens 166

Figure 66: Ag-BGNs upregulated osteogenic gene markers in hBMSCs after 14 days in osteogenic
medium. Gene expression was higher for early and mid-stage markers. Late-stage markers were
expressed only for 10 mg/mL of Ag-BGNs. Untreated cells (0 mg/mL — black bar) were used as
the control for 100 % of expression (dashed line). The statistical significance between untreated
and Ag-BGN-treated cells is marked with (*) and between different concentrations of Ag-BGNs
WIth (@) TOT P < 0.05. ettt ettt e et e et e et e et e enbeessbeenbaeenneenne 168

Figure 67: Bone volume fraction formed (a) and micro-CT images of the calvaria after 40 days of
treatment, where the white scale bar represents 3 mm (b). Statistical significance (p < 0.05)
between groups is marked with (®). Histology images of the coronal cross-sections of calvaria are
divided in half along the sagittal crest (c), where the presence of new soft tissue and bone is
indicated with (*). Yellow arrows represent the edges of the defect and black circumference for
particulates. Note that mice treated with PBS present little overall regeneration of calvaria defect.
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Figure 68: Morphology and elemental composition of the hydrogel alone (A-C and J-L) and the
Ag-BGN/hydrogel nanocomposites (D-I and M-R). The insets show the macro architecture of
composites, which opacity increased with the Ag-BGNs wt.%. Nanoparticles were
homogeneously distributed within collagen (D-I) and extracellular matrix (M-R) fibrils. The
increase of Si and Ca peak intensity (marked with a dashed line) in EDS spectra (F, I, O, and R)
confirms the presence of AZ-BGINS. ....cc.coiiiiiiiiiiiiiicttee et 172

Figure 69: The hydrogel nanocomposites developed a vibration due to the incorporation of Ag-
BGN. The intensity of Si-O bend mode increased with Ag-BGNs content in Col/Ag-BGNx (a) and
ECM/Ag-BGNx (b). The x denotes the different concentrations of Ag-BGNs (i.e., 0, 5, and 10).
..................................................................................................................................................... 175

Figure 70: Ag-BGN/hydrogel nanocomposites are antibacterial against MRSA. The antibacterial
capability of Ag-BGNs alone (a) is presented as reference for 0.05 mg/mL and 0.1 mg/mL of Ag-
BGNss, the concentrations delivered in the nanocomposites for x=5 and x=10, respectively. The
Col/Ag-BGNx (b) and ECM/Ag-BGNx (c) reduced the viability of MRSA, although they show
higher CFU than Ag-BGNs alone. The dashed lines indicate the CFUs obtained for Ag-BGNs
alone at the specified concentration. Note that collagen (Col/Ag-BGNO) and ECM (ECM/Ag-
BGNO) alone are not antibacterial. Suspensions of bacteria (ODsoo = 1 equivalent to ~ 10°
CFU/mL) were mixed with fresh PBS medium (0 mg/mL, untreated control, white bars), 0.4 mL
of Col/Ag-BGNx or 0.1 mL of ECM/Ag-BGNx. The CFUs were enumerated after 24 h with a
limit of detection of 100 CFU. The significant difference between untreated and treated groups is
indicated with (*) while between Ag-BGNs alone and the nanocomposites is indicated with (#) (p
U005 ). ettt bttt h et e h e bt et e h e sb et eh e e bt et st e bt et 176

Figure 71: ECM/Ag-BGNx nanocomposites induced faster fibroblast proliferation. The metabolic
activity of fibroblasts was evaluated by CCK-8, recording the optical density at 460 nm (OD4e0)
for 1 week of co-treatment (a), showing statistical difference among untreated and treated groups
(*) and between ECM/Ag-BGN of different Ag-BGNs concentration (e) for p < 0.05. (b) The
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proliferation rate (ODa4so/time) and cell confluence after 7 days of co-culture were higher in the
presence of Ag-BGNs. The scale bar represents 500 M. .......c.oooveeiiierieeiiienieeiierie e 177

Figure 72: Predicted model of inhibition mechanisms. (a) The inhibitory capability of 2.5 mg/mL
of Ag-BG and BG after 24 h (a). The inhibition difference between Ag-BG and BG is only
correlated to the presence of Ag. The antibacterial mechanism can be divided into (1) creation of
ROS from the bioactive glass network, (2) effect of degradation products (nano-pores, osmosis,
etc.), and (3) mechanisms of Ag” ions from which ROS are the most dominant. The numbers
inside the bars indicate the % contribution of each mechanism, considering the total inhibition as
100 % for each Material. .........coouiiiiiiiii et 189

Figure 73: The proposed resurrection of antibiotics model in the combination of Ag-
BG/antibiotics. The process is explained for MRSA, although it may occur similarly in other
pathogens. The degradation products Ag-BG or BG compromise the integrity of the bacteria cell-
envelope. The nano-sized debris released from the structure bore nano-tunnels through the cell-
wall and accumulate in the cytoplasm. The release of Ag”, osmotic effect, and ROS from the bulk
or the debris cause additional cell disruption. The bacteria trigger the urgent re-activation of cell-
wall synthesis to clog the pores and restore the wall. The addition of an antibiotic with cell-wall
inhibiting or disrupting pathways will bypass the restoration. ............ccccceeviieiiinieiiiienieeeeen. 196

Figure 74: Schematic representation of vancomycin immobilization process. The two dominating
mechanisms were adsorption and entrapment. (1) Vancomycin bonds with Ag-BG surface groups
to get adsorbed. Here Si-OH is used as a representative nucleation site to bond with protons from
the drug structure. Note that other functional groups play a role in the immobilization process. The
molecular chain of vancomycin (yellow cloud) is displayed for reference and abbreviated as R in
the mechanism. (2) Vancomycin is trapped with Ca-P deposits (illustrated as a pink matrix). . 201

Figure 75: Proposed mechanisms for P (light blue circle) and Ca** (red circle) ions position within
BGNs when M1-P2 and M2 protocols are applied. Tetrahedra are formed by Si (green circle) and
O (white circle) ions in both protocols. In protocol M1- P2, pure silica nanoparticles are formed,
and Ca®" ions remain on their surface prior to calcination, while in protocol M2, Ca ions are
already present within the nanoparticles. Calcination in both protocols allows Ca’* ion
incorporation into the glass structure, bridging oxygens (BO) and non-bridging oxygens (NBO)
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Figure 76: Ag-BGNs inhibits MRSA faster than Ag-BG microparticles. This figure is a reprint
combining the antibacterial properties presented in different results sections for comparison.
Suspensions of MRSA (ODeoo = 1 equivalent to ~ 103 CFU/mL) were mixed with fresh PBS
medium (untreated control — dashed line), 2.5 mg/mL of Ag-BG or Ag-BGNs (red and yellow
bars, respectively), or a combination of substances with 0.1 pg/mL of oxacillin (oxa - pattern bars).
Note that antibiotics alone were ineffective against MRSA. The CFUs were enumerated for up to
48 h with a limit of detection of 10 CFU. (*) Indicates the significant difference between particle-
treated and untreated MRSA and (e) marks the significant difference between particles and
PArtiCles/0Xa (P < 0.05). wuieuiieiieeiie ettt ettt ettt ettt e e be e aee e b e snneeraeas 220

Figure 77: Ag-BGNs promotes faster cell proliferation than Ag-BG microparticles. This figure is
a reprint combining the cell proliferation presented in different results sections for comparison.
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The cell viability was obtained by normalizing the optical density (OD) with the untreated control
after 2 days of incubation. Statistical difference between untreated and treated hMBSCs is
indicated with (*) and between Ag-BG microparticles and Ag-BGNs-treatments of same
concentrations With (@) for p < 0.05. ...ccuiiiiiiiiiiee e 222

Figure 78: Ag-BGNs induce faster cell differentiation than Ag-BG at the same concentration (10
mg/mL). Gene markers like bone sialoprotein (BSP) osteocalcin (OCN) are more expressed in Ag-
BGNs. This figure is a reprint combining the cell differentiation in different results sections for
comparison. Statistical difference between untreated and treated hMBSC:s is indicated with (*) and
between Ag-BG microparticles and Ag-BGNs-treatments with (e) for p <0.05. .................... 224

Figure 79: Ag-BG microparticles trigger more bone re-growth after a month of implantation. This
figure is a reprint combining the in vivo results presented in different results sections for
comparison. Statistical difference between PBS and particle treated is indicated with (*) and
between Ag-BGNs and Ag-BG with (@) for p <0.05. ...eeiiiiiiiiie e 227

Figure S1: The concentration of P2Os in M2-P1BGNs increased with the stirring time X; before
particle nucleation. Hydrolysis of TEP was not completed until after 24 h. The concentration at
each time point was obtained by semi-quantitative EDS analysis..........cccccoceeviinieninncnicnennnns 249

Figure S2: The incorporation of CaNT neutralized the effect of stirring time X3 in particle growth
before particle nucleation and the extended stirring. M2-P1 BGNs presented similar sizes and
compositions at all collection times. The X3 stirring times are indicated in the upper right corner
of each picture. The EDS spectra are also presented in orange as an inset in the images. ......... 250

Figure S3: Basal activity of oxacillin (a), fosfomycin (b), vancomycin (c), and ciprofloxacin (d)
under growth-arrested (PBS) and growth-assisted (TSB) conditions against MRSA. Suspensions
of bacteria (ODeoo = 1 equivalent to ~ 108 CFU/mL, dashed line) were mixed with fresh PBS or
TSB medium (d-f) (0 mg/mL, untreated control represented by white bars) and increasing
concentrations antibiotic (black bars). MRSA is resistant to fosfomycin and oxacillin and
fosfomycin. MRSA tolerates vancomycin and presents reduced sensitivity to ciprofloxacin in PBS,
but it is susceptible to both in TSB. The CFUs were enumerated after 24 h with a limit of detection
of 100 CFU. (*) Indicates the MIC. .........cccoooiiieiiieeieeeeeeeee e e e e e 252

Figure S4: Basal activity of gentamycin (a), tobramycin (b), erythromycin (c), and
chloramphenicol (d) against growth-arrested MRSA. Suspensions of bacteria (ODgoo = 1
equivalent to ~ 10 CFU/mL, dashed line) were mixed with fresh PBS (0 mg/mL, untreated control
represented by white bars) and increasing concentrations antibiotic (black bars).MRSA is sensitive
to gentamycin and tobramycin and resists erythromycin. In growth-arrested conditions, MRSA
tolerates chloramphenicol. The CFUs were enumerated after 24 h with a limit of detection of 100
CFU. (*) Indicates the MIC. .........c.cooiiiieiiieeieeeeee e saaeeeaaeas 253

Figure SS: Structural features of MRSA phenotypes after sequential treatment with 2.5 mg/mL of
Ag-BG in PBS for 24 h. Clone type I shows a cell-wall thickness below 40 nm and a bacterium
diameter of 500 nm. Clone type II shows a similar cell-wall thickness to clone type I for G1 and
G2 and suffered a significant thickening in G3. Clone type II at G3 forms multi-cellular clusters
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with surfaces crumbs and hair-like extension. Similar to the WT, the G3 clones appeared near Ag-
BG microparticles (blue circles). Intracellular debris was found at the cytoplasm and near the cell-
wall (blue circles), and around condensed DNA (dashed red circle). ......ccccceveevvveenciieenieeenneen. 254

Figure S6: Crumb and fibrils in G3-clone type II contained high traces of carbon (C, green) and
oxygen (O, red) in SEM-EDS maps, revealing their organic nature. Bacteria lacked silicon (Si,
pink) content (the principal component of Ag-BG) which instead presented higher elemental
contribution around them, indicating it belonged to the glass slides underneath. Samples were
prepared following previously described methods with 15 s metallization in Os. The maps were
collected at 15 keV as accelerating vOItage. .........c.ccecuveeeviiieeiieeciie e 255
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1. INTRODUCTION

1.1. Bioactive materials in restorative medicine: clinical problem

In the vast majority of the cases, bone fractures can heal without surgical intervention [1,2]. The
inherent regenerative properties of bone tissue are often activated by external stimulation and,
unfortunately, are insufficient to remodel large defects [3]. Autograft techniques and
transplantation are widespread for treating highly damaged bone tissue [4]. With over 2 million
procedures annually, bone tissue transplants are only surpassed by blood transfusions in the list of
most common transplants [5]. Tissue engineering, which combines engineering principles and life
sciences, stands out in developing biomaterials that provoke stimuli to trigger tissue regeneration
[2]. Silicate-based bioactive glass-ceramics are attractive in this regard, because of their bone-
bonding ability and their potential for osteogenesis and angiogenesis [6,7]. The physicochemical
and biological response of bioactive glasses are associated with the sub-products they release
during degradation, and thus, they can be tailored through the composition, structure, and
morphology of the bioactive glasses [8§—10]. These three variables have significant impacts on the
rate of ion diffusion and ion release. Therefore, it is fundamental to control the composition,
structure, and morphology of the bioactive glasses to fulfill the requirements for the intended

medical application.

The capability of the bioactive glasses to be used as delivery platforms makes them desirable for
therapeutic purposes. For example, the demand for delivery of heavy metal ions (i.e., Ag, Cu, Zn)
or organic molecules (i.e., antibiotics) to fight infections has increased diametrically. Simultaneous
delivery of both agents offers synergistic possibilities and enables dose reduction, minimizing

toxicity [11-13]. Silver-doped bioactive glass-ceramic (Ag-BG) microparticles have been recently



highlighted as dual agents for antibacterial and tissue regeneration [14-16]. The Ag" release is
controlled through the degradation of the glass structure, causing bacterial inhibition. However,
the current knowledge of the mechanism of inhibition of this system is vague and does not guide
the optimization of the response by tunning particle composition, structure, or morphology. The
combination of Ag-BG microparticles with encoded antibiotics revealed a potential for restoring
the antimicrobial ability of the drug [17]. This unique synergism becomes particularly attractive
for treating infections that conventional antibiotics are no longer effective in eradicating, due to

bacterial resistance.

Even though bioactive glasses provide enhanced regeneration, their delivery needs to be optimized
for the specific size and shapes of defects [7,18]. In these cases, composites materials arise as
alternative candidates to fill complex shape defects while allowing localized therapy [19-21].
Bioactive glass particles can act as fillers in biopolymers or hydrogel matrices, providing bone-
bonding, biodegradability, and therapeutic delivery capabilities. The polymer matrix allows the
particles to remain in the defect and is responsible for flexibility that adjusts the composite to the
defect shape and size [19,22]. The homogenous distribution of the filler within the matrix is key
to accomplishing synergism between both phases, and it is facilitated by nano-sized bioactive glass
particles [23,24]. Due to their small size and large surface area to volume ratio, the properties of
bioactive glass nanoparticles (BGNs), defined as those < 100 nm in diameter, differ from the
properties of the bulk materials. Specifically, BGNs offer advanced surface reactivity, which
accelerates their bone-bonding ability and improves their potential as antimicrobial agents [25—
27]. Similar to microparticles, BGNs may be doped with therapeutic ions or molecules to tailor

the material for specific medical applications.



The fabrication of BGNs has been attempted by different solution-gelation (sol-gel) approaches
[28]. While most processes showed means to control particle size, up to date none of them have
been able to produce adequate control over the composition of the BGNs [29,30]. For example,
most processes targeting compositions, such as 70 SiO2 - 30 CaO (mol.%) resulted in particles
with a composition of 90 Si02- 10 CaO (mol.%). Consequently, the application of BGNs as a
regenerative tool is currently very limited, and thus, new strategies must be developed to gain

control of the synthesis process.

1.2. Objective and dissertation roadmap

This project aims to address the problem of diseased bone tissue regeneration from a materials
science approach. A single-step technology with multi-functional properties is proposed to target
infectious diseases, while providing support for tissue re-growth. This strategy consists of

delivering heavy metals and antibiotics simultaneously in a bioactive glass nano-platform.

In Chapter 2, the fundamentals and current literature related to this thesis are reviewed, presenting
at the end a detailed explanation of the aims and hypotheses of this work. The instrumentation and
experimental methods are described in Chapter 3. This dissertation is structured in four
fundamental pillars, as represented in Figure 1, that were used to organize the results and
discussion in Chapters 4 and 5, respectively. First, Ag-doped bioactive glass-ceramic (Ag-BG)
microparticles were characterized in terms of degradability and biocompatibility when interacting
with cells and tissues of bone lineage. Second, the antibacterial capabilities and the Ag-BG
inhibition mechanisms were evaluated alone and in combination with antibiotics. Third, the
synthesis of highly dispersed Ag-doped bioactive glass nanoparticles (Ag-BGNs) was addressed

by optimizing a Stober-derived method. Finally, a single-step delivery method of Ag-BGNs was



explored by the development of injectable nanocomposites. This thesis concludes by presenting

the highlights (Chapter 6) and the research gaps and recommendations for future investigations

(Chapter 7).

SYNTHESIS AND CHARACTERIZATION OF BIOACTIVE GLASS-CERAMIC PARTICLES
WITH ADVANCED ANTIBACTERIAL PROPERTIES FOR BONE REGENERATION
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Figure 1: Schematic overview of the research approach followed in this dissertation organized in

4 main pillars.



2. FUNDAMENTALS AND LITERATURE REVIEW

2.1. Bioactive glasses and glass-ceramics

Bioactive materials are defined as those that elicit a bond at the tissue-material interface [31].
Bioactive glasses are a type of inorganic bioactive material that incorporate various cations (i.e.,
Ca, Na, P, K, Sr, and Zn) and chemically bond to the bone by forming a hydroxycarbonate apatite
phase (HCA) at the interface [32]. Bioactive glasses release those ionic species during their
degradation and trigger specific cellular responses, such as forming new bone [32]. The
regeneration process may continue until the biomaterial is entirely absorbed by the body [33]. The
degradation behavior, which leads to the biological properties, can be tailored by tuning glass

composition, morphology, and processing parameters [7,34].

Since their discovery in the late 1960s by L. Hench [7], bioactive glasses have yielded several
FDA-approved products such as NovaBone and Novamin [7]. In this project, the next generation
of bioactive glasses is targeted to regenerate tissue and prevent and fight bacterial infections.
Among the various shapes and morphologies in which bioactive glasses may be produced,
particles, in micro and nano sizes, attract attention due to their easy processing adaptability and
high versatility for different clinical applications. In this chapter, the background, and state of the
art of bioactive glass particle science are presented to identify the research gaps and present the

framework that fundaments this research work.

2.1.1. The structure of bioactive glasses

Glasses are amorphous solids primarily formed by oxide species divided into network formers and

network modifiers [35,36]. Network former oxides, including SiO>, P,Os and B0s, are



characterized by the formation of bridging oxygens (BO), which connect units to develop a
network. For example, silicate glasses consist of silica tetrahedra units (one silicon atom bonded
to four oxygens) connected by BO bonds (-Si-O-Si- shown in Figure 2 a). Different elements may
be incorporated, and depending on their concentrations, they play a different role in the network.
For example, network modifier oxides, such as CaO and Na>O, disrupt the network by breaking
the BO bonds into non-bridging oxygens (NBO). The ratio of BO to NBO in the structure defines
the network connectivity, which is critical for properties such as degradability. The network
connectivity is usually evaluated in terms of the Q" speciation as represented in Figure 2 b. Highly
connected networks present primarily Q* species. The Q speciation decreases (Q*, Q?, Q" or even
QY as network modifiers are introduced in the structure, decreasing the number of BO. For
example, Q° species are formed when out of the four oxygens, three present (-Si-O-Si-) bonds and
one present (-Si-O-NBO). Some elements are also referred to as network intermediate oxides (i.e.,
aluminum and phosphorous), as they can act as both network former and modifier by varying their
coordination number depending on their concentration. For instance, phosphorous appears in
orthophosphate (PO4) units when acting as network former [37] and as Si-O-P bridges when
modifying the network [38]. Understanding the role of each cation is the basis for the material
design as it is correlated to the final structure of the bioactive glasses and, thus, to its final

properties.
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Figure 2: 2D Structure of bioactive glass (a). The different atoms forming the glass network are
represented with color circles: silicon (Si) in green, oxygen (O) in white, sodium (Na) in blue, and
calcium (Ca) in red. Hydrogen protons (H") balance the negative charge of external oxygens,
forming silanol groups (Si-OH). The interaction between atoms occurs by bridging oxygen (BO)
bonds or non-bridging oxygen (NBO) bonds. The elements distribute within the glass, forming Q"
units (b), where n indicates the number of -Si-O-Si- BO bonds in the tetrahedron.

2.1.2. The role of composition in bioactive glasses

The bulk composition of the glass plays a crucial role in the chemical response of the material.
Hench [39] discovered that only some specific compositions of glass in the system SiO,, CaO,
NaxO, and P>0s could form a bond with bone and soft tissue, and described a compositional
diagram [40] to anticipate the material-tissue interaction (Figure 3). For example, bioactive
glasses of composition within region A and region S (of Si02 < 60 wt.%) are bioactive and capable
of bonding to hard and soft tissue, respectively. Bioactive glasses in region B are bioinert, present
very low reactivity, and get encapsulated by non-adherent fibrous tissue when implanted. In
contrast, bioactive glasses in the region C are highly reactive and get resorbed within a month
before the material can bond to the tissue. Region D bioactive glasses have not been implemented;

however, based on the effect of other compositions, bioactive glasses in this region are predicted



to not bond with tissues. Finally, the diagram highlights region E, where the bioactive glass
presents a composition of Si0; 45 — NaxO 24.5 — CaO 24.5 — P2Os 6 (wt.%), possibly the most
exploited glass system in Industry, registered with the trademark Bioglass® 45S5. In multi-
component systems with more than 4 different oxides, it is not possible to find a simple relationship

between compositions and tissue response to express in a 2D diagram.

Nonetheless, Andersson et al. [41] developed a model for compositional optimization to predict
the glass-tissue interaction without animal testing. This model allows selecting compositions for
specific applications since most glass properties are additive within certain composition limits.
The influence of several critical ions in the structure and properties of bioactive glass has been

presented in other works [9,42—44] and is summarized in Table 1.

Sio,

CaO Na,O
6 wt.% P,0,

Figure 3: 2D ternary diagram of bioactive glass composition (in wt.%) dependence on the
material-tissue interaction. Region A, B, and C depicts bioactive, bioinert, and resorbable glasses.
Region D indicates non-glass forming. In region S, bioactive glasses bond to soft tissue. Region E
marks the composition of Bioglass ® 4585, registered trademark. Modified from [40].



Table 1: Effect of ions on bioactive glasses' structure and biological response [9,42—44].

Ton

Si

Ca

Na

Al

Ag*

Effect on the structure

Formation of the network backbone.

Decrease connectivity of the network.

Increase degradability.

Reduce the tendency to crystallization.

Decrease elastic modulus and Th,.

Decrease connectivity of the network.

Decrease T, and Tp.

Decrease connectivity of the network.
Reduce the tendency to crystallization

Decrease elastic modulus and Th,.

Stabilize glass structure.

Decrease thermal expansion coefficient.

Increase BO.

Reduce dissolution of the glass.

Effect on the biological response
Calcification of bone and increase of bone
mineral density.

Essential in metabolic processes.

Component of connective tissue, assists on
collagen type I formation and contributes to its
resilience

Main component in hard tissue.

Favors cell mineralization and upregulation of
growth factors in osteoblasts cells.

Increase bioactivity of glass
Involved in the synthesis of lipids and proteins.

Stimulates the expression of matrix proteins for
bone formation.

Maintains osmotic pressure.

Regulates the absorption of salts and amino
acids.

No effect on bone bonding.

Regulates osmotic pressure.
Affects glycogenesis.

No effect on bone bonding.

Decrease bioactivity of glass.

May inhibit bone bonding.

Provides antibacterial activity.

May increase toxicity of the glass.

* The role of Ag in the bioactive glass is detailed in section 2.4.1.



2.1.3. The vitrification process of materials

Glasses are usually obtained by progressive solidification of a liquid that does not crystallize
during cooling. The vitrification of a material can be controlled by the cooling rate, attending to
the variations of properties, like enthalpy or free volume, as the temperature decreases (Figure 4)

[45,46].

The specific volume of a crystal increases as the temperature approaches the melting point (Tn),
at which the material undergoes a sudden phase transition from solid to liquid (path F-B in Figure
4). The temperature rise above T continues the volume expansion of the melt as its viscosity
decreases (path B-A in Figure 4). The rate at which this melt is cooled controls the crystallization

or vitrification of the material.

Crystallization occurs when the cooling rate is slow enough to allow atomic diffusion and
organization into the lowest energy configuration. This way, the cooling/free volume path will be
coincident, but opposite, to the heating path (path A-B-F-G in Figure 4), and a stable crystal lattice

will form.

Vitrification occurs at high cooling rates when the molecular mobility of the liquid decreases
rapidly as a function of the temperature. The viscosity of the liquid increases until the molecular
mobility is insufficient to allow the system to find equilibrium, suppressing crystallization. The
atomic spatial distribution in the liquid is retained in the solid, and therefore, the structure is
characterized by its disorder. As the temperature decreases, the supercooled liquid achieves the
consistency of a solid without suffering abrupt changes in its specific volume (path A-C-D in
Figure 4), forming a metastable glass structure. Note that the volume of a glass is usually higher

than that of its crystal counterpart.
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The temperature that delimits the transition between glassy behavior and liquid is defined as the
glass transition temperature (Tg), which is obtained by the intersection of the supercooled liquid
line (path C-B) and the glass line (path D-C). The glass transition is not a true thermodynamic
phase transition, and therefore, there is not a single glassy state. Since the glass is in a non-
equilibrium state, its structure may relax towards lower energy configurations during annealing
(path C-E in Figure 4). The gentle temperature transition between the annealing point (T.) and
just above Tg ( by cooling or reheating) allows slow molecular re-arrangement that can result in

the formation of crystal domains, yielding glass-ceramic materials.

The non-equilibrium state of glasses results in high reactivity, especially at the surface, making
them ideal materials for fast tissue bonding. In contrast, glasses usually present mechanical
weakness and low fracture toughness due to the amorphous network. Partial crystallization of the
amorphous network (i.e., bioactive glass-ceramics) enhances the mechanical and flexural strength
of the glass; however, the improvements of these properties are achieved at the expense of
bioactivity [47-49]. The inherent low strength of bioactive glasses does not lessen their value in
clinical applications. For example, the low strength has no influence when the bioactive glass is
used as buried or low-load bearing implants or used in the form of powders and composites, which

are the main applications targeted in this project.
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Figure 4: Schematic diagram of the enthalpy/free volume change in liquid, crystalline, and glassy
state as a function of temperature during processing. A crystal increases its specific free volume
during heating (path G-F) and suffers solid-liquid transition (path F-B) when the melting
temperature (Tm) is reached. If the liquid is cooled at a slow rate, following the same curve of
heating (path A-B-F-G), the melt returns to its crystalline solid state. If the cooling rate is fast, the
liquid passes through point B without abrupt changes in volume, avoiding crystallization (path A-
C-D). The glass transition temperature (T,) identifies the transition points where the supercooled
liquid reaches the consistency of solid, based on its viscosity. Structural relaxation occurs between

the annealing temperature (T.) and Tg when the cooling rate slows down during glass processing.
Modified from [45].
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2.2. Processing of bioactive glasses

Bioactive glass particles can be synthesized by two main routes: melt-quench and sol-gel
chemistry. The different processing between these two methods can affect the material
characteristics significantly. Briefly, the melt-quench route consists of the proportional mixture of
solid precursors in a flame reactor for their melting (T > 1300 °C) [50,51]. Quenching is then
performed so that the cooling rate is higher than the crystallization rate and an amorphous material
is formed. In contrast, in the sol-gel methods, the precursors are dissolved in solution, where the
pH controls the network's formation before heat-treatment at low temperatures (T < 700 °C). On
this basis, the sol-gel method is convenient and versatile since it does not require complex
equipment, and the morphology and composition of the glass can be tailored in a straightforward
manner [52,53]. The sol-gel method is a time-consuming approach, due to the waiting time
between reagents dissolution and the several heat-treatment steps. However, a broader spectrum
of bioactive compositions than those presented in Figure 3 can be obtained. Therefore, in this

project, the bioactive glass particle synthesis was performed by sol-gel approaches.

2.2.1. The sol-gel method

The sol-gel process is a chemical synthesis approach in which highly pure precursors are dissolved
in a water/acid or water/base bath to generate a colloid that later forms an oxide network [30].
During the process, the colloids are converted to viscous gel and then to a solid material. The
colloid is usually obtained from the transformation of metal alkoxide precursors (M-(OR)). For
example, tetraethyl orthosilicate (TEOS), which consists of one Si atom surrounded by four ethyl
groups (Si-(OC2Hs)as), is the most common precursors of silicate-based sol-gel glasses. The metal

alkoxide transformation into an oxide gel progresses through a series of interdependent chemical
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reactions, namely hydrolysis, and condensation. In the case of TEOS, hydrolysis occurs by
substitution of the alkoxide chain (-(C2Hs0)) with hydroxyls (-OH), producing a hydrated chain
of silicon (Si(OH)4) and ethanol (C:HsOH) (Equation 1). The condensation reaction, also known
as polymerization, produces siloxane bonds (-Si-O-Si-) to form the colloids. Two condensation
reactions have been identified in the formation of the silicate colloid: water and alcohol
condensation. For instance, the siloxane bond may form between two hydrated silicon chains
(water condensation, Equation 2) or between a hydrated chain of silicon and a silicon alkoxide
(alcohol condensation, Equation 3). Other metallic precursors, usually nitrates, can be added

during or after completing these reactions to achieve the composition of the glass system.

Hydrolysis: =Si— 0OCHs + H,0 »=Si— OH + (C,Hs; — OH Equation 1
Condensation:
Water: =Si—-OH+0OH-Si=->=S8-0-Si= +H,0 Equation 2

Alcohol: =Si— OH+ HsC,0—-Si=—->=Si—0—-Si= +(C,H; —OH Equation3

The silica network formation is greatly influenced by the relative rates of hydrolysis and
condensation reactions and the pH of the solution. In an acid-catalyzed system, particles aggregate
as condensation continues leading to a 3D gelled structure, while in basic conditions, repulsive

forces may prevent this aggregation.

The gel obtained after the condensation reactions is submitted to heat-treatment to produce the
final glass. The gel is first aged (~ 60-90 °C) and dried (~ 120-200 °C) to eliminate water and
alcohol residues and then stabilized (~ 400 — 600 °C), reducing the concentration of silanols at the

surface and calcinated ( > 600 °C) to burn-off nitrate by-products. The heating rate in-between
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steps and dwell time plays a key role in the generation or relief of internal stresses in the network

that can cause cracking of the 3D gel or maintained its macro-architecture.

Sol-gel bioactive glasses are elementally homogeneous and show less network connectivity than
melt-derived glasses due to retained H" acting as network modifiers. The high surface area and
elevated silanol concentration at the surface make sol-gel glasses highly reactive, and therefore,

their interaction with tissues is usually faster.

While bioactive glass particles, in micro and nano sizes, can be derived from both acid and basic
catalysis, each approach yields different products. In acid-catalysis, the particles are usually
obtained by mechanical separation, pulverizing the 3D glass in a mill. This process leads to highly
irregular particles and broad distribution of sizes that must be sorted by sieving. The acid-catalysis
approach may be considered unsuitable for nanoparticle fabrication because of the milling
limitations to achieve nano-sized powders. In contrast, monodispersed uniformed nanoparticles
are easily obtained in basic-catalysis. Although this approach has shown a more precise control of
particle size and distribution, several concerns have been raised regarding nanoparticle
composition, which shows discrepancies with the targeted system during synthesis. Other sol-
gel-like strategies have been developed to gain control of size, morphology, dispersity, and
composition, such as microemulsion, polymeric templates, and two-step catalysis, among others,
complicating the synthesis process without providing a clear benefit. Nonetheless, the most
adapted sol-gel strategy for bioactive glass nanoparticle production is still the Stober method, a
one-step polymer-free basic catalyzed strategy. To maintain maximum simplicity in the synthesis
process, the Stober method was followed in this project for nanoparticle fabrication, and therefore,

other approaches are not discussed in this dissertation.
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2.2.2. The Stober method

In the late 1960s, Stober et al. reported a pioneering synthesis method for uniform silica
nanoparticles, where alterations in the pH, temperature, and reagent concentration can lead to silica
particles with sub-micrometer (100—1000 nm) or nano (< 100 nm) sizes, with the simultaneous
formation of aggregates for the latter [52,54,55]. The Stober method has been adapted to synthesize

BGNes, as these can be considered ion-doped silica nanoparticles [S6-58].

The original Stober method is a sol-gel strategy performed under highly basic conditions [52,59].
During synthesis, TEOS is added to a solution of water, alcohol, and ammonium hydroxide under
agitation. Excess OH™ ions catalyze the hydrolysis and condensation reactions, promoting the
nucleation of highly positively charged particles. The formation of the gel by particle aggregation
is suppressed due to electrostatic repulsion between particles when the pH is above the isoelectric

point of soluble silica.

2.2.2.1. Mechanism of particle growth

Like the traditional sol-gel process, the rates of hydrolysis and condensation control the nucleation
and growth of Stober-derived particles. Two models have been proposed to explain particle
formation under elevated pH: the Lamer model [60] and the nucleation-aggregation model

[61,62].

The Lamer model describes the burst nucleation of primary nanoparticles (~10 nm) as the alkoxide
concentration reaches supersaturation [60]. The decrease in soluble alkoxide stops the formation
of new nuclei and triggers particle growth by adding hydrolyzed monomer species onto the surface

of primary nanoparticles. Monomer attachments are governed by the local structure described by
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the reaction-limited monomer-cluster aggregation (RLMCA) model [52]. Briefly, the monomers
(i.e., silica tetrahedra) collide with the clusters (i.e., primary nanoparticles) to sample potential
bond sites at the surface to achieve particle growth. All clusters’ sites are occupied with equal

probability, giving rise to spherical particles [52].

Alternatively, the nucleation-aggregation model [61,62] predicts particle growth by aggregating
small particles yielding larger ones that are more uniform [63]. Briefly, the primary particles are
unstable due to their size, and the surface charge is insufficient to overcome the agglomeration of
particles due to Brownian motion. The reagents concentration will rule the competition between
the formation of new nuclei and their agglomeration in < 50 nm. The presence of multimodal size
nanoparticles favors their re-structure by Oswald ripening, which describes the dissolution and re-
precipitation of the unstable primary particles to be consumed by the larger, more stable ones,
forming secondary particles ( ~ 50 — 250 nm) [64]. The growth of these secondary particles is
explained again by RLMCA, although in this case, the primary or small secondary particles act as
monomers [52]. This theory is supported by experimental observations where the surface of silica
nanoparticles presented significant spherical-like topography features [52,62,65,66] instead of a
smooth colloid surface [67-69]. Due to the limitations of each model to give a viable explanation
of particle nucleation and growth at different stages of the process, the general scientific consensus
states a combination of both mechanisms. The nucleation-aggregation model dominates the early
stages of the process, while the Lamer theory is more accurate to describe the later stages of particle

growth.

The critical factor for obtaining spherical, dispersed, and uniform nanoparticles is the surface
charge [59]. Under elevated pH, particles develop a negative charge above the isoelectric point of

silica, which causes repulsion between particles and, thus, monodispersity [52]. The introduction
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of metallic ions to develop bioactive glasses can alter this surface charge and disturb the growing
mechanism [55]. Therefore, the traditional Stober method needs to be modified to address the need

for metallic ion incorporation while finding alternatives to control particle size and dispersity.

2.2.2.2. Composition limitations in bioactive glass nanoparticles

The composition of bioactive glasses determines their structure and properties, and therefore, there
is much attention on controlling the synthesis process to tailor the composition of the material for
specific applications. The addition of network modifying metallic ion precursors in the synthesis
process of silicate-based nanoparticles may impair the control over particle size, shape, and
dispersity, even at low concentrations [70,71]. However, the main unsolved issue is the persisting
discrepancy between the nominal composition and the actual one obtained after the fabrication
process [56,72,73]. Specifically, the concentration of P and Ca?* ions in BGNs, which are both key

elements for osteoconductivity and bone-bonding, is consistently lower than that aimed [74].

The most frequently used precursors for incorporating calcium and phosphorous ions during sol-
gel synthesis are triethyl phosphate (TEP) and calcium nitrate, respectively. The incorporation of
P ions depends on the hydrolysis of TEP, usually performed in a solution already containing TEOS
as the leading reagent for SiO>. The low amount of P2Os (mol %) in the final BGNs system has
been attributed to the different hydrolysis rates between these two precursors, TEOS and TEP,
under elevated pH, which causes the rapid condensation of SiO> nanoparticles lacking P ions [71].
In the case of Ca®" ions incorporation, calcium nitrate's addition occurs after the hydrolysis and
condensation of nanoparticles. In this process, Ca?* ions cover the particles’ surface by bonding to
hydroxyl species and get diffused during calcination above 400 °C, thus modifying the network

[75]. This mechanism results in deficient amounts of CaO (mol %) in the final BGNs system
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resulting in a composition significantly different in the nominal one. Different reasons explain this
outcome: the lack of sufficient hydroxyl groups at the nanoparticles’ surface to bond with elevated
concentrations of Ca** ions in solution or the low strength of these bonds, which cannot withstand
the washing steps before the calcination [76]. Additionally, Ca*" ions are likely to form other
species, such as carbonate groups or calcium-rich components, without being adequately

incorporated into the amorphous structure [70,72].

Different approaches have been explored to overcome these challenges. For example, the addition
of calcium nitrate during the early stages of particle condensation allowed higher calcium detection
by EDS, resulting in a drop in particle dispersity [71]. Additionally, it was unclear if the observed
calcium was modifying the silica network of the BGNs as modifier ions or calcium was trapped
as CaO molecules in BGNs, or forming calcium carbonate or calcium hydroxide molecules.
Another approach reported the increase of the actual calcium concentration into the BGN network
by increasing the Ca: Si ratio in the synthesis protocol beyond the expected ratio of the nominal
composition [70]. The Ca?" ion-supersaturated solution, along with the absence of the washes
before calcination, resulted in the detection of higher calcium content as well as the formation of
calcium-rich areas in the delivered BGNs [70,72]. Once these calcium-rich areas were removed,
the measured amount of the CaO in the BGNs was only around 10 mol.%. Lately, Kesse et al. [77]
have shown the effect of different concentrations of CaO content in BGN, adjusting their protocol
to achieve 15.4 mol%, the maximum amount reached up to date in monodispersed submicron
bioactive glass particles by a one-step basic catalyzed synthesis. Alternative calcium sources such
as calcium chloride and calcium methoxy ethoxide have also been explored to improve the
concentration of CaO in the BGNs; however, the secondary reactions with other reagents or their

temperature sensitivity have made them unsuitable for the synthesis process [78,79]. The
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compositional discrepancies in BGNs will be rectified in this thesis by optimizing a Stober-like

method to synthesize BGNs in the system Si0, —CaO—P,0s.

In addition to P and Ca, other functional ions may also be incorporated in BGNs; although,
intermediate oxides have been barely observed in BGNs formulations. One strategy is to add all
metallic precursors in the formation and growth of silica nanoparticles [50,51], while another is to
incorporate the ions in silica nanoparticles through post-modification [80,81]. Despite the
successful synthesis of multifold metallic ion BGNs, both methods still suffer from the limitations
of high content incorporation and precise control of the composition. Therefore, more efficient
methods are still demanded. In this work, the optimized Stober method for ternary BGNs was

adapted to incorporate intermediate oxides in monodispersed nanoparticles.

2.2.2.3. Properties of bioactive glass nanoparticles: morphology, size, and dispersity

The morphology and size of BGNs hold a significant effect on the final properties of the systems,
as they are directly related to the exposed surface-area and, thereby, the surface reactivity of the
material [30]. BGNs synthesized by an acid-catalyzed sol-gel process are usually irregular in shape
and sizes as they are obtained by extensive milling. In contrast, Stober-derived BGNs exhibit
uniform sphere-like shapes as determined by particle growth mechanism [52,59]. Spherical shapes
present advantages such as enhanced flow properties and more efficient drug delivery. The
uniformity of the shape also facilitates the use of BGNs in medical applications by their integration
in nanocomposites [28]. Therefore, the Stober method is usually preferred for BGN synthesis. In
terms of morphology, the mesoporosity of BGNs is also an interesting property for therapeutic
delivery, as different factors, ions or molecules can be loaded within the core of the nanoparticle

for specialized and localized delivery systems [82—84]. However, and in agreement with the
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particle growth model, conventional Stober-like BGNs are often non-porous. The use of polymeric

templates like CTAB has been proposed as an alternative to tailor mesoporosity [83].

The size of BGNs is essential for their distribution in tissues and their integration as building blocks
in nanocomposites [23,24,85,86]. In the Stober method, the particle size is easily controlled with
the processing parameters such as the concentration of TEOS, the ratio of H;O/TEOS (known as
the R-value), the concentration of the catalyst (i.e., ammonium hydroxide), or the temperature [72].
The effect of each variable is not completely clear, as most papers used different parameters,
challenging the comparison of literature information. The most comprehensive reports providing
information on processing parameters effects are Stober et al. [66], Bogush ef al. [87], Rao ef al.
[88], and Greasley ef al. [72], who demonstrated the complex interdependency among all reaction
parameters. As a general observation, particle size follows an inverse curve trend as a function of
the water or ammonium concentrations. The particle size increases with the concentration of either
solvent until it reaches an inflection point where a further increase of solvent concentration causes
the slow decrease in particle size. The effect of temperature has not been systematically studied.
Bogus et al. [87] and Park et al. [89] showed an unexpected monotonical decrease of particle size
as temperature increases and reported that at low temperatures (T< 20°C), monodispersity was not
achieved. Rao et al. [88] correlated the effect of temperature with the role of the R-value. Particle
size increase with temperature at high R values, whereas the opposite effects were observed for

low R-values.

The dispersity of the nanoparticles is related to many parameters, especially particle size and
composition. Larger BGNs (> 200 nm) usually exhibit better dispersity than smaller BGNs (< 100
nm), which tend to self-aggregate to reduce their surface energy [52,74,90]. The composition of

BGNs also influences their dispersity. As previously mentioned, the incorporation of metallic
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precursors changes the surface charge of primary nanoparticles during nucleation and growth,
causing their aggregation [76,91]. Polymeric species may be introduced during synthesis to coat
the surface of BGNs and exert a steric effect reducing their aggregation [92]. Nonetheless,
polymers at the particle surface reduce their exposed surface-area and consequently influence
BGNs reactivity. Therefore, the synthesis of highly disperse multifold ion BGNs, smaller than 100
nm remains a challenge. In this work, there is an emphasis on distinguishing agglomeration and
aggregation of nanoparticles. In the former, BGNs form solid bonds and partial densification
between their surfaces, while in the latter, the interaction is merely electrostatic. On this basis, the
aggregation of BGNSs is less concerning for medical applications as they can be easily detached in

suspension before their use.

2.3. Physicochemical and biological properties of bioactive glasses particles

The immersion of bioactive glasses in fluids triggers their degradation, as the structure is not in
equilibrium. Degradation occurs by the controlled release of ionic dissolution products, which may
interact with cells, tissues, and bacteria. One of the most important reactions in bioactive glasses
is the so-called mechanism of bioactivity, responsible for the tissue-material bonding, which will
be reviewed in this section. The study of bioactive glasses in vitro and in vivo has demonstrated
their ability for osteogenesis and angiogenesis as well as anti-microbial properties [31,93-95], all

of which are presented here.

2.3.1. Mechanism of bioactivity: apatite formation

Bioactive glasses are well-known for their bone-bonding ability, result of forming a hydroxy-
carbonate apatite (HCA) layer at the tissue-material interface [59]. HCA is a naturally occurring

mineral that makes 60% of bone mineral content [96], with Ca and P as main components in a
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atomic ratio close to Ca/P=1.67 [97]. HCA formation is a multi-step process that starts when the
bioactive glass interacts with an aqueous solution, and stems from an ion exchange process induced

by the instability of the highly energetic bioactive glass structure [7,8,39,98].

The mechanism of HCA formation is schematically presented in Figure S [7]. First, network
modifying cations (i.e., Na®, Ca*") are exchanged with protons (H") from the solution, elevating
the local pH. Second, as the degradation progresses, soluble silica from the cleavage of -Si-O-Si-
bonds is released to the solution, forming a silanol (Si-OH) rich layer at the surface. Third, the
silanol groups re-polymerize, creating an SiO; rich layer depleted in Na* and Ca**. Next, Ca*" and
PO4* groups diffuse through the SiO, layer towards the surface, where they bond with soluble ions
from the supersaturated solution to develop an amorphous Ca-P (ACP) layer. The ACP nucleation
is a homogeneous and heterogeneous process due to the ionic interaction from different sources.
Finally, the ACP layer crystallizes by incorporating OH™ and CO3* groups from the solution,
yielding the HCA layer. The apatite formation in BGNs follows a similar process to that in other
macro-architectures. However, bioactive glasses of the same composition will exhibit faster HCA
deposition in nanoparticle form due to the high surface reactivity. The small size of BGNs only

allows the formation of needle-like apatite that cluster around individual nanoparticles.

The bone-bonding between bioactive glasses and tissue occurs due to the similarities of this HCA
layer with a natural bone. Attachment and differentiation occur at the tissue-material interface as

the HCA layer adsorbs growth factors that favor cell seeding.

The HCA layer formation depends mainly on three factors: bioactive glass composition, its
structure, and the type of medium. The concentration of ionic species released to the solution is

critical to induce the bioactive response [8,9,99]. Thus, the bioactive glass composition will
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determine whether this critical concentration is achieved, whereas the structure (i.e., Q" speciation)
will determine the rate at which the response is triggered. The nature of the medium also influences
the rate of deposition and the density of the layer. HCA formation has been observed in various
mediums, such as phosphate buffer saline (PBS), TRIS-buffer, simulated body fluid (SBF), and
cell culture medium. The concentration of the medium is key to achieving the supersaturation that

leads to phase deposition.
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Figure 5: Schematic representation of the mechanism of bioactive in bioactive glasses as described
by Hench [40]. Upon immersion in medium, bioactive glasses start to degrade by ion exchange
(stage 1). The adsorption of protons leads to a silanol layer at the surface (stage 2) which re-
polymerizes, forming a SiO»-rich layer (stage 3). An amorphous Ca-P (ACP) layer nucleates at the
interface from diffused Ca*" and PO4*" from the core and the deposition of supersaturated (stage
4). The absorption of protons and carbonates causes the crystallization of ACP into
hydroxycarbonate apatite (HCA), which is used as evidence of bioactivity expression (stage 5).
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It should be mentioned that the formation of the HCA layer, while helpful, is not critical for bone
regeneration. Instead, the fundamental mechanisms are related to the controlled release of ionic
dissolution products from the degrading bioactive glass [31,40,100—102]. The ion release starts as
soon as bioactive glasses are exposed to a fluid. At the early stages, a burst release of ions is
commonly observed [103], which then progresses in a sustained manner, accompanying the glass's
degradation. The initial burst release could cause a sudden rise of local pH value that may be lethal
to either cells or bacteria [104], which should be looked for, especially in BGNSs, due to their faster
reactivity. The therapeutic effect is only achieved when the release period matches the time for

specific cellular responses, and the ion is delivered within a specific concentration window.

2.3.2. Cytotoxicity and particle uptake

The cytotoxicity of bioactive glasses particles is directly related to the glass composition, the
particle size, and dose delivered [73,93]. Understanding the effect of each of these parameters in
the interaction between material and cells or tissues is critical towards their successful
implementation in clinical applications [103,105]. The first step towards the characterization of
the biological properties of bioactive glasses is performed at a cellular level by in vitro studies to
understand the effect of degradation products on cell behavior. Then, the material can be tested in

vivo at tissue or organ levels.

As previously mentioned, the key mechanism of bioactive glasses is related to the release of ionic
dissolution products [8,9,31,40,100-102]. In this regard, the bioactive glass composition will
determine its network connectivity and, consequently, its degradation rate. Bioactive glasses
formed by multifold metallic ions are usually more reactive and degrade faster because of their

low network connectivity.
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The particle size also affects the degradation rate. For example, smaller particles, such as BGNS,
degrade significantly faster than larger ones of the same composition owed to the higher surface
area exposed [106,107]. The fast degradation may lead to rapid changes in the pH or saturation of
ion concentration, both of which can be toxic to mammalian cells [108]. Particle size also
influences their intracellular uptake, tissue distribution, and elimination [109,110]. For example,
BGNs can diffuse through the cell membrane if their size is < 30 nm or internalized by
phagocytosis if they are < 250 nm. Micro-sized particles (5 pm — 10 um) can be engulfed by
macrophages for their transport. In the current literature, there are many contradictions about the
effect of particle size on cells. While the general public believes in their overall positive effect,

some reports have shown that particles in the 10-30 nm range inhibited cell differentiation [111].

The concentration of particle treatment is probably the most significant parameter [112], as the
dose administrated can lead to therapeutic or toxic effects similar to any other treatment in
Medicine. For example, Tsigkou et al. [70] showed that increasing the BGNs concentration from
50 to 200 pg/mL caused a decrease in metabolic activity of bone marrow stem cells. The time of
exposure also affects cytotoxicity. The continued degradation of the particles causes the

accumulation of ions over culture time, beyond the concentration tolerated by cells [113,114].

2.3.3. Osteogenesis by bioactive glasses

Numerous animal studies have established the scientific basis for using bioactive glasses to repair
orthopedic defects [7,115—117]. The bioactivity has been associated with the formation of the HCA
layer [118] and the dissolution products [119], which exert control over the osteoblast cell cycle
to regulate osteogenesis. This discovery revolutionized the approach of bone repair, shifting the

focus from implants to replace bone to those that stimulate bone regeneration [120].
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Osteogenesis occurs when osteoprogenitor cells receive the chemical stimuli to activate segments
of their cell cycle like mitosis and differentiation [121,122]. The release of ion products [123],
especially soluble Si and Ca, from bioactive glass degradation boosts the activation of genes
without additional supplements like dexamethasone or bone morphogenetic protein (BMP) [124].
Therefore, to control the molecular biology of osteoprogenitor cells, the degradation profile of the
bioactive glass must provide the critical ion concentration for osteogenesis. It is feasible to design
bioactive glass particles with desired dissolution rates since they are influenced by the particles'

composition, size, and morphology.

The capacity of bioactive glasses for osteostimulation has reached clinal practice in various bone
graft applications such as in craniofacial and periodontal osseous defects [7,116,125]. Different
bioactive glass compositions have been developed over the years, doping the structure with various
ions to improve the bone-seeking properties (i.e., Cu, Zn, Sr) with promising osseointegration and
angiogenesis, among other cellular pathways [126,127]. These treatments provide the additional
benefit of a single-stage procedure, reducing patient discomfort and hospital costs. The structure
of bioactive glasses has been doped with heavy metals like Ag and Au too for enhanced
antibacterial properties [128,129]. Therefore, developing glass formulations to trigger significant
bone remodeling while eradicating a bacterial infection. Despite their positive in vitro results,
bioactive glasses doped with heavy metals have not been extensively studied in vivo [130,131].
The evaluation of the spectrum of action of Ag-doped bioactive glasses for antibacterial and

regenerative applications is the ultimate goal of this dissertation.
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2.3.4. Antibacterial properties

Inorganic materials have been introduced as a new strategy for preventing and treating infections
as a direct result of the antimicrobial crisis. The inadequate use of antibiotics to treat all sorts of
health conditions has encouraged the emergence and dissemination of drug-resistant bacteria [2,3].
Such antibiotic resistance is concerning to almost every region of the world, dismissing the
effectiveness of currently licensed therapies [4]. Bioactive glasses are proposed as a superior
alternative for long bone infection treatment [132] to mitigate the risk of antibiotic resistance.
Although the antibacterial capabilities of bioactive glasses have been extensively demonstrated,

there is not much information regarding the mechanism of action.

Allan et al.[133] and Zhang et al.[134] first reported the antibacterial activity of commercially
available bioactive glasses, namely 45S5 and S53P4, which contain SiO2, CaO, P,0s, and NaxO.
Since then, several works have joined their hypothesis on the intrinsic antibacterial activity of
bioactive glasses consisting of two simultaneous actions: increase of pH and osmotic effect [135—
137]. These traits have been attributed to BG’s degradation process, which starts with the exchange
of ions to form a HCA interface layer. During this ion release process, the media becomes
supersaturated with alkali components, and therefore, it is not uncommon to observe an increase
in pH above 9, which is toxic to microbiota [ 138]. The faster the ionic release, the more pronounced
the pH increase, and consequently, a more substantial antibacterial effect will occur. This is one
of the reasons why nanoparticles, which degradation is faster due to their high surface reactivity,
are anticipated to show stronger antibacterial activity than their micrometer counterparts [104].
The Ca content in bioactive glasses may play a role in the inhibition mechanism. Bioactive glasses
of higher Ca content present a higher antibacterial action [139,140] (i.e., 58S with 33 mol.% of
CaO was more antibacterial than 63S with a 28 mol.% CaO). Mortazavi et al.[141] attributed this
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antibacterial effect to a synergy between calcium and the hostile alkaline pH level. Although the
pH value has been the main suspect for the antibacterial behavior of bioactive glasses, Gubler et
al. [142] demonstrated that a mere pH raise was insufficient for proper antibacterial behavior and
instead suggested an osmotic effect caused by the surrounding alkaline environment, as the leading
antibacterial source. Regardless of which of these two was the dominant antibacterial mechanism,
such remarkable changes in the media osmolarity and pH values may challenge eukaryotic cell
survival [143]. Therefore, recent research has prioritized bioactive glasses formulations that

maintain a neutral pH, even at the expense of losing antibacterial action.

Surprisingly, although a vast number of antibacterial mechanisms have been reported for other
inorganic materials like heavy metal ions (e.g., cell-wall damage, disruption of protein synthesis,
DNA condensation, inhibition of respiratory enzymes, or the production of reactive oxygen species
(RONS)) [144,145], only the increase of pH and osmotic effect have been associated to bioactive
glasses to date. This dissertation aims to provide new insights on the mechanisms that lead to
bacterial destruction and elucidate the interactions between bioactive glass-ceramic particles and

pathogens under different conditions.
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2.4. Silver-doped bioactive glass particles

One of the major risks in using implants is the adherence and colonization of the surface by bacteria
compromising the interaction between material and tissue, causing implant failure due to sepsis
[146]. The use of heavy metal ions (e.g., silver, copper, zinc) against drug-resistant bacteria is a
promising approach for efficacious treatment of infections since they have been demonstrated as
a potent antibacterial agent [147—153]. However, the release of heavy metal ions in the body raises
a general toxicity concern that prevents systematic use. It is well known that silver ions (Ag") act
as broad-spectrum biocides against different Gram-negative and Gram-positive bacteria, including
resistant strains. Over the past decades, research has been performed to understand various
mechanisms by which Ag" causes bacteria death [147,153]. Due to this effect on bacteria, concerns
about cytotoxic behavior frequently arise, and release in the human body raises a general toxicity
concern that prevents systematic use [154]. The addition of Ag in bioactive glass structures confers

long-lasting antibacterial properties while maintaining the intrinsic bioactive characteristics.

A wide range of Ag-doped silica glasses have been developed by sol-gel methods leading to multi-
functional materials suitable for tissue engineering [129,141,155-162]. The incorporation of Ag
may occur at the solution stage of the sol-gel or via ion-exchange in post-modification processes
[130]. The synthesis approach determines the status of Ag within the structure. For example, the
incorporation of Ag" during the sol-gel may cause its rapid oxidation and, consequently, reduce
its antibacterial properties. While Ag" ions may be trapped within the bioactive glass by ion-
exchange processes, their interaction with the structure may be weaker, leading to its
uncontrollable release. In this dissertation, the Ag-doped bioactive glass formulation presented by
Chatzistavrou et al. [163] (referred to as Ag-BG) was investigated in terms of bioactive and

antibacterial properties. Chatzistavrou et al. [163] reported an optimized method for doping
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bioactive glass microparticles in which Ag" ions were trapped by electrostatic attraction with
[ALO4] tetrahedra. The incorporation of Ag" did not affect the material's degradation, which
showed a similar profile for the release of ionic species in the bioactive glasses devoid of Ag
(Figure 6). The release of Si and Ca increased with soaking time while P was delivered at a steady
dose for up to a month. The released concentration of Ag" remained stable at 0.7 ppm after 8 days
of immersion, which is within the therapeutic window of 0.1 ppm — 1.6 ppm that delimit the
minimum concentration for antibacterial effect and the maximum tolerated by mammalian cells,
respectively. Therefore, this system is predicted to hold potential antibacterial action while
preserving the bioactive properties of the structure. Based on the results obtained in dental tissues
[15,163], this Ag-doped bioactive glass system is predicted to behave similarly in bone tissue.
However, the capability to support in vivo bone regeneration is yet to be demonstrated and will be
addressed in this dissertation. Such study would also fill an important gap in the literature since
very few works on bioactive glasses doped with heavy metals have studied their properties in vivo

[130,131].
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Figure 6: lon release profile of the Ag-BG microparticles developed by Chatzistavrou et al.,
reproduced from [163].

2.4.1. Effect of silver incorporation on the structure and properties of bioactive glasses

The structure of the bioactive glass is determined by the role of each cation within the network.
Ag is a known network modifier; however, its effect on the structure would depend on the overall
composition of the glass [164]. For instance, when Ag is introduced at the expense of a network
former, the network connectivity will increase, whereas introducing Ag at the expense of another

network modified of higher valency will increase the network connectivity.

The incorporation of high amounts of Ag may lead to the precipitation of metallic silver and

tricalcium phosphate crystals within the glass [165-167]. The presence of these precipitates

32



decreases network connectivity by disturbing the continuity of the network. The presence of silver
has also been associated with a viscosity reduction, decreasing the total pore volume while

broadening the pore size distribution [168].

Several studies have shown that silver doping does not affect the in vitro bioactivity of the glass
nor the formation of the HCA layer. However, the interaction of Ag" ions with the salts from the
medium may cause the additional deposition of AgCl crystals [156]. There would be a competition
between the deposition of AgCl and HCA, where higher Ag content will tend to favor the former
[160,169]. Additionally, Ag" ions may bind to the PO4 ionic species in solution, forming silver
phosphate nanoclusters that act as nucleation sites for ACP. Interestingly, the release of Ag™ ion
can also facilitate the early supersaturation of the medium, decreasing the critical concentration of

other ionic species for HCA deposition [156].

2.4.2. Synergistic combination with antibiotics

As indicated by their name, combinatorial therapies consist of treating an infection with two or
more antibacterial agents. The purpose of applying multiple components is to increase the
effectiveness of the treatment by reaching multiple bacterial targets. Synergy occurs when the
combination of multiple components amplifies the effect each of them has independently and
allows the reduction of each agent’s dose to achieve an equivalent antibacterial effect. One of the
most potent effects of synergistic combinations is the potential to restore the effectiveness of old
antibiotics against bacteria that have previously developed resistance against them [170]. This
approach allows the recycling of antibiotics that had been discarded due to antibiotic resistance.

In the last 20 years, there has been increased attention to this approach, especially when the
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antibiotics are combined with inorganic materials (Figure 7), where material science has been key

for the engineering of metallic and ceramic structures with antibacterial properties.
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Figure 7: 20-year evolution of research work in the resurrection of antibiotics by combinatorial
therapies with drugs, organic compounds, and inorganic compounds.

Although most of the research has been performed in combinatorial therapies with heavy metals
[171-174] or metal oxides [ 175—180] owed to their broad antimicrobial effect, the restorative effect
has also been observed in some ceramic structures such mesoporous silica nanoparticles [181] and
calcium-phosphates [182,183]. This restorative property has not been reported for bioactive
glasses. Therefore, this dissertation will prioritize investigating the antibacterial properties of

bioactive glass particles combined with ineffective antibiotics to target multi-resistant pathogens.
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2.5. Fabrication of bioactive glass/polymer nanocomposites: injectable devices

Bioactive glass/polymer composites have been presented as a new family of materials for tissue
engineering [184,185]. The combination of bioactive glass particles and biodegradable polymers
can eliminate their individual disadvantages and exhibit properties that are more than the sum of

their parts [184,186,187].

The size of the filler particles is a critical parameter that affects the homogeneity and stability of
the composite, due to molecular interactions [188]. Monodispersed BGNs are usually preferable
since their small size facilitates a better integration in the matrix [23,184]. Additionally,
nanoparticles induce nanostructure features on the final scaffold that mimic the structure of natural
bone. For instance, the hierarchical architecture of bone presents nano-scaled HA crystallites in a
collagen-based matrix [23]. The polymer matrix selection must also attend to biocompatibility
requirements and ideally present composition and structure that is attractive for cellular responses.
For example, natural-based materials such as chitosan or silk have been successfully used as
matrices to prepare nanocomposites [189,190]. Natural-based hydrogels (i.e., collagen and
extracellular matrix) are polymeric materials characterized by their high water-uptake capacity
[191,192]. Their structure can resemble a 3D extracellular matrix network found in tissues [10],
enabling cell attachment and nurture through species' transport across the pores [193—-195].
Hydrogels can be conveniently shaped or structure into various geometries, making them ideal
candidates for injectable applications. However, they lack mechanical stability and consistency
across different batches [191,196,197]. The clinical use of injectable composites lies in the
minimal invasive administration that eliminates the need for an operation [198,199]. The
composite is injected into the area of interest, filling the damaged site rapidly where it polymerizes,

providing a 3D network to support tissue regeneration [200]. On this basis, natural-based hydrogels
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were selected as dispersing matrices for the developed Ag-BGNs to design a straight-forward

injectable device for infected bone defects.

The development of bioactive glass/polymer nanocomposites must consider the size and amount
of filler, as it certainly influences the rheological properties of the system. The addition of BGNs
to the hydrogel solution can lead to two scenarios: nanoparticles are dispersed but do not interact
with the matrix or chemically bond to the polymeric chains. The nanocomposite's structural
properties are influenced by these interactions, affecting the degree of crosslinking of the polymer

[201].

The amount of filler may also alter the polymer's hydrophilicity, increasing its degradability [202].
For instance, it is possible to observe nanoparticle aggregation within the matrix, resulting in
mechanical stability deterioration [23]. The poor cross-linking of the matrices due to excessive
filler may cause liquid-solid phase-separation and, consequently, the unintentional distribution of
the implant outside the defect [200,203]. Wang et al. [204] showed that when the BGNs
concentration is optimum, the polymeric network became more ordered and channel pores
preferentially aligned, and several other studies are congruent with the stiffening effect of particle
incorporation in polymers [205]. Therefore, it is imperative to address the nanoparticles'
monodispersity to ensure it is maintained during the nanocomposite processing. The degradation
profiles of the organic and inorganic phases are probably the most important consideration in
injectable nanocomposites for medical applications. The degradation of both materials should
coincide at comparable rates to maintain the structural and mechanical integrities [23,201]. The
release of ions from the BGN degradation can have a significant influence on the polymeric
material. Nguyen et al. [206] reported that the released Ca*" ions could be incorporated into the

polymeric network reinforcing its structure and resistance to degradation. Other work described
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the decelerated acidic degradation of the polymer due to local pH rise [207]. These observations
suggest the degradation rate of the nanocomposite may be modulated by varying the glass/polymer
ratio. Understanding the interaction between BGNs and hydrogel is key for an optimized design.
In this thesis, the design and synthesis of nanocomposites were addressed to provide a proof-of-
concept in the capabilities of the system. The in-depth characterization of the polymer-glass

interaction was beyond the scope of this work.

2.6. Conclusions and research objectives

The capabilities of bioactive glasses in tissue regeneration have been extensively demonstrated in
the literature. There is an increasing interest in multi-functional systems that sum new properties
to biological behavior. Bioactive glasses have been studied for antimicrobial applications focusing
on the outcomes without supplying information about the inhibition mechanism. Doping the
bioactive glass with Ag" can boost the antibacterial properties. Ag-doped bioactive glasses have
also shown encouraging in vitro results. However, the current research lacks evidence regarding
its ability to support in vivo regeneration. The presence of Ag can also be exploited for the
restoration of antibiotics. Nonetheless, this functionality in bioactive glasses is yet to be explored.
Finally, nanotechnology has attracted attention to advance the biological and antibacterial behavior
of bioactive glasses. The Stober method, routinely applied for silica nanoparticle synthesis, has
been adapted for BGNs synthesis, complicating the fabrication process without providing any clear
improvement. The major challenge in Stober-like methods is, without a doubt, the incorporation
of metallic ions in monodispersed < 100 nm size BGNs. Acknowledging these research gaps, this

project is founded on the following research objectives:
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Aim 1: Evaluate the functionalities of Ag-BG microparticles in osteoprogenitor cells.

e Challenge: Control the Ag-BG degradation to support cell behaviors without adverse effects due
to Ag" ions release.

e Approach: Study the degradation profile and Ag-BG interaction with fibroblasts in vitro to
understand the effect of Ag-BG treatment on cell viability, proliferation, and differentiation. The
regenerative potential will be investigated by filling critical calvaria defects in small animals.

e Expected outcome: Based on previous studies for odontology, Ag-BG is not expected to cause

cytotoxicity but instead promote tissue re-growth to heal the defect.

Aim 2: Investigate the potential of Ag-BG to combat resistant pathogens like Methicillin-Resistant

Staphylococcus aureus (MRSA).

¢ Challenge: Develop a system able to debilitate or even eradicate an infection while reducing the
risk of resistance development. Such a system must also maintain a robust bioactive behavior.

e Approach: Identify the minimum dosage required for inhibition and explore the bacteria-material
interaction under different conditions to elucidate the inhibition mechanisms.

e Expected outcome: Based on the antibacterial activity against oral bacteria, Ag-BG is expected
to cause inhibition of MRSA. The mechanisms of inhibition are anticipated from the degradation

products of the bioactive structure, as they have been key for all the other functionalities.

Aim 3: Study the capability of Ag-BG to restore the action of antibiotics against antibiotic-resistant

bacteria.

e Challenge: Determine the type of ineffective antibiotics that can be recycled, recovering their

effectiveness, by combination with Ag-BG and optimize the Ag-BG: antibiotic ratio.
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e Approach: The Ag-BG microparticles will be combined with antibiotics that MRSA resists or
tolerates at high concentrations to evaluate how their different inhibition mechanisms can
synergize. Additionally, Ag-BG will be used as an antibiotic depot, loading one of the previously
characterized antibiotics to expand the synergistic capability to single-unit treatment.

e Expected outcome: Previous works have suggested the synergism between bioactive glasses and
antibiotics. However, this would be the first time a bioactive glass system is used to restore
antibiotics. The use of Ag-BG as an antibiotic carrier is anticipated to provide controlled delivery

of substances for long-term antibacterial action.

Aim 4: Advance the biological and antibacterial capabilities of Ag-BG microparticles by down-

scaling the system to nano-sized (i.e., Ag-BGNs).

e Challenge: Incorporate multi-fold metallic ions at the desired concentration in BGNs through
simplified Stober-like methodologies.

e Approach: Ternary system BGNs will be developed, optimizing the incorporation of P and Ca
within the structure by performing a comprehensive study of the synthesis parameters. Then, the
method will be modified to develop Ag-BGNs, which biological and antibacterial properties will
be addressed and compared to the micrometer counterpart.

e Expected outcome: The incorporation of metallic ions is expected to challenge the control over
particle size and dispersity as higher concentrations are attempted. The Ag-BGNs are anticipated

to degrade faster due to the surface reactivity providing an earlier therapeutic response.

39



Aim S5: Explore a possible clinical delivery mechanism for Ag-BGNs employing injectable

nanocomposites to develop a minimally invasive treatment for bone defects.

e Challenge: The homogeneous distribution of Ag-BGNs, which tend to aggregate to reduce their
surface energy without disturbing the polymerization of the matrix.

e Approach: Nanocomposites will be synthesized using natural-hydrogel matrices. The effect of
Ag-BGNs in the polymerization will be addressed by incorporating different concentrations, and
the biological and antibacterial properties will be evaluated to understand the changes in the
release of degradation products.

e Expected outcome: Ag-BGNs are anticipated to monodisperse in the matrix as it limits
nanoparticle mobility. Considering the high-water capacity of the hydrogels, a densified solid
nanocomposite is not expected even at low Ag-BGNs concentrations. The presence of the

polymer is hypothesized to delay the biological and antibacterial action of the system.
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3. EXPERIMENTAL METHODS AND TECHNIQUES

3.1. Development of Ag-doped bioactive glasses

3.1.1. Materials for bioactive glass synthesis

The synthesis of the various bioactive glasses was performed with a combination of the following
reagents, as specified in their respective synthesis protocols (section 3.1.2 and 3.1.3): analytical
grade tetraethyl orthosilicate (TEOS), triethyl phosphate (TEP), calcium nitrate tetrahydrate
(CaNT), aluminum nitrate nonahydrate (AINT), silver nitrate (AgNT), potassium nitrate (KNT)
and sodium nitrate (NaNT). The solvents used were distilled water, 2N nitric acid (HNO3), ethanol
200 proof, methanol, and 28% ammonium hydroxide (NH3OH). All reagents were purchased from
Millipore Sigma in the United States and used as received without further purification. The reagent
dissolution process was carried out under a fume hood using Teflon beakers and magnetic stirring.
The beaker mouth was covered with two layers of aluminum foil and parafilm to prevent solvent

evaporation, contamination, and cross-reactions with the environment.

3.1.2. Sol-gel synthesis of bioactive glass microparticles

Ag-free bioactive glass (BG) with a composition of SiOz 58.6—-CaO 24.9—P>0s 7.2-AlL03 4.2—
Nay0 2.1-K>0 3 (wt.%) and Ag-BG with a concentration of SiO; 58.6-CaO 24.9-P,05 7.2-A1,03
4.2-NaxO 1.5-K>0 1.5-Ag>0 2.1 (wt.%) were synthesized in the form of microparticles. The sol-
gel technique was acid-catalyzed utilizing 2N HNO3 and distilled water as solvents. The
fabrication protocol consisted of the combination of the solution stage of a 70 (vol.%) of a 58S
bioactive glass (S102 58 —CaO 33-P>05 9 (wt.%)) with 30 (vol.%) of another sol-gel glass-ceramic

with a composition of Si0; 60 —CaO 6—P>0s5 3—A1,03 14-Na,O 7-K>0 10 (wt.%) or SiO; 60 —
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Ca0O 6-P20s5 3—Al,03; 14-Na;0 5-K;0 5 AgO 7 (wt.%), for BG and Ag-BG, respectively, as
previously described elsewhere [16]. After combination, the solution was homogenized at 400 rpm
before a heat treatment, which consisted of several stages. First, drying the solution at 60 °C for
65 h, and 90 °C for 10 h, and then, aging at 180 °C for 20 h increasing the temperature with a
heating rate of 5 °C/min. Second, stabilization took place in three steps: (1) at 400 °C by increasing
the temperature with a heating rate of 0.3 °C/min, (2) at 600 °C with a heating rate of 0.2 °C/min
for 10 h, and (3) at 700 °C with a heating rate of 0.4 °C/min for 20h. Finally, the material was
cooled down to 25 °C with a cooling rate of 5 °C/min. The resulting material was dried ball-milled
in a jar using zirconia balls with a 3:1 mass ratio of zirconia balls: bioactive glass for 2 days, and
sieved with a mesh size of 20 um. Both Ag-BG and BG were collected in powder form with a
particle size < 20 um and stored in a desiccator to prevent oxidation. The structural and
morphological characterization of these BG and Ag-BG microparticles has been previously
reported by Chatzistavrou et al. [16,163]. The highlight of their findings can be found in section

2.4.

3.1.3. Modified Stober methods for bioactive glass nanoparticles

BGNs with a nominal composition of SiO; 62 -CaO 34.5 -P>0s 3.2 (mol. %) were prepared using
one-step catalysis in basic pH. The synthesis protocols are illustrated in Figure 8. Two solutions
were initially prepared. Solution A contained 41.6 mL of solvent, 5.55 mL of TEOS, and 0.5 mL
of TEP and was stirred for X; amount of time. The optimization of the stirring time X, required
for incorporating P ions in BGN, is presented in Figure S1 (Appendix A). Solution B was used to
catalyze the reaction and was prepared with differe nt concentrations of ethanol, NH3OH, and

distilled water to evaluate their effect on the final product. The ratios of the reagent concentrations
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(in molarity, M) in Solution B are summarized in Table 2. All processes were performed at room

temperature under vigorous agitation (~ 500 rpm).
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Figure 8: Layout of the modified Stober methods for the synthesis of ternary system BGNSs.

Method 1 (M1) has been previously reported by Zheng et al. [74] and is utilized here as a
reference. Briefly, Solution B was poured into Solution A and stirred for 30 min to trigger particle
nucleation before adding 3.14 g of CaNT. The solution was homogenized for 2 h before collecting
the BGN. The effect of the solvent type was also investigated by using ethanol (M1-P1 as described
by the Zheng et al. [74] protocol) or methanol (M1-P2) as an alternative solvent in Solution A. On
the contrary, Method 2 (M2) studies the effect of changing the order in which CaNT is added to
Solution A. In this case, methanol was used as the solvent because of the advances shown in M1-
P2. The 3.14 g of CaNT was directly added to Solution A, which was then stirred for X>. Particle
collection occurred once Solution B was added and stirred for 24 h. The effect of the stirring time

after catalysis (X3) on particle composition and size for M1 protocols was not evaluated in this
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project as other research groups have extendedly explored it. However, the effect of X3 on particle
size and composition was studied for the novel M2 protocols, and is reported in Figure S2

(Appendix A), using M2-P1 as representative approach.

The fabrication of Ag-BGNs in the system SiO; 59.6-CaO 25.5-P>0Os 5.1-A1,03 7.2 - Ag>O 2.2
(wt.%) was carried out, modifying the M2-P1 approach detailed above since it allowed the most
control in terms of particle size and size distribution. After the preparation of Solution A, AINT
was added to form [AlbO4] tetrahedra. Then, AgNT was pulverized and introduced in solution to
electrostatically bond Ag” ions with [Al,04] tetrahedra to trap Ag" within the nanoparticles.
Lastly, CaNT was added to minimize the interaction of Ca?" with [Al,O4] tetrahedra, and
therefore, ensure enough [Al204] units were available to accommodate Ag'. A stirring time of 24
h was allowed in between the addition of each of the three nitrates. Finally, and following M2-P1,

Solution B was incorporated to trigger particle nucleation for 24 h.
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Table 2: Synthesis parameter of M1 and M2 ternary-BGNs synthesis protocols, including the type
of solvents and their concentrations and stirring times. Green shading with bold fonts indicates the
key differences in the protocols.

M2-P1 and

Protocol M1-P1 M1-P2 Ag-BGNs M2-P2A M2-P2B M2-P2C
Solvent Type Ethanol Methanol Methanol Methanol Methanol Methanol
(in Solution A)
H,O (M)
(in Solution B) 12.7 12.7 12.7 7.3 7.3 7.3
Ratio of
H>O (in Solution B) / 55.9 55.9 55.9 32.2 32.2 32.2
TEOS (in Solution A)
Ratio of
NH4OH (in Solution
B) / TEOS (in Solution 5.3 5.3 5.3 5.3 5.3 5.3
A)
Ratio of
H,O/Ethanol 1.1 1.1 1.1 0.56 0.56 0.56
(in Solution B)
Stirring X; (h) 24 24 24 24 48 24
Stirring X (h) 0.5 0.5 24 24 24 48
Stirring X3 (h) 2 2 24 24 24 24

After stirring time X3, all particles were collected by centrifuging at 3000 rpm for 3 min and then,
dried at 60 °C for 6 h, calcinated at 700 °C for 2 h with a heating rate of 2 °C/min, and cooled
down to room temperature at a cooling rate of 5 °C/min. The powder obtained was pulverized and
washed with ethanol twice to remove calcium-rich areas [72] and air-dried before characterization.

The resulting powder was stored in a desiccator.

3.2. Characterization of particle structure and surface features

3.2.1. Scanning electron microscopy and energy dispersive spectroscopy

A scanning electron microscope (SEM) produces an image by focusing an electron beam with

voltages in the range of 5 — 30 keV at the surface of a solid specimen with spatial resolution ~ 4
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nm [208]. This beam passes through a series of electromagnetic lenses that allow the user to focus
on the desired area of study. The inelastic interaction between the beam and the surface of the
specimen causes the emission of various signals like the secondary electron, backscattered
electrons, and x-rays, among others, that reveal information of morphology, topography,
crystalline structure, and chemical composition. The specimen's morphology and topography can
be examined with the secondary electrons that escape from the top 5-50 nm thickness of the
sample. To obtain the most information on the surface, SEMs are operated at voltages in the range
of 3-10 keV. The elemental distribution and chemical composition are obtained from the emitted
x-rays, which can come from up to microns in depth from the specimen surface. The energy of
these x-rays is specific for each atom, allowing their identification. SEMs can come equipped with
energy-dispersive spectroscopy (EDS) detectors capable of collecting these x-rays energy. The
sensitivity of EDS (~ 130 eV) is its more significant limitation compared to other elemental
analysis techniques since it challenges the identification of some elements due to overlapping of
their energy spectra and their detection for concentrations below 0.1 (wt. %) [209]. The beam is
set-up with higher voltage (15-30 keV) and lower beam currents (bigger spot sizes) to maximize
the EDS signal. Castaing’s formula (Equation 4) can be used to calculate the analytical area (zm)

in EDS [210]:
1.7 1y A ;
Zm = 0.033 (Ey’ — EZ )pZ Equation 4

where Ey is the accelerating voltage (kV), Ec is the minimum emission voltage (keV), A is the

atomic mass, p is the density (kg/m®), and Z is the atomic number.

The morphological, topographical, and elemental analysis of the bioactive glass particles was

performed in a JEOL 7500 SEM equipped with an Oxford EDS system. The specimens were
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prepared by spreading the pulverized powder in carbon tape mounted on aluminum-based stubs.
A metallization process with either Pt or Os (30 s or 5 s, respectively) was performed on all SEM
samples to avoid electron changing due to the glass's insulating nature. The SEM was operated at
5 keV for imaging. EDS was used as a semi-quantitative tool to assess the composition of the
particles, and therefore, verify the incorporation of metallic cations. The elemental analysis was
performed at 15 keV and 10 kX magnification, in agreement with the Scientific Working Group
for Materials Analysis guidelines for the elemental analysis of glass. Additionally, the selected
voltage for EDS provides an analytical area, based on Equation 4, of around 4 um (considering p
~ 2.7 kg/m®, which is enough to obtain a representative spectrum of the particles’ bulk

composition.

3.2.2. Transmission electron microscopy

The transmission electron microscope (TEM) forms a projected image of the sample by collecting
the electrons that passed through it. In TEM, the electron beam is operated at higher voltages than
SEM, usually in the range of 100-300 keV, which yields a spatial resolution of ~ 0.2 nm [211].
The electron beam must be able to penetrate the specimen to produce an image, and therefore, only
ultra-thin samples (< 100 nm) can be observed. After penetrating the specimen, part of the beam
is transmitted (following its original path) or scattered. Both transmitted and scattered signals

travel through electromagnetic lenses to provide different information from the specimen.

On one hand, bright field images are formed with the transmitted beam, showing a dark specimen
in a bright background. The contrast observed arises mainly from mass-thickness variations. On
the other hand, the dark field image uses diffracted beams, resulting in the specimen appearing

bright, where the different contrast indicates changes in the diffraction angle. Scattered electrons
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are collected on a single point when they travel through the lenses (i.e., back focal plane of the
objective lens), which can be utilized to form the image of the selected area diffraction (SAD)
pattern. If the specimen area is crystalline, the pattern shows sharp spots or defined rings, whereas
if the area is amorphous, the pattern is formed by diffuse rings. The interplanar spacings can be
determined from the distance between the transmitted beam and diffracted spot/ring in the SAD
pattern by following the mathematical approximation of Bragg’s Law (Equation 5) for TEM-SAD
(Equation 6)[212]. Phase identification is possible by comparing the calculated interplanar

spacings with those recorded in the Inorganic Crystal Structure Database (ICSD).

nA = 2d sin 0 Equation 5
AL
d = = Equation 6

where d is the interplanar spacing between crystal planes, A is the wavelength of the energy source
used, n is the order of the spectrum, L is the camera length, 6 is the angle of incidence, and R is

the distance between the diffraction spot and the transmitted beam.

Particle size, shape, and dispersity were investigated in a JEOL 1400 Flash TEM operated at 100-
120 keV. The structure was also characterized by the SAD patterns collected. The specimens were

prepared by either of the following routes:

* Dispersion in medium: 10 pL of 1 mg/mL particles in ethanol dispersion were
pipetted on the surface of carbon-coated copper grids 200 mesh.

= Dispersion in resin: ~ 0.5 mg of particles were dispersed in 200 puL of Spurr resin
(EM0300, Electron Microscopy Sciences) and then solidified in a block-mold at 60

°C overnight. The block was trimmed and sectioned using an RMC MYX
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ultramicrotome (Leica), collecting sections of 70 - 100 nm thickness in copper grids

200 mesh.

3.2.2.1. Imaging analysis of particle size

Particle size and size distribution were determined using ImageJ (NIH, USA). The images were
processed to binary conversion (Figure 9) and then analyzed with the software. TEM images of
magnifications between 10-20 kX were processed to collect the nanoparticles' representative

measurement. The sizes reported resulted from measuring at least 300 particles per sample.

~ S . S g 8" 100 nm

Figure 9: TEM image transformation from original (a) to binary (b) for particle size measurement

3.2.3. Dynamic light scattering and zeta-potential

Dynamic light scattering (DLS) is a well-established technique for measuring the size and size
distribution of particles dispersed in a liquid. A monochromatic laser beam (argon laser source, A=
6330 A) incidences a suspension and gets scattered when it reaches a particle due to the Brownian
motion, defined as the random movement of particles in a solvent [213]. The angle of scattering

varies with particle size according to the Stokes-Einstein relationship [214], which enables the
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system to categorize particles based on their dimensions and provide a distribution of their sizes.
Highly diluted particle solutions are required to minimize particle aggregation and, therefore,
obtain reliable data. The temperature also needs to remain stable during the measurement since it

will affect the Brownian motion.

The zeta-potential is used to estimate the surface charge of nanoparticles and determine the
stability of the nanoparticle suspension using an electrophoresis method. Particles in suspension
attract ions forming a charged Stern layer around their surface [215]. The zeta-potential takes the
charge difference between the dispersion medium and this Stern layer by applying an electric field
through the suspension to induce particles' movement. The zeta potential values above +25 mV or
below -25 mV usually present higher colloidal stability, whereas values between -25 and +25 mV
typically lead to aggregation due to van der Walls interparticle attraction [216]. The most critical

factors for zeta-potential measurement are the pH and temperature of the medium.

Dispersions of particles with a concentration of 1 mg/mL in milli-Q water (pH 7.0 at 25 °C) were
ultrasonicated for 10 min before their analysis in a DLS system equipped with a lased Doppler
(Zetasizer- nano series, Malvern Instruments Ltd). These measurements, performed in
collaboration with Dr. Xuefei Huang’s group from the Department of Chemistry at MSU, were
carried out at an angle perpendicular to the incident laser. The data were collected with 3 min

scans.

3.2.4. Fourier transform infrared spectroscopy

Fourier transforms infrared (FT-IR) spectroscopy is used to identify organic and inorganic
compounds in the sample. In this technique, infrared radiation (10000 — 100 cm™") is used to excite

the covalent bonds with a dipole moment within the material. The radiation absorbed by the
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specimen is converted to vibrational energy (in wavenumber units), the fingerprint of every

molecule. The resultant spectrum is usually recorded from 4000 — 400 cm’!.

In this project, a Jasco FT-IR—4600 was used to evaluate the chemical bonds forming the particles'
glass structure at different stages. The specimens were prepared by fine pulverization of powder
before evaluation in attenuated total reflectance (ATR) mode in the range of 2000 — 400 cm™' with

a resolution of 1 em™.

3.2.5. X-ray diffraction

X-ray diffraction (XRD) is a non-destructive technique used to characterize the structure of a
material providing information of its nature (crystalline or amorphous), phases, texture, and grain
size [217]. A monochromatic x-ray beam (usually from Cu Ka source, A= 1.5406 A) hits the
specimen, creating constructive interferences when the x-rays scatter at specific angles according
to Bragg’s Law (Equation 5) [212]. The XRD pattern is characteristic of the periodic atomic
arrangement in each material, and therefore, can be used for phase identification by comparison

with tabulated standards in the ICSD.

The particles' crystalline-amorphous structure was characterized using a Rigaku Smartlab XRD
System in Bragg-Brentano mode, operated at 40 kV and 44 mA. The diffraction patterns were
collected from 15 < 20 < 90 ° with a resolution of 0.1 °20. The background was fitted using an
exponential function, and the peak positions were re-defined using shift axial displacement to
correct errors. The specimens were prepared by spreading an even layer of fine pulverized particles

in a glass holder.
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3.2.6. Solid-state nuclear magnetic resonance

Solid-state magic-angle spinning nuclear magnetic resonance (MAS-NMR) holds value in
studying the environments of specific nuclei and is used in Materials Science to determine the
chemical structure of certain materials. NMR operates under the principle of nuclei’s magnetic
properties. When an external magnetic field is applied in specific pulses of radiofrequency to the
sample, the nuclei get excited, and their spins shift away from equilibrium, therefore varying their
magnetic orientation [218]. When the spins return to equilibrium, the excess energy released
induces currents at specific resonant frequencies. The precise frequency is correlated to the nucleus
electron shielding and can give information about its local environment. For example, in the case
of silica-based glasses, NMR enables identifying the coordination number of the tetrahedra (i.e.,

Q*% Q’, etc. units).

In this project, the coordination of silicon and aluminum was evaluated with a Varian Infinity-Plus
400 MAS-NMR. Samples were spun in a 5-6 mm probe at 4-5 kHz for a spectrometer frequency
set to 79.49 MHz for 2°Si and 104.16 MHz for ?’Al. All spectra were collected by the Max T.
Rogers NMR facility staff at MSU, using a proton enhanced cross-polarization (CP) method with
a pulse length of 1 ms and 4 ms for 2°Si and 2’Al, respectively. Recycle delay between successive

accumulations was 0.2 s — 100 s, and the total number of scans was 17,000 for all spectra.

The network connectivity (NC) was estimated from the Q" speciation (%) obtained by peak
Gaussian peak deconvolution of the NMS spectrum. The experimental NC was obtained from the
Q" ratio (Equation 7). The NC was also calculated from theoretical models (Equation 8) based
on the composition of BGN in (mol.%) detected by SEM-EDS and considering the role of each

ion in the network. As mentioned before, ions can form BO acting as network formers or create
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NBO modifying the network. For example, Si and Ca act as a network former and a network
modifier, respectively. Phosphorous can appear as orthophosphate (Q°) and forming Si-O-P
bridges (Q'). Orthophosphates are associated with an increase in silicate polymerization and,
therefore, act as network formers [37], whereas Si—O—P bridges decrease the network connectivity
of the glass modifying the network [38]. Because of the low level of P in the synthesized BGNs
(62 Si/3 P) and its preferable chemical bonding to form orthophosphate units, the overall effect of
Si—O—P bridges in the presented BGN system would be minimum. Thus, the theoretical model
based on Equation 8 assumed that P was present only as orthophosphate, neglecting the small
percentage of phosphorous in Si—O—P bridges [219-225]. Although it is beyond the scope of this
project, note that a more exact approximation of the theoretical model would require *'P MAS-
NMR studies to determine the distribution of P in orthophosphate and Si-O-P bridges.
Q*  Qf+ Q%

Experimental NC = E = T Equation 7

BO — NBO _ 4[Si0,] — 2[Ca0] + 6[P,05]

Theoretical NC = _
eoretica bridges [Si0,]

Equation 8

The coordination of aluminum in Al'Y, A1Y: or A1V species was used to determine the status of Ag

in Ag-BGNs.

3.2.7. Nitrogen adsorption/desorption

N2 adsorption-desorption is a routine method to obtain information about surface area, porosity,
and pore size distributions in samples using the Brunauer-Emmet-Teller (BET) method [226].
Briefly, the process consists of filling the pores of the sample with liquid N>. When the pressure is

increased, N> condenses, changing the overall total volume. The volume of gas adsorbed to the
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surface is calculated at various pressures, giving an isotherm curve characteristic of specific
porosity, pore size, shape, etc. These different isotherms have been classified in the International

Union of Pure and Applied Chemistry (IUPAC) database, a tabulated reference for data analysis.

The isotherms of the M2-P1 BGNs were collected by Dr. Calabrese-Barton’s group at MSU,
operating an ASAP 2020 Micrometrics machine at 77 K. The fine powder was outgassed for 16 h
at 200 °C under high vacuum. The total pore volume was estimated from the adsorbed amount of

N> at a relative pressure of 0.995.

3.2.8. Ultraviolet and visible light spectroscopy

UV-Vis light spectroscopy measures the light absorption at different wavelengths in the spectrum
to determine the relationship of conjugation to color. The appearance of several absorption peaks
or shoulders at different wavelengths gives information of highly conjugated systems (i.e., single,

double, etc. bonds). Therefore, it can be used to identify the status of specific elements.

In addition, when the light beam passes through a liquid sample, its intensity gets attenuated. This
attenuation can be related to the solution's concentration as described by Beer-Lambert’s law
[227]. Thereby, the solution's concentration can be calculated by measuring its absorbance or

optical density (OD).

The solid-state UV-Vis spectrum of Ag-BGNs was collected with a Lambda900 spectrometer from

350-600 nm with a resolution of 1 nm to determine the chemical status of Ag in the structure.
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3.3. Degradation of bioactive glass particles in vitro: bioactive response

3.3.1. Reagents for in vitro degradation analysis

The degradation of the particles was evaluated by their immersion in PBS, Dulbecco’s modified-
Eagle’s medium (DMEM), or SBF. PBS and DMEM pH 7.4 at 37 °C were purchased from Life

Sciences and preserved at 2 °C while SBF was prepared following Kokubo’s recipe [228].

The SBF preparation required sodium chloride (NaCl), sodium hydrogen carbonate (NaHCO3),
potassium chloride (KCl), dipotassium hydrogen phosphate trihydrate (KoHPO4-3H20),
magnesium chloride hexahydrate (MgCly-6H20), calcium chloride (CaCl), sodium sulfate
(Na2SOy4), Tris-hydroxymethyl aminomethane: ((HOCH2);CNHz) (Tris), 0.93 M Hydrochloric
Acid (HCI) and distilled water. The composition of SBF as described by Kokubo ef al. [228] is
presented in Table S1 (Appendix D). All reagents were purchased from Millipore Sigma and used

without further purification.

3.3.2. pH evolution

The immersion of particles in media triggers the ionic release. The resulting alkaline environment
causes fluctuations in the pH that can be a potential hazard for biological applications. Therefore,
particles were pulverized and dispersed in either PBS or DMEM at a 5 mg/mL concentration. The
suspensions were maintained at 37 °C, and the pH was monitored with an Orion Star A210 pH-

meter.
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3.3.3. Apatite-forming ability

The in vitro bioactive behavior of the particles was assessed qualitatively in terms of the apatite-
forming ability with an immersion test in SBF, which reproduces the composition of blood plasma.
Particle suspension (3.33 mg/mL) was placed in an incubator at 37 °C under agitation (175 rpm).
The solution was centrifuged after 3, 7, and 14 days to collect the particles. Ethanol washes were
used to stop the ion-exchange reaction before drying the particles at 37 °C. The presence of the
HCA layer was evaluated with a combination of the following techniques: SEM-EDS, TEM-SAD,

FT-IR, or XRD.

3.4. Characterization of material-cell interaction in vitro.

3.4.1. Experimental conditions and set-up for biological studies

The cell-material interaction was studied with an indirect exposure test, utilizing polycarbonate
transwells with a 0.4 um porous membrane bottom (Millipore Sigma) to hold the particles in 24-

well plates.

The two different cell culture media recipes used in these experiments are listed below:

=  Growth media: a-MEM supplemented with 16% fetal bovine serum, 1% Antibiotic-
Antimycotic (Gibco 15,240,062), and 1% L-glutamine.

= Osteogenic media: ao-MEM supplemented with 8% fetal bovine serum, 1% Antibiotic-
Antimycotic, and 1% L-glutamine, supplemented with 25 pg/mL ascorbic-acid-2-

phosphate, 5 mM beta-glycerophosphate, and 100 nM of dexamethasone.
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All experimental data collected was analyzed in collaboration with Dr. Kurt Hankenson’s group
at the University of Michigan, and the analysis was conducted with the guidance of Dr. Yadav

Wagley.

3.4.2. Sample preparation for biological studies: pre-conditioning of particles

As previously mentioned, the release of ionic species from glass structures can lead to sharp
changes in the pH, hazardous for cells. The pH evolution assessment showed concerning pH values
(i.e., above pH 8.5) in the first 3-4 days of immersion. Therefore, all particles were pre-conditioned
by suspension in DMEM at a 5 mg/mL concentration for 4 days to prevent the cell's exposure
towards the burst ionic release. After pre-conditioning, particles were centrifuged, were with
ethanol, and dried at 60 °C. Then, the powder was disinfected with UV radiation for 2 h before the

experiment.

3.4.3. Cell culture preparation

Primary human bone-marrow-derived stromal cells (hBMSC) were purchased from the Institute
of Regenerative Medicine, Texas A&M University. Frozen vials of cells were thawed and
propagated in growth media (3000 cells/cm?), maintaining the cultures in a humidified 37 °C/5%
CO; incubator. Cells were expanded to 80-90% confluence and were used in passage 4 or 5. The
health and confluence of the cells were monitored with an optical microscope. At the time of
seeding, cells were enzymatically lifted from culture dishes using trypsin and then centrifuged for
5 min at 1200 rpm. The pellet was resuspended in fresh media, and cells were plated at specific
densities (Table 3) by pipetting 0.5 mL/well. Seeding was allowed for 24 h before exposure to
different treatments. The pre-conditioned particles were suspended in 0.5 mL of culture media and

transferred to the transwells (Figure 10).
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Figure 10: Experimental set-up for material-cell interaction assays. The sketch represents the wells
at 0 h of treatment.

Table 3 summarizes the particle treatments studied in this project. The final volume per well was
1 mL of media, which was fully refreshed every other day. The effect of the treatment was

compared to a positive control consisting of cells immersed in culture media (untreated).

Table 3: Experimental groups for the in vitro cellular bioactivity of particles.

Cell proliferation Cell differentiation
Sample Mass Cel‘l Tnpe Mass Cel‘l ane
e density point Assay fire) density point
& (cell/well) (days) & (cell/well)  (days)
25,5, . 5,7.5, ye
Ag-BG 7.5.12.5 3010 2,4,6 MTT 12.5 30-10 10
Ag-BGNs 5,10,20 15-10° 2,4,6 CCK-8 5,10 15-10° 14
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3.4.4. Cell proliferation

Cell metabolic activity and, consequently, cell viability and proliferation were assessed following

colorimetric methods (Millipore Sigma) upon availability (Table 3).

=  MTT assay is a destructive approach to measure cell metabolic activity. At each time point,
500 pL of MTT solution was added to each well and allowed 4 h at 37 °C for its cleavage
to formazan crystal. Then, 500 puL of the solubilizing solution, containing dimethyl
sulfoxide, was added and incubated for 24 h to dissolve the crystal, staining the solution.
The ODs70 of the formazan dye for each tested group was measured using a UV-Vis
spectrometer (section 3.2.8), as it provides a direct correlation to the concentration of cells.
=  WST-8 assay, also known as CCK-8 assay, is a non-destructive approach to measure cell
metabolic activity. At each time point, 100 uL of CCK-8 solution was added to each well
and allowed 3 h at 37 °C for its bioreduction by cellular dehydrogenases to formazan.
Similar to the MTT assay, the ODago of the formazan is correlated to the number of living

cells.

3.4.5. Cell differentiation

Cell differentiation to osteoblasts was evaluated in terms of gene expression and cell

mineralization. Table 3 summarizes the studied groups and the experimental parameters.

3.4.5.1. Gene expression

Gene expression is a dynamic process occurring during the lifespan of a cell to control its function,
which also affects cell morphology. It is controlled by a series of transcription factors encoded in

the DNA that serve as activators or repressors when bound to regulatory elements on genes. The
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expression of osteoblastic genes like bone sialoprotein (BSP), osteocalcin (OCN), Runt-related
transcription factor 2 (RunX?2), osterix (OSX), osteomodulin (OMD), aggrecan (ACAN), collagen
alpha-1(x) (COL10A1I) was evaluated using quantitative reverse transcription-polymerase chain
reaction (QRT-PCR). Cells were maintained in the osteogenic medium as specified in Table 3,
fully refreshed every other day. A high-capacity cDNA Reverse Transcription Kit (Applied
Biosystems) was used to reverse transcribe 300 ng of RNA extracted from cells after exposure to
cDNA in a 20 pL reaction. The cDNA (1 pL) was amplified using Power SYBR® Green PCR
Master Mix and gene-specific primers (Table 4) in a 7500 Fast Real-Time PCR System (Applied
Biosystems) following manufacturer’s instructions. Relative expression ratios were normalized to
the geometric mean of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Then, the gene
expression of the untreated cells was normalized to a value of 1 to compare with the expression in

particle-treated cells.
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Table 4: List of primers used in qRT-PCR for human genes.

Primer Name Direction Sequence (5°-3°)
Sense TGGTATCGTGGAAGGACTCATGAC
GAPDH
Antisense ATGCCAGTGAGCTTCCCGTTCAGC
Sense ACAACACTGGGCTATGGAGA
BSP
Antisense CCTTGTTCGTTTTCATCCAC
Sense CACCGAGACACCATGAGAGC
OCN
Antisense CGGATTGAGCTCACACACCT
Sense GCTTGAGGAGGAAGTTCACTAT
OSX
Antisense GCTTCTTTGTGCCTGCTTTG
Sense TCCAAGAAATTTGGAACACC
OMD
Antisense TGACCATTAGTGCTTCGTTG
Sense ACTCTGGGTTTTCGTGACTCT
ACAN
Antisense ACACTCAGCGAGTTGTCATGG
Sense ATGCTGCCACAAATACCCTTT
Coll0A41
Antisense GGTAGTGGGCCTTTTATGCCT

3.4.5.2. Alizarin red staining

Cell mineralization is a commonly occurring process in osteoblast differentiation, where the cells
produce vast extracellular calcium deposits. Alizarin red staining (ARS) is a destructive technique
used to identify calcium-containing osteocytes since their combined reaction has a bright red stain.
The intensity of this stain is directly proportional to the concentration of calcium minerals in the

cell culture.

The capability of particles to induce cell mineralization was studied under two growth conditions
(growth medium and osteogenic medium) for Ag-BG microparticles and only with osteogenic

medium for Ag-BGNs (Figure 11). The immersion of these types of particles in a medium triggers
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the deposition of calcium-rich phases (i.e., HCA) at their surface, which could interfere with the
reading of calcium from osteocytes. Wells containing only Ag-BG without hBMSC (acellular)
served as a control in the ARS assay to verify cell mineralization. After the desired exposure time,
the transwells were removed, and 500 puL of ARS solution in water (Millipore Sigma) was added
for 30 min to the wells. The monolayers were dissolved using 500 pnL of 10 % acetic acid, and the
ODg4os of the dyed solution was measured with a UV-Vis spectrometer. The OD4os corresponding
to untreated cells was normalized to 100 % to analyze and compare the cell mineralization induced

by particle-treated cells.

Additionally, particles used for cell treatment were collected at the end of the experiment to
analyze the apatite-like phase formation. All particles were washed with ethanol and dried at 60
°C for 2 h before analysis. The morphology and elemental composition, and structural differences
were characterized by SEM-EDS and FT-IR according to the procedures explained in sections

3.2.1 and 3.2.4, respectively.
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CELL MINERALIZATION
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SEM-EDS
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e
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treated cells
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Figure 11: Experimental procedure layout for the evaluation of cell mineralization.

3.4.6. Transmission electron microscopy for cell-containing samples

The internalization of Ag-BGNs after the cell mineralization test for 14 days in the osteogenic
medium was evaluated using TEM and compared to untreated cells. The transwells were removed,
and the cell monolayers were washed twice with water to remove the nanoparticles not engulfed
by the cells. Then, the monolayers were fixed inside the 24-well plate with 4 % paraformaldehyde
in PBS overnight at 2 °C. After fixative removal, the monolayers were washed three times with
PBS for 10 min each. Post-fixation was performed with 1 % of osmium tetroxide in PBS for 30
min following three washes in PBS for 10 min each. Dehydration was performed in series of
ethanol (35, 50, 75, and 100 %) for 5 min each. After dehydration, ethanol was substituted for
propylene oxide, which served as an intermediator between alcohol and resin. The monolayers

were covered with propylene oxide for 15 min, refreshing the solution twice. Then, infiltration was
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performed with a dilution of Poly/Bed®812 resin and propylene oxide (1:1 and 2:1) for 30 min at
room temperature. Embedding in 100% resin was allowed overnight in the fridge keeping the
plate lid opened. The resin was substituted before polymerization at 60 °c overnight. The resin
layers were collected by mechanical separation of the wells from the plate using a hammer and
chisel (Figure 12 a). The walls of the wells were removed with flat pliers. The resulting disks were
immersed in liquid N> for 1 min to separate the resin sample from the culture plate's plastic bottom
(Figure 12 b). The samples were cut with razor blades and glued with epoxy to blank blocks
(Figure 12 c). The fragment was oriented so that the face of the piece previously attached to the
well's bottom is upwards. Finally, sectioning of the blocks across the length (z-direction) was
performed in agreement with section 3.2.2. The 100 nm sections were collected in a 200 mesh Cu-
grid (Figure 12 d) and then positive stained in 2 % uranyl acetate for 5 min and lead citrate for 3

min before observation at 100 kV.

Figure 12: Schematic preparation of resin block for TEM eukaryotic cell sample observation. (a)
Mechanically separated wells. (b) Fragmented resin layers were collected from the wells by
immersion in liquid N2. (c) Final resin block for ultra-thin sectioning sitting on modeling clay.
The drawings are used to identify the location of the cells during the sample preparation. The ultra-
thin sections cut in the z-direction were collected in a 200 mesh Cu grid. Scale bars represent 10
mm (a-c) and 1 mm (d).
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3.5. Characterization of particle-tissue interaction for in vivo bone regeneration

3.5.1. Implant sample preparation

The implant samples consisted of collagen sponges (Pfizer Gelfoam), sectioned to a 3 mm diameter
size, loaded with a slurry of particles suspended in 40 uL PBS or natural extracellular matrix
(ECM) hydrogel (from urinary bladder matrix) [229]. Particles were precondition as described in
3.4.2 and loaded into the sectioned sponges by pipetting the slurry solution before clinical
implantation. As negative controls, the sponges were humidified with the corresponding solvent
(i.e., PBS or ECM). The experimental conditions for each studied group, including final particle
mass implanted and sample size, are summarized in Table 5. All the experimental data collected

were analyzed in collaboration with Dr. Kurt Hankenson’s group at the University of Michigan.

Table 5: Experimental group evaluated for in vivo bone regeneration. Shading indicates different
materials tested, with a darker color for particle-containing samples

Samples Mass (mg) Number of mice Harvest time
Ag-BG/PBS 10.5 5 30
PBS 0 5 30
Ag-BG/ECM 10.5 5 30
ECM 0 5 30
Ag-BGN/PBS 10 8 40
PBS 10 7 40

3.5.2. Surgical procedure and sample harvest

6-month-old mice on a C57B/L6 background were randomly assigned an experimental treatment.

The number of mice per group is presented in Table 5. Mice were anesthetized in isoflurane, and
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defect sites were aseptically prepared. Bilateral 3 mm defects on each mouse's parietal bones were
created using a Mectron Piezosurgery drill with an OT11 osteotomy bit under saline irrigation
[230]. The implants were transferred to each defect (Figure 13) using tweezers and spatula, and
the skin was closed using 3M™ Vetbond™ surgical adhesive (3M Science Applied to Life.™).
After surgery, the mice were injected subcutaneously with a narcotic analgesic consisting of 0.1

mg/kg of buprenorphine hydrochloride every 12 h for the following 48 h.

At the time of harvest, mice were euthanized by CO; asphyxiation followed by cervical dislocation
for the calvaria biopsies. Then, the bone samples were fixed in 4 % paraformaldehyde for 24 h and

rinsed with water before analysis.

All experiments were conducted under the University of Michigan animal care and use committee's
oversight and following the National Institute of Health guide for the care and use of laboratory

animals (NIH Publications No. 8023, revised 1978).

Figure 13: Surgical schematic procedure on calvaria defect model: (a) drilled defects, (b) defects
filled with an injectable collagen implant, and (c) skin would closure with liquid stitches.
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3.5.3. Assessment of post-surgical bone tissue

The presence of new bone in the harvested calvaria was evaluated with two techniques for
complementary data validation. First, samples were imaged with micro-computed tomography

(micro-CT) and then histologically assessed.

3.5.3.1. Micro computed-tomography

Micro-CT is a non-destructive x-ray imaging technique that can provide accurate and precise
volume measures since it reconstructs a sequence of individual images to produce a 3D model of
the sample. Image resolution varies from 1-20 pm/voxel since they are usually collected at
accelerating voltages of 70-225 kV [231]. Micro-CT has been adapted for routine evaluation of
skeletal specimens in small-animal imaging. Specifically, for quantifying bone growth in the
volume of interest, given the density differences made by thresholding. Therefore, the thresholds
and density unit values applied during the analysis play a key role in the outcome and must be

carefully selected to account for the bone voxels of various densities.

In this project, the calvaria was scanned in an eXplore Locus Micro-CT (GE Healthcare) or Scanco
uCT50, at 55kV and 145 pA. Images were collected with a resolution of 8 um?, and an integration
time of 800 ms and then analyzed in Parallax Microview software. The formation of new bone in
the cranial defect was assessed using a 2.9 mm diameter x 2 mm high cylindrical region of interest
center on each defect. The threshold value was selected based on the intensity histogram of a region
of interest containing the entire calvaria (Figure 14 a). Voxels for very low density were excluded
from the analysis. Bone and water arbitrary density units (ADU) were selected from the intensity
of a line profile scanned through the undamaged bone (Figure 14 b), where bone intensity is the

maximum peak detected and water is the baseline.
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Figure 14: Identification of micro-CT analysis values for (a) threshold, where the inset shows the
entire calvaria and the region of interest (yellow cylinder), and for (b) bone and water ADUs,
where the inset shows the cross-sectional view of the calvaria with the selected line profile.

3.5.3.2. Histology

Histological analysis studies the microscopy features of tissues recognizing the cells' structure as
a prerequisite for correlation with their function. After micro-CT imaging, the calvaria was
demineralized in 5 mL of 14 % ethylenediaminetetraacetic acid, refreshed every 48 h for a total of
6 days. Samples were rinsed with water four times, and x-ray scanned to demonstrate the
decalcification, and then immersed in 70 % ethanol. All samples were submitted to the Research
Histology and Immunohistochemistry core lab at the University of Michigan for paraffin
embedding and coronal cross-sectioning across the sagittal crest. The sections were stained with
hematoxylin and eosin (most commonly known as H&E staining), showing a pink cytoplasm and

a purple nucleus before imaging.
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3.6. Characterization of particle-bacteria interaction

3.6.1. Antibacterial behavior against planktonic MRSA

All experimental data collected in this section were analyzed in collaboration with Dr. Neal

Hammer’s group from the Department of Microbiology and Molecular genetics at MSU.

3.6.1.1. Bacteria culture preparation

All experiments presented in this section 3.6.1 were conducted using the laboratory-derived
MRSA USA300 JE2 [232]. Bacteria were streaked in tryptic soy agar (TSA) and grown at 37 °C
overnight. Then, an isolated colony was collected and propagated in 5 mL of tryptic soy broth
(TSB) under agitation (~ 225 rpm) at 37 °C overnight to stationary phase. The culture was
centrifuged, and the pellet washed in PBS twice before use. Next, 1 mL of the MRSA solutions
was prepared in the desired medium (i.e., PBS or TSB, as specified in Table 7 and Table 8) with

ODsoo equal to 1 (equivalent to 10® colony forming units (CFU)/mL), applying Equation 9.

Ci-Vi=0Cy-V, Equation 9

where C; is the ODgoo of the desired bacterial suspension, Vi is the desired final volume, C is the
ODsoo of the overnight bacterial suspension, and V; is the volume required from the overnight

culture to prepare the desired suspension for the experiment. In this case, C;=V=1.

3.6.1.2. Materials and antibiotics for the evaluation of bacteria-particle interaction

The particle-bacteria interaction was studied for Ag-BG microparticles, BG particles, 58 S
microparticles, BGN, and Ag-BGNs synthesized as described in section 3.1.2 and 3.1.3, and

preconditioned according to section 3.4.2 unless otherwise specified.
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The ability of particles to synergize with antibiotics was also evaluated for specific combinations.
Table 6 summarizes the list of antibiotics used in this project along with their primary functions.
The minimum inhibitory concentration (MIC) of the antibiotics against MRSA in PBS and TSB
was studied before combinatorial studies (Figure S3 and Figure S4, Appendix B). All antibiotics
were purchased from Sigma Aldrich in powder USP Reference Standard and were used without

further purification.

Table 6: List of antibiotics used in this project and their function against MRSA.

Antibiotic name  Abbreviation Class Principal target 112/][31;: ( g,lflsn]; )
Oxacillin oxa B — lactam Peptidoglycan synthesis | RS** RS**
Fosfomycin fosfo N/A* Peptidoglycan synthesis | RS** RS**
Vancomycin vanc Glycopeptide Peptidoglycan synthesis | RS*%* 0.5
Gentamicin gent Aminoglycoside Ribosome Synthesis 0.05 -
Tobramycin tobra Aminoglycoside  Protein Synthesis 1 -
Ciprofloxacin cip Fluoroquinolone DNA gyrase 0.5 0.25
Erythromycin ery Macrolide Ribosome Synthesis RS** RS**
Chloramphenicol  cpl N/A* Ribosome Synthesis RS** - 8

*N/A: unclassified antibiotics.
**RS: resistant. MRSA presents high tolerance to the antibiotic; the MIC was not found.

3.6.1.3. Viability of planktonic bacteria

The term “planktonic bacteria” refers to free-living bacteria dispersed in a solution, where they do
not adhere to a surface. The viability of these planktonic bacteria was evaluated in either PBS or
TSB. Growth-arrested conditions were induced by suspending the bacteria in PBS, a medium that
lacks elements required for growth such as a carbon source for example. In this condition, bacteria
enter a dormant state due to starvation and are less virulent, simulating a biofilm-like metabolic
state. On the contrary, TSB was used to support bacteria growth and correlate Ag-BG and BG

antibacterial capabilities with a bacteriostatic or bactericidal behavior.
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The bacterial suspensions were mixed at 1:1 volume ratio with 2-fold concentrated solutions of
each treatment in microcentrifuge tubes, as presented in Table 7. An untreated control was also

prepared by mixing 1:1 the bacterial suspension with fresh medium.

Table 7: List of particles (Ag-BG, BG, 58 S, BGNs, and Ag-BGNs) and experimental conditions
used against planktonic MRSA. Yellow shading indicates tests performed on TSB.

Particles studied

Type (mg/mL)** Medium Condition Analysis Exposure time
1.25-5 PBS Aerobic CFU, SEM and TEM 12,24 and 48 h
Ag-BG 1.25-5 PBS Anaerobic CFU 24h
5-100 TSB Aerobic CFU and TEM 24 h
1.25-5 PBS Aerobic CFU and TEM 24 h
BG 1.25-5 PBS Anaerobic CFU 24h
5-100 TSB Aerobic CFU 24 h
58S micro 1 PBS Aerobic CFU 24 h
BGNs* 1 PBS Aerobic CFU 24 h
0.05-1 PBS Aerobic CFU 0.5-24h
Ag-BGNs 2.5 40 TSB Aerobic CFU 12 and 24 h

(*) Antibacterial properties of BGNs were evaluated for M1-P1, M2-P1, and M2-P2C. (**) Final
concentration.

The experiments performed using TSB required a higher concentration of particles to counteract
the bacteria proliferation. The use of microcentrifuge tubes with these higher concentrations of
particles usually hinders their ionic release since those particles at the bottom are barely exposed
to media. Therefore, to maximize the particles’ exposed area, the experiments with TSB were
performed in culture plates with a non-adherent surface coating (Nunclon™ Sphera™ 24-well

plate, ThermoFisher Scientific) instead of microcentrifuge tubes.

The role of oxygen in particles' inhibitory capability was evaluated by comparing bacteria treated
under aerobic and anaerobic conditions. Anaerobiosis was achieved by exposing bacteria to

treatment in a growth receptacle containing an AnaeroGen compact anaerobic atmosphere-
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generating pouch (Oxoid Ltd., England). Bacteria were transferred to the chamber as a pellet
without any medium, and then bacterial suspensions were prepared with PBS degassed for 48 h

inside the chamber before treatment.

The concentration of bacteria after the experimental treatments was obtained by enumeration of
CFU on TSA, with a limit of detection of 100 CFU, and reported as logio of CFU/mL, calculated
with Equation 10. For example, in Figure 15, 10 uL of 10-fold serial dilutions were plated,
revealing a total of 5 CFU at a dilution of 10°. Therefore, Equation 10 shows that the original
bacterial suspension had about 5-10° CFU/mL. Additionally, selected samples were evaluated in
the SEM or TEM to identify morphological and structural differences caused by the treatments

(Table 7).

~
0o O Undiluted

r ()
e §H5

(o}
LI 3o,

Dilution factors
A

Figure 15: Example of a TSA plate with 10 uL spots of 10-fold bacterial suspensions for CFU
enumeration.

CFU - dilution factor
Volume plated (mL)

CFU/mL = Equation 10

where CFU is the number of colonies counted in the plate for a specific dilution and, the dilution

factor refers to the % of volume from the original solution.
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3.6.1.4. Tolerance to Ag-BG microparticle treatment

The development of resistance towards any type of antibacterial treatment is one of the most
significant concerns in microbiology. In this section, we evaluate the ability of MRSA to resist
Ag-BG microparticles after being exposed to the same treatment repeatedly. Figure 16
schematically represents the experimental procedure followed to obtain clones of a different
generation. Briefly, the wild-type (WT) MRSA, which is the original strain, was exposed to 2.5
mg/mL of Ag-BG in PBS for 24 h. Then, bacteria were platted for CFU enumeration, and selective
colonies were isolated from the TSA plate and propagated in TSB overnight to obtain the first
generation (G1) of surviving bacteria. These G1 bacteria were exposed again to 2.5 mg/mL of Ag-
BG in PBS for 24 h, and after platting, new colonies were isolated to obtain the second generation
(G2) of bacteria. This process was repeated until the surviving colonies were below the limit of
detection of our experiment. Colony selection was performed attending to their phenotype to
collect bacteria of different characteristics. Two main colony sizes were identified: type I (regular,
WT size) and type II (a small colony variant). All the treatments were performed in triplicate,
isolating 3 colonies from each. Therefore, each generation yielded 9 new clones, which followed
the serial treatment. The results are reported for each phenotype type, averaging the data from

similar clones.
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Figure 16: Schematic process for the collection of new generation clones. After treating wild-type
(WT), MRSA with 2.5 mg/mL of Ag-BG, colonies of the different phenotype (i.e., regular size
(type 1) or small-colony variants (type II)) were isolated and treated again with the same
concentration of Ag-BG. This process was repeated through several generations to evaluate the
ability of MRSA to develop resistance to Ag-BG.

The effect of the serial Ag-BG microparticle treatment on the generation was discerned in terms
of CFU after 24 h exposure. The limit of detection was 100 CFU for G1 and G2 and 10 CFU for
G3. The morphological and structural features of each clone type were assessed with SEM and

TEM.

All of these structural changes may also affect bacterial reactions like antibiotic resistance. WT-
MRSA was strongly resistant to oxacillin and fosfomycin (Table 6). To evaluate if this resistance
was carried through generations, G3-type II MRSA, which was the most different from the WT,
was exposed to increasing concentration oxacillin and fosfomycin in TSB. Additionally,
phenotypic alterations may be correlated to genomic mutations. Therefore, the genome sequence

of G3-type I MRSA was obtained next.

3.6.1.4.1. Bacteria genome sequence

The phenotype change was also correlated to the genome sequence. Genomic DNA was isolated

from an overnight culture of G3-type II MRSA JE2 grown in TSB. The overnight culture was
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centrifuged, resuspended in a buffer containing lysostaphin (ABMI, Lawrence, NY), and incubated
for 30 minutes at 37°C. The protoplasts were pelleted, and genomic DNA was isolated using the
Wizard genomic DNA purification kit (Promega, Madison, WI) following the manufacturer’s
directions. Genomic DNA sequence was performed by Microbial Genome Sequencing (Pittsburg,
PA). Files were imported in Geneious Prime and paired. Trimming was performed using BBDuk,
and samples were mapped to the USA300 FRP3757 reference using the Geneious assembler to
identify the single nucleotide polymorphism (SNPs). Genetic changes were determined in
Geneious Prime. Cluster of orthologous groups categories were determined using EggNOG-
mapper [233,234]. The genome sequencing was performed at the Microbial Genome Sequencing
Center (MiGS) at the University of Pittsburgh. The analysis was conducted by Mr. Josh Lensmire,

a Ph.D. Candidate at Dr. Hammer’s group in MSU.

3.6.1.5. Combinatorial therapies of particles and antibiotics

The ability of particles to synergize with antibiotics is presented as a useful tool against resistant
bacteria. In this set of experiments, both particles and antibiotics were mixed at concentrations
near or below their respective MICs. Antibiotics were selected based on their target, and their
MICs were identified as listed in Table 6. The particle-antibiotic combinations, their

concentrations, and the experimental conditions for each test are presented in Table 8.

The first set of experiments was performed mixing Ag-BG microparticles and antibiotics (Ag-
BG/antibiotic) in PBS to identify which combinations were synergistic. Ag-BG was used at a
concentration near its MIC (2.5 mg/mL), while the antibiotic concentration remained at sub-
inhibitory levels to reproduce an antibiotic-resistant condition. Since bacteria recover at a slower

pace in growth-arrested conditions (i.e., in PBS), the structural damage is easier to identify.
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Therefore, the bacteria that survived after treatment with a synergistic combination of Ag-
BG/antibiotic were analyzed in TEM to help determine the mechanism of synergism. MRSA was
also treated with BG/fosfo as a representative sample to test the role of Ag" ions in the synergistic
process. Additionally, this synergistic concentration dependency was evaluated by exposing
MRSA to different combinations of Ag-BG/vanc in 2 different set-ups. First, 0.5 mg/mL of
vancomycin were delivered with increasing concentrations of Ag-BG (1.25 — 6.25 mg/mL); and
second, 2.5 mg/mL of Ag-BG were combined with increasing concentrations of vancomycin (100

— 1000 pg/mL).

In the second set of experiments, MRSA was treated with Ag-BG/antibiotic in TSB to determine
if the synergistic combinations identified in PBS were also successful in a more virulent
environment. Ag-BG was used at its MIC (20 mg/mL). The antibiotic concentration was adjusted
to maintain the same Ag-BG: antibiotic ratio in those combinations, where the antibiotic by itself
was ineffective against MRSA. For example, Ag-BG/oxa in PBS consisted of 2.5 mg/mL Ag-BG
and 0.1 pg/mL of oxacillin, and to keep the same ratio, Ag-BG/oxa in TSB was used at 20 mg/mL
Ag-BG and 0.8 pg/mL of oxacillin. Nevertheless, since MRSA was not resistant to ciprofloxacin,
the combination of Ag-BG/cipro in TSB maintained the same ciprofloxacin concentration used in
PBS (i.e., 0.1 pg/mL), so that an antibiotic-resistant environment was still reproduced. As
mentioned before, all experiments conducted with TSB were performed in non-adherent surface
coated culture plates (Nunclon™ Sphera™ 24-well plate, ThermoFisher Scientific) to maximize

particles’ surface exposure.

The last set of experiments was performed using Ag-BGNs to investigate if the synergistic
capability was preserved when down-scaling the particle size. Therefore, Ag-BGN/antibiotic was
mixed using a concentration near the MIC of Ag-BGNs (0.5 mg/mL), maintaining the particle:
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antibiotic ratios used before with microparticles (i.e., combinations of Ag-BG/antibiotic). Since

Ag-BGNs presented stronger and faster antibacterial action alone than its microparticle

counterpart, MRSA was exposed for 12 h instead of 24 h. Additionally, the role of particle size in

the synergistic inhibition rate was evaluated by exposing MRSA to a combination of 2.5 mg/mL

of Ag-BGNs with 0.1 pg/mL of oxacillin or 0.05 pg/mL of fosfomycin, which were the same

concentrations used of microparticles (i.e., Ag-BG/antibiotic).

Table 8: List of combinations of particles with antibiotics for synergism evaluation. Yellow
shading indicates tests performed on a different medium (TSB).

Particles studied

Antibiotics studied

Type (mg/mL)

2.5

2.5

2.5
1.25-6.25

2.5

2.5
2.5
2.5
2.5
20
20
20

Ag-BG

2.5

BG

0.5

2.5

Ag-BGNs

2.5

Type (ng/mL)
Oxacillin 0.1
Fosfomycin 0.05
Vancomycin 100 — 1000
Vancomycin 500
Gentamicin 0.01
Tobramycin 0.01
Ciprofloxacin ~ 0.05 and 0.1
Erythromycin 5
Chloramphenicol 1 and 5
Oxacillin 0.8
Fosfomycin 0.4
Ciprofloxacin 0.1
Fosfomycin 0.05
Fosfomycin 0.01
Oxacillin 0.1
Fosfomycin 0.05
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Medium

PBS
PBS
PBS
PBS

PBS

PBS
PBS
PBS
PBS
TSB
TSB
TSB

PBS

PBS

PBS

PBS

Analysis

CFU and TEM
CFU and TEM
CFU
CFU and TEM

CFU and TEM

CFU
CFU
CFU
CFU
CFU
CFU
CFU

CFU and TEM

CFU

CFU

CFU

Exposure
time (h)

12 and 24
12 and 24
24
12 and 24

12 and 24

24
12 and 24
24
24
24
24
24

12 and 24

12
05,1,2,6
and 12
05,1,2,6
and 12



3.6.2. Antibacterial behavior against S. aureus biofilm.

The antibacterial capability of treatments against planktonic bacteria is valid during the first stages
of bacteria colonization in an infection. However, implant-related infections usually appear in the
form of biofilms, which consist of bacteria stuck to a surface embedded by a slimy extracellular
matrix that acts as a protective cage. The presence of biofilm may render treatments, otherwise

successful under planktonic conditions, ineffective.

In this section, Ag-BG and BG's ability to clear a biofilm was studied against S. aureus XEN36
(Perkin Elmer), a light-producing microorganism. The use of these types of bioluminescent
pathogenic strain is at the forefront of antimicrobial treatment discovery since it is rapid, providing
real-time efficacy data, and relatively inexpensive. Fireflies initially inspired the laboratory
development of bioluminescent microorganisms. The emission of light energy occurs due to a
chemical reaction between the enzyme luciferase and its substrate luciferin in the presence of ATP.
Light-emitting lab-derived microorganisms, such as XEN36, have been modified to carry a stable
copy of the gene encoding luciferase so that when bacteria are metabolically active, they emit light.
This light's intensity can be recorded with an In vivo Imaging System (IVIS) and then correlated

to the concentration of live bacteria.

All experimental data collected in this section were analyzed in collaboration with Dr. Jonathan

Hardy’s group from the Institute of Quantitative Health Science and Engineering at MSU.

3.6.2.1. Development of bacteria biofilm

XEN36 was streaked for isolation in Luria Bertani (LB) plates overnight and then routinely grown

in 5 mL of LB at 37 °C under agitation (~ 200 rpm) for 4 h to achieve bacterial logarithmic phase
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at a concentration equivalent to ODsoo = 0.5. A 1:100 bacterial was prepared in LB and incubated
in regular 24-well culture plates (1 mL/well) to grow the biofilm. After 48 h, the LB medium was
carefully removed, avoiding touching the edges of the well. The biofilm, produced as a ring around

the wells, was washed twice for 5 min with PBS and imaged in IVIS before treatment (Figure 17

(2)).

3.6.2.2. Treatment of bacteria biofilm

The XEN36 biofilm was exposed to 5, 10, and 20 mg/mL of Ag-BG and BG to evaluate particles'
ability to clear bacteria. The particles were suspended in 1 mL of LB and then transferred to the
biofilm after its preliminary imaging. A negative control, consisting of an untreated biofilm, was
prepared by adding 1 mL of LB to the biofilm. The particle suspensions were gently pipetted into
the wells avoiding its edges. The plate was imaged right after the addition of the treatment to prove
that the particles did not provide any background signal interfering with that of the biofilm (Figure
17 (b)). The biofilm was exposed to particles for 24 h maintaining the plates at 37 °C. Finally, the

medium was removed, and the wells were washed twice with PBS before imaging.

3.6.2.2.1. Analysis of IVIS images

Al TVIS images were collected with an exposure time of 2-3 min and medium binning. The photon
emission from each well was extracted from the images using a region of interest grid and then
converted to logio for simplicity to quantify the particles' antibacterial action against the XEN36
biofilm (Figure 17 (b)). The intensity from empty wells was subtracted from those containing a
biofilm. The biofilms before treatment showed clear differences in photon emission from well to
well, probably due to bacteria growth rate disparities (Figure 17 (a)). Each well was evaluated

independently, considering its photon emission before and after treatment to obtain the actual
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percentage of viable bacteria after co-culture. The percentage before treatment on each well was
normalized to 100 % of viable bacteria (Figure 17 (b)). The results obtained for wells with the

same treatment were averaged for statistical analysis.
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Figure 17: IVIS imaging analysis for bacteria viability. (a) Snapshots of representative wells
during the three steps of the biofilm experiment (before treatment, after particle addition, and after
24 h exposure to particles), and (b) example of bacteria viability calculations based on photon
emitted intensity, where orange and blue shading is used to highlight the normalized initial bacteria
viability and the final one after treatment, respectively.

3.6.3. Morphology and structure of bacteria

The morphology, topography, and structure of bacteria were evaluated using electron microscopy

to identify the characteristic features caused by each of the different treatments.
3.6.3.1. Scanning electron microscopy for bacteria-containing samples

The bacteria morphology and distribution were studied after exposure to Ag-BG microparticles
for 12 h and compared to that of untreated bacteria. The samples were centrifuged and fixed for 2
h in Karnovsky fixative (2.5 % glutaraldehyde, 2.5 % formaldehyde, and 0.1 M cacodylate buffer

in water). The fixed culture suspension was placed on a 1% poly-L-lysine cover-slips for 5 min
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and then washed with water. Subsequently, the samples were dehydrated with a dilution series of
ethanol (25 %, 50 %, 75 %, and 95 %) followed by three washes in 100 % ethanol, allowing 5 min
between steps. Ethanol was substituted for liquid carbon dioxide in a critical point dryer (Leica
Microsystem model EM CPD300) before mounting the cover-slip in aluminum stubs using epoxy
glue (System Three Quick Cure 5 purchased from Systems Three Resins, Inc.) [235]. Finally, the
samples were coated with 10 nm of osmium gas and examined at 5 kV using the SEM microscope

(JEOL JSM-7500F).

3.6.3.2. Transmission electron microscopy for bacteria-containing samples

After different treatments (as specified in Table 7 and Table 8), the bacteria structure was studied
using TEM and compared to untreated cells or antibiotic-treated cells. In Ag-BG treated samples,
the particles were allowed to settle. The solution (containing suspended bacteria and partial
concentration of particles) was separated, centrifuged, and fixed in Karnovsky fixative for 2 h.
After removing the fixative, a 2 % agarose solution in water solution was added to capture the
bacteria pellets in a solid matrix and facilitate handling. Samples were washed three times with 0.1
M cacodylate buffer for 15 min each step before post-fixation in 2 % osmium tetroxide for 1 h
following additional three washes. The agarose cubes were dehydrated in a series of acetone (25
%, 50 %, 75 %, and 100 %) and then infiltrated with Spurr resin dilutions in acetone (1:3, 1:1, and
3:1) for 3 h each and 100 % resin for 2 days. Embedding was performed in silicone molds using
100 % resin hardened at 60 °C overnight. Sectioning of the block was performed in agreement
with section 3.2.2. Positive staining was done with 2 % uranyl acetate for 7 min and lead citrate

for 3 min before observation at 100 kV.
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3.7. Development of antibiotic depots using Ag-BG microparticles as carriers
3.7.1. Conjugation of Ag-BG and vancomycin

Ag-BG microparticles synthesized according to section 3.1.2 were utilized as carriers for
vancomycin hydrochloride (USP Standard). The incorporation of vancomycin was performed by
immersion of 0.5 mg of Ag-BG in 1.5 mL of uptake solution with an antibiotic concentration of
0.8 mg/mL of vancomycin in 1X PBS. The uptake was carried out under agitation (175 rpm) at 37
°C for 2, 6, and 24 h. At the end of each immersion time, samples were centrifuged at 500 rpm for
2 min. Particles and medium were separated and stored at 2 °C until use. Sterile conditions were

maintained during the process.

After antibiotic uptake, the particles' surface loaded for 6 h (Ag-BG@vanc) was characterized
using SEM and FT-IR techniques. The parameters for SEM-EDS and FT-IR analysis are presented
in sections 3.2.1 and 3.2.4, respectively. To identify characteristic features of the drug loading
process, Ag-BG's surface after uptake was compared to Ag-BG immersed only in PBS for 6 h and

Ag-BG as synthesized.

The medium collected after uptake was analyzed with a UV-Vis spectrometer (section 3.2.8) at an
absorbance length of 280 nm, maximum absorbance peak vancomycin in PBS (Figure 18). The
Beer-Lambert relation [227] of OD and concentration was used to obtain a calibration curve of
vancomycin in PBS (Equation 11). Since the absorbance is affected by temperature, all solutions

were kept in ice during their evaluation.

0Dy50—0.04716

- L m
Concentration of vancomycin (—g) =
mL 0.59654

Equation 11
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Figure 18: Characterization of vancomycin’s light absorbance in PBS where higher vancomycin
concentrations show higher optical density following Beer-Lambert’s law.

The concentration of vancomycin loaded in the particles was then determined based on the residual

vancomycin concentration of the medium collected from the uptake (Equation 12).
Drug loaded (%2) = I, - R, Equation 12

where I¢ is the initial concentration of uptake solution (0.8 mg/mL), and Rc is the residual

concentration in the uptake solution after immersion.
3.7.2. The antibiotic release profile of Ag-BG@vanc

The release kinetics of vancomycin from Ag-BG@vanc was evaluated by immersing the loaded
particles in 1 mL of PBS. The short-term release ( up to 3 days) was assessed at 37 °C and agitation

(175 rpm) to reproduce biological conditions. In comparison, long-term (up to 10 days) release
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was assessed at 2 °C to prevent antibiotic degradation. At each collection time, particles were
centrifuged, and half the volume was refreshed. The concentration of vancomycin in the

substituted media was calculated according to the procedures in section 3.7.1.

3.7.3. Interaction between Ag-BG(@vanc conjugate and bacteria or fibroblasts in vitro.

The in vitro capabilities of Ag-BG@vanc were evaluated in terms of antibacterial behavior and

cell proliferation. Table 9 summarized the experimental groups evaluated in both tests.

The antibacterial assays were performed on planktonic MRSA following the experimental
description presented in section 3.6.1.3 for 24 h of exposure time. The capability of the Ag-
BG@vanc conjugated was compared to two controls consisting of 0.5 mg of Ag-BG and 0.68 mg
of vancomycin. Additionally, the interaction of bacteria with the carriers was evaluated in SEM
(sample preparation detailed in section 3.6.3.1.). In this experimental condition, vancomycin is
mostly ineffective against MRSA. The ability to resist vancomycin in metabolically active S.
aureus has been observed in some mutations, namely vancomycin-resistant S. aureus (VRSA) due
to modifications in their cell-wall hinder antibiotic infiltration. Under this consideration, this set-
up may also provide insights on how to target VRSA, performing experiments in a controlled

environment with a less-lethal strain.

Cell viability and proliferation were assessed in hBMSCs, as described in section 0, for 1, 3, and
7 days using the CCK-8 assay. As negative controls, cells were also exposed to either 0.5 mg of

Ag-BG or 0.06 mg/mL of vancomycin, which was refreshed with media at each time point.
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Table 9: Experimental groups of vancomycin depots evaluated for cell proliferation and
antibacterial properties.

Cell proliferation Antibacterial
Sample Mass Cel‘l T1rpe Mass Tlme
i) density point Assay i) point
(cell/well) (days) (days)
3 Ag-BG 0.5 0.5
'% Ag-BG@vanc 0.5@0.64 15-10° 1,3,7 CCK-8 0.5@0.64 24 h
> vanc 0.06 0.68

3.8. Development of Ag-BGN/hydrogel nanocomposites

The combination of Ag-BGNs with polymers is a unique approach to create a new class of material
that is easy to store and allows minimally invasive medical delivery. In this project, Ag-BGNs
were used as fillers for 2 different types of injectable nanocomposites using naturally derived

hydrogels.

3.8.1. Fabrication approach for Ag-BGN/hydrogel nanocomposites

Previously synthesized Ag-BGNs (section 3.1.3) were preconditioned according to the section
before their incorporation into a polymer matrix since the goal is to use these composites directly

in medical applications.

3.8.1.1. Development of injectable hydrogels

Hydrogels are defined as polymeric materials of hydrophilic nature capable of holding large
amounts of water in their structure. Hydrogels can be designed with controllable responses based
on changes in the external environment. In this project, two natural-based hydrogels were selected:

ECM and type I collagen. The polymerization of these hydrogels occurs under human body
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conditions like neutral pH and 37 °C. Therefore, these composites are ideal for liquid injection in

liquid by a syringe for medical treatment.

The ECM hydrogel was provided by Dr. Badylak and prepared from decellularized porcine urinary
bladder matrix [229]. The ECM digest was thawed from - 20 °C to 4 °C overnight before
neutralization, which was accomplished by the addition of one-tenth of 0.1 N NaOH, to achieve
pH 7.4 and one-ninth of 10X PBS from the digest volume. In this case, the digest was diluted in
1X PBS to the desired final ECM concentration, in this case, 8 mg/mL. The process was performed

by maintaining the solution in ice to prevent gelation.

Type I collagen hydrogel (PureCol®, Advanced Biomatrix) was derived from bovine hides and
stored at 4 °C. The collagen (col) was neutralized by mixing with one-tenth of 10X PBS and one-
tenth of 0.1M NaOH to achieve neutral pH. The volume of collagen was adjusted with distilled
water for a final concentration of 2.4 mg/mL. The process was performed by maintaining the

solution in ice to prevent gelation.

The Ag-BGN/hydrogel nanocomposites were fabricated with different concentrations of Ag-
BGNs, as specified in Table 10 as X (wt.%). The hydrogel solutions after neutralization were
gently mixed with the Ag-BGNs powder using a wide-mouth pipet. The nanocomposites solutions
were placed at 37 °C for 1 h to allow polymerization. The resulting nanocomposites were named
ECM/Ag-BGN and Col/Ag-BGN. Although the samples transitioned to a more viscous state, they
still retained a significant amount of water. Hydrogel solutions without Ag-BGNs were also

polymerized and used as a control.
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3.8.2. Characterization of Ag-BGN/hydrogel nanocomposites

The morphology and nanoparticle distribution of ECM/Ag-BGN and Col/Ag-BGN samples were
studied with SEM, following the sample preparation described in sections 3.6.3.1. The presence
of the particles in the hydrogel was confirmed with EDS and FT-IR. Samples of ECM and Col

without particles were also evaluated for comparison.

3.8.3. In vitro properties of Ag- BGN/hydrogel nanocomposites

The in vitro properties of the Ag-BGN/polymer nanocomposites were characterized in terms of
cell proliferation and antibacterial behavior. Table 10 summarizes the experimental conditions and

nanocomposite groups evaluated in each experiment.

Cell viability and proliferation of hBMSCs (Figure 19 a) were evaluated after 2, 4, and 6 days in
hBMSCs at 5 -10° cell/well, using a CCK-8 assay (as described in section 0). The injectable
nanocomposites right after neutralization were pipetted into the transwells to achieve a total
volume 0.1 mL. Therefore, each hydrogel nanocomposite delivered a different concentration of

Ag-BGNs to the cells.

a) Cell proliferation b) Antibacterial
Ag-BGN/hydrogel
nanocomposite
Growth PBS
-’ media p— ]
MRSA
O )

Figure 19: Experimental set-up of cell proliferation test (a) and antibacterial test against MRSA
(b) performed with Ag-BGN/hydrogel nanocomposites.
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Finally, the interaction between nanocomposites and bacteria was evaluated against planktonic
MRSA (as described in section 3.6) for 24 h in PBS. The nanocomposites (with and without Ag-
BGNs) were mixed with bacteria in microcentrifuge tubes (Figure 19 b). In this case, the volume
of nanocomposite was chosen so that all groups delivered the same mass of Ag-BGNs, therefore
allowing a comparison of the Ag-BGNs degradation in different hydrogel materials. MRSA was
also exposed to the concentration of Ag-BGNs alone for reference. The results were collected by

CFU enumeration.

Table 10: Experimental groups for the in vitro assay of Ag-BGN/hydrogel nanocomposites. The
wt.% of Ag-BGNs in each nanocomposite is represented by X.

Cell proliferation Antibacterial
Injectable sample X Transferred Transferred X Transferred Transferred
(Wt.%) volume Ag-BGNs (wt.%)  volume Ag-BGNs

Col 0 0.4 mL 0 mg

N/A N/A N/A 5 0.4 mL 0.05 mg
Col/Ag-BGNx

10 0.4 mL 0.1 mg

ECM 0 0.1 mL 0 mg 0 0.1 mL 0 mg
25 0.1 mL 0.4 mg 5 0.1 mL 0.05 mg

ECM/Ag-BGNx

50 0.1 mL 0.8 mg 10 0.1 mL 0.1 mg

*N/A: non-applicable. The test was not performed.

3.9. Statistical analysis

All data were expressed as the arithmetic mean and standard deviation. The experiments were
repeated three times using triplicates. The statistical analysis was performed in GraphPad Prism
Software using the Student’s t-test, two-tailed, n=9, and results were considered significant when

p <0.05.
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4. RESULTS

4.1. The degradation of Ag-BG microparticles in vitro

The degradation of microparticles was evaluated in terms of pH evolution and apatite-forming
ability. The in-depth structural characterization of these Ag-BG microparticles was previously
reported [163,236]. The evaluation of the acellular behavior presented in this section was used to

verify that the developed Ag-BG had the same response as the one in the literature.

4.1.1. pH evolution of Ag-BG microparticles

The degradation of Ag-BG microparticles was evaluated by immersion in PBS and monitored
through the pH of the solution, which remained around neutral values during the experiment
(Figure 20). In the first 12 — 24 h of immersion, the pH increased from 7.4 to 7.5, probably due to
the release of Si and Ca species. Nevertheless, increasing the soaking time for up to 4 days did not
result in significant pH variations since it remained ~ 7.5. Therefore, Ag-BG's release of ionic

species did not create a toxic pH environment for biological entities.
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Figure 20: The degradation of Ag-BG immersed in PBS caused fluctuation in the pH value within
a biologically neutral range. Modified from [237].
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4.1.2. Apatite-forming ability of Ag-BG microparticles

The apatite-forming ability of bioactive glasses serves as an expression of their in vitro bioactivity.
In this case, Ag-BG at a concentration of 3.33 mg/mL was immersed in SBF at 37 °C and constant
agitation to monitor the deposition of minerals. FT-IR spectra (Figure 21 a) showed changes in
the surface structure before and after soaking in SBF for 3, 7, and 14 days. Before immersion,
bending and stretching modes of the Si-O-Si bonds were observed at 450, 805, and 1200 cm’'.
Additionally, before immersion, the central peak around 1000-1050 cm™! broadens because of the
overlapping between the P-O bending and the Si-O-Si stretching mode. Here, the shoulder at 900
cm! is attributed to Si-O-NBO resulted from the incorporation of network modifying atoms in the
glass structure. Phosphate absorption double bands at 575-600 cm™ were also observed. After
immersion in SBF, the intensity of the P-O dual bands increased significantly, and carbonate
bands at 1400 cm™ develop as the soaking time increases. These absorption bands were similar to

those observed in synthetic HCA.

The changes in surface emerging in Ag-BG before and after soaking were evaluated with SEM.
The material before SBF consisted of aggregates of random-sized particles (< 20 pm) with a
smooth surface and roughness due to densification of nanoparticles during sol-gel synthesis
(Figure 21 b). After soaking for 14 days, a layer of flakes covered entirely the Ag-BG surface
(Figure 21 c). Flakes are one of the characteristic structures in which an apatite layer can deposit

in bioactive glasses.
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Figure 21: Capability of Ag-BG to stimulate the formation of apatite layer when immersed in
SBF. (a) Structural vibration in FT-IR shows an increase of the intensity for P-O bending and C-
O stretching after immersion. (b) The surface of Ag-BG microparticles is smooth before
immersion and lacks the presence of deposits. Inset shows a lower magnification image of particles
with a scale bar representing 2 um. (c) Apatite flakes (marked as white arrows) are deposited at
Ag-BG's surface after 14 days immersed in SBF.

4.2. The interaction of Ag-BG microparticles with cells and tissue: biocompatibility

This section includes the main characterization of the interaction between Ag-BG microparticles
and eukaryotic cells (i.e., hBMSCs in vitro and bone tissue in vivo). The groups studied in this
section were reported in Table 3 and Table 5 for in vitro and in vivo experiments, respectively.
The results presented here have been previously published as “Pajares-Chamorro, Natalia, et al.

"Silver-doped bioactive glass particles for in vivo bone tissue regeneration and enhanced
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methicillin-resistant Staphylococcus aureus (MRSA) inhibition" Materials Science and

Engineering: C (2020): 111693.”

4.2.1. In vitro cell proliferation

The response of cells towards treatments with Ag-BG microparticles was evaluated in terms of
cell viability and proliferation in growth media with the MTT assay. The ODs7o values serve as a
direct correlation to cell concentration. Figure 22 a shows a similar concentration of cells, and
therefore, no difference in cell viability, for untreated and Ag-BG treated cells at each time point.
However, after 2 days of exposure, a slight decrease in cells' viability correlates with increasing
Ag-BG concentration. This effect is transitory and disappears at later time points where no
statistical difference was found. Next, Figure 22 b compares the growth or proliferation rates of
the different groups. The ODs7 data over time were linearly fit for R>> 0.9 to report the slopes,
which serve as an indication of the proliferation rate. Despite the slight drop in cell viability at the
beginning of the treatment, Ag-BG-treated cells proliferated at double the speed of untreated cells.
Interestingly, increasing the Ag-BG concentration did not alter the proliferation rate, suggesting
that at higher concentrations of Ag-BG, cell proliferation is not the main biological process

affected.
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Figure 22: Cell viability (a) and proliferation rate (b) of hBMSCs after exposure to different
concentrations of Ag-BG (2.5 mg in red, 5 mg in green, 7.5 mg in navy blue, and 12.5 mg in
orange) in the growth medium. Note that Ag-BG treated cells proliferate faster than the untreated
cell. Statistical significance (p < 0.05) between untreated and Ag-BG treated cells is indicated with
(*) [238].

4.2.2. In vitro cell differentiation

Gene expression of BSP, OCN, and RunX2 was measured using qRT-PCR and normalized to the
GAPDH housekeeping gene for the printed bone constructs. BSP, OCN, and RunX2 were selected
as representative genes due to their roles in osteoblasts differentiation. For instance, BSP is a
significant component of the bone extracellular matrix [239], OCN is correlated with bone mineral
density [240], and RunX2 is a crucial transcription factor during differentiation [241]. The relative
gene expression of the target genes in untreated hBMSCs was normalized to a value of 1 to
determine the Ag-BG treatment's effect. Figure 23 shows significant differences in transcription
levels of osteogenic genes with BSP expression significantly upregulated after all treatments, while
that of OCN only increased at the higher Ag-BG concentration used. In contrast, RunX2 expression
level was downregulated for all the Ag-BG treatments. Unlike the effect observed in the growth
rate (Figure 22 b), the Ag-BG concentration from 5 mg to 12.5 mg significantly upregulated the

expression of all three genes.
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Figure 23: Expression level for BSP, OCN, and RunX2 gene markers after 10 days in osteogenic
medium with increasing Ag-BG concentrations (5 mg in green, 7.5 mg in navy blue, and 12.5 mg
in orange). Normalized gene expression of untreated hBMSCs is represented with a dashed line.
Statistical significance (p < 0.05) between untreated and Ag-BG treated cells is indicated with (*).
Modified from [238].

Bone tissue is characterized by its high mineral phase content, and thus, cell differentiation can
also be correlated to the minerals secreted by cells. In this case, the mineralization of cells was
evaluated in terms of secretion of Ca with ARS when co-cultured with Ag-BG in growth or
osteogenic medium. The mineral secretion in untreated hBMSCs was normalized to a value of 1
to determine the Ag-BG treatment's effect. In general, Ag-BG microparticles caused higher
secretion of mineral compared to untreated cells (Figure 24). Although in growth medium cell
mineralization was only slightly higher in Ag-BG treated cells, the mineral content formation
significantly increased with the concentration of the Ag-BG treatments (Figure 24 a-b). In
contrast, the mineral phase content in the osteogenic medium reached 400 % higher after co-culture
with Ag-BG microparticles (Figure 24 c-d). In this case, diverse Ag-BG amounts did not lead to
any difference among sets, probably due to a color supersaturation. Additionally, optical images
showed that fibroblasts presented a spindle-like shape and almost reached confluence after 10 days
of culture (Figure 24 b and d). The acellular wells containing only Ag-BG and media lacked any
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red stain after the ARS assay and, therefore proving that the measured mineral phase belonged

solely to hBMSC differentiation.
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Figure 24: Secretion of Ca minerals in hBMSC differentiation in growth (a-b) and osteogenic
media (c-d) after treatment with Ag-BG (5 mg in green, 7.5 mg in navy blue, and 12.5 mg in
orange). Optical density (a and c¢) was normalized using untreated cells (in black) as 100%.
Fibroblast presented a spindle-like shape and reached confluence after 10 days (b and d, where the
scale bar represents 500 pm). The insets of the 16 mm diameter wells show the stained cell
monolayers after ARS. Acellular wells that contained only Ag-BG and medium did not yield to a
red-stained monolayer. Statistical difference between untreated and Ag-BG treated cells for p <
0.05 is indicated with (*) [238].
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4.2.3. Ag-BG microparticle surface evolution after cell exposure

The bioactive response by Ca-P deposition on Ag-BG in an acellular body simulated environment
(i.e., in SBF) was demonstrated previously (Figure 21). The simultaneous exposure of Ag-BG to
medium and cells is expected to lead to a similar surface reaction. Ag-BG's apatite-forming ability
after the in vitro cell culture can serve to better understand the mineralization behavior of particles
with a more accurate simulation of the human body reaction. As has been previously mentioned,
as-synthesized Ag-BG presents a smooth surface (Figure 25 a and c). However, cauliflower
deposits can be observed after 10 days of co-culture with hBMSC in the osteogenic medium
(Figure 25 b and d). The EDS showed a significant increase in Ca after co-culture (insets in Figure
25 cand d). The elemental analysis of these deposits revealed a composition rich in Ca and P with

a Ca/P ratio close to 1.8, characteristic of the non-stoichiometric HA phase.

The formation of mineral apatite also modified the intensity of the vibrational modes in IR spectra
(Figure 25 e). Similar to the effect of SBF immersion, after cell exposure, the intensity of P-O
vibrational modes at 575-620 cm™' increased, and the bands become sharper, indicating a
crystallization process. The nature of the deposits was also analyzed with XRD (Figure 25 f). In
agreement with the FT-IR observations, XRD shows an increase in the crystalline contributions.
The main peaks appeared at 26 °, 32 © and 46 °, confirming the nature of the deposits as carbonated

hydroxyapatite (ICCD, PDF No. 9003552).
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Figure 25: Evolution of Ag-BG surface topography (a-d) and structure (e-f) after 10 days in cell
culture with the osteogenic medium. As synthesized particles (a-b) present a smooth surface, while
after co-culture (c-d), a Ca-P rich phase (white arrows) is deposited at the surface. EDS spectra
(insets in b and d) showed an increase in Ca content intensity (highlighted in yellow). FT-IR (e)
and XRD (f) of Ag-BG microparticles as-synthesized (black line) and after exposure to cells (red
line) confirmed the presence of biomineralized hydroxyapatite. Modified from [238].
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4.2.4. In vivo bone regeneration

Collagen-sponge-based implants were prepared by soaking with a slurry solution of Ag-BG in
PBS or ECM. Figure 26 a shows the homogeneous distribution of the infiltrated microparticles
throughout the implant maintaining the strut structure and pore dispersion of the collagen scaffold.
The growth of bone tissue in the calvaria defects after treatment was evaluated with micro-CT and
histology analysis. On the one hand, micro-CT images showed defects partially filled with the new
bone after treatment with Ag-BG while the defects remained critically opened in the Ag-BG free
groups (Figure 26 b). The differences in the volume occupied by new bone among sample sets
were quantified in micro-CT images proving numerically the development of new bone in Ag-BG
treated samples (Figure 26 c). This result was validated with the 2D histological analysis. In this
case, only Ag-BG/PBS showed significantly greater bone area, with a 3-fold increase compared to
its Ag-BG free counterpart (Figure 26 d). ECM containing groups presented similar bone areas.
The histology images (Figure 26 e) revealed this new bone formation for Ag-BG/PBS treated
calvaria was taking place across the entire 3 mm defect. Only moderate new bone formation was

observed in PBS-treated groups.
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Figure 26: The cross-sectional view of the implant (a) shows a homogeneous distribution of the
Ag-BG microparticles loaded on the collagen sponge. The inset is the top optical view of the
implant. Micro-CT images of the calvaria after 30 days of treatment, where the white scale bar
represents 3 mm, are displayed in (b). Bone volume fraction formed (c) and 2D assessment of bone
area (d) were calculated from micro-CT and histology, respectively, for n=5 animals and 2
defects/animal. Statistical significance (p < 0.05) between groups is marked with (e). Histology
images of the coronal cross-sections of calvaria are divided in half along the sagittal crest (e),
where the presence of new soft tissue and bone is indicated with (*). Yellow arrows represent the
edges of the defect, black circumference for retained Ag-BG microparticles, and black arrows for

collagen sponge. Note that mice treated with PBS present little overall regeneration of calvaria
defect. [238]
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4.3. The interaction between Ag-BG microparticles and bacteria: antibacterial behavior,

mechanisms, and therapeutic framework.

This section includes the thorough characterization of the interaction between Ag-BG
microparticles and bacteria (i.e., MRSA and XEN36 S. aureus). Different groups and conditions
were studied for Ag-BG microparticles (as reported in Table 7) and particle/antibiotic combination
(as reported in Table 8). Part of the results presented here has been previously published as
Pajares-Chamorro, N., Shook, J., Hammer, N. D., & Chatzistavrou, X. (2019), “Resurrection of
antibiotics that methicillin-resistant Staphylococcus aureus resists by silver-doped bioactive glass-

ceramic microparticles”, Acta Biomaterialia, 96, 537-546".

4.3.1. Minimum inhibitory concentration against MRSA.

Increasing concentrations of microparticles were incubated with bacteria under different
environmental conditions to determine the basal level of Ag-BG and BG antibacterial activity
(Figure 27). The microparticles were mixed with growth-arrested bacteria, using PBS as
dispersing medium, to simulate the inactive metabolic state of bacteria in a biofilm (Figure 27 a-
b). The minimum inhibitory concentration (MIC) of Ag-BG was estimated around 2.5 mg/mL after
24 h treatment (Figure 27 a), where the concentration of bacteria was below the 10° CFU/mL
required to define an infection [242,243]. Exposure to 5 mg/mL Ag-BG brought the CFU number
below the detection limit (Figure 27 a). BG microparticles exhibited lower inhibition capacity on
MRSA at similar concentrations, reducing viability at 2.5 mg/mL and bacterial concentration to
around 105 CFU/mL at 5 mg/mL (Figure 27 b). In general, BG was 20 % less toxic to MRSA

than Ag-BG.
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Figure 27: Ag-BG and BG microparticles exhibit strong antibacterial action against growth-
arrested MRSA (a and b). Bacteria growth was inhibited after exposure to Ag-BG (c), but bacteria
remained viable when treated with BG (d). Suspensions of MRSA (ODgoo = 1 equivalent to ~ 108
CFU/mL, represented by a dashed line) were mixed with fresh PBS (a-b) or TSB (c-d) medium (0
mg/mL, untreated control represented by white bars) and increasing concentrations of Ag-BG (a
and c) or BG (b and d). The CFUs were enumerated after 24 h with a limit of detection of 10-100

CFU. (*) Indicates the significant difference between the untreated versus the particle-treated
groups (p < 0.05). Modified from [237].

The microparticles' antibacterial ability was also monitored in growth-assisted conditions using
TSB as dispersing medium (Figure 27 c-d). This set-up reproduces the first stages of bacteria
colonization, where they are more virulent to develop an infection. Note that in this case, untreated
MRSA grew from the 108 CFU/mL set at 0 h to 10°° CFU/mL after 24 h. Ag-BG was still toxic to
metabolically active MRSA but required higher microparticle concentration to cause significant
damage (Figure 27 c). Exposure to 20 mg/mL of Ag-BG decreased bacterial concentration that
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reached 10° CFU/mL after exposure to 30 mg/mL of Ag-BG. Note that a 10-fold higher Ag-BG
concentration was required to reduce the CFUs below the detection limit in growth-assisted (~ 50
mg/mL) vs. growth-arrested conditions (~5 mg/mL). In contrast, BG was unable to inhibit bacterial

growth up to 100 mg/mL (Figure 27 d).

4.3.2. Time-dependent inhibition of MRSA

The antibacterial of 2.5 mg/mL Ag-BG in PBS was also time-dependent, the bacterial viability
being significantly decreased from 12 to 48 h (Figure 28 a). Notably, the CFUs were reduced
below the detection limit after 48 h of incubation, indicating that Ag-BG is bactericidal to MRSA.
This inhibitory trend is correlated to the degradation rate of particles in the solution, which

increases over time as more antibacterial species are released from the glass structure.

The morphology of bacteria cultured alone (Figure 28 b I-II) and upon exposure to Ag-BG
microparticles (Figure 28 b III-IV) was observed using SEM to analyze the bacteria-microparticle
interaction. Untreated bacteria aggregated without signs of damage, and extracellular matrix
formation (pink arrow in Figure 28 b II) could be observed surrounding some bacteria. However,
the bacterial morphology was altered by Ag-BG, and the microparticles were colonized by a
significant number of bacteria attached to the surface (Figure 28 b III-IV). Bacterial damage was
evidenced by the presence of cellular remnants such as cytoplasmic contents between cells (yellow
arrows in Figure 28 b III) or cell-wall fragments (red arrow in Figure 28 b IV) found on the

surface of the microparticles.

102



a) [ Untreated I Ag-BG b)
9

Untreated
o r¥a_ _ _

E 64
>
(1
e

e

&

O
2,

1 *
0
0 12 24 48

Incubation time (h)

Figure 28: The bactericidal activity of Ag-BG increased over time (a). Suspensions of MRSA
(ODgoo = 1 equivalent to ~ 103 CFU/mL, represented by a dash line) were mixed with fresh PBS
medium (0 mg/mL, untreated control represented by white bars) and 2.5 mg/mL of Ag-BG (red
bars). The CFUs were enumerated for up to 2 days with a limit of detection of 100 CFU. Note that
the concentration of untreated bacteria did not decrease over time. (*) Indicates the significant
difference between the untreated versus the particle-treated groups (p < 0.05). The morphology of
untreated (b, I-1I) and Ag-BG-treated (b III-IV) MRSA was evaluated in SEM after 12 h in PBS.
Extracellular matrix, cytoplasmic content, and cell-wall fragments are indicated with pink, yellow
and red arrows, respectively. Modified from [237]

4.3.3. Contribution of oxygen species

To determine the contribution of oxygen to antibacterial activity, growth-arrested MRSA were
incubated with Ag-BG and BG microparticles under aerobic and anaerobic conditions (Figure 29).
Ag-BG exposure led to a decrease in the number of CFUs compared to the control groups in both
aerobic and anaerobic conditions. At 2.5 mg/mL of Ag-BG, the aerobic inhibition induced was at
least 40% higher than that obtained under anaerobiosis (Figure 29 a). The inhibition discrepancies
between aerobic and anaerobic conditions could be attributed to ROS created by the released Ag*
ions. The antibacterial activity of BG microparticles also became 15 % more toxic aerobically than

anaerobically (Figure 29 b). Nevertheless, 2.5 mg/mL BG was insufficient to decrease bacterial
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viability anaerobically, a task that was achieved at 5 mg/mL. The differences between aerobic and

anaerobic conditions in BG suggest the generation of toxic ROS from the material structure.
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Figure 29: Reactive oxygen species (ROS) play a significant role in the antibacterial activity of
Ag-BG (a) and BG (b) microparticles against MRSA. Suspensions of bacteria (ODsoo = 1
equivalent to ~ 10® CFU/mL) were mixed with fresh PBS medium (0 mg/mL, untreated control
represented by white bars) and increasing concentrations of Ag-BG or BG under aerobic (plain
bars) and anaerobic (patterned bars) conditions. The CFUs were enumerated after 24 h with a limit
of detection of 100 CFU. (*) Indicates the significant difference between the untreated versus the
particle-treated MRSA, and (#) indicates the significant difference between aerobic and anaerobic
conditions (p < 0.05).

4.3 4. Inhibition of bacteria biofilm

The Ag-BG and BG microparticles presented strong antibacterial action against bacteria
simulating the metabolic state in a biofilm. Here, the ability of Ag-BG to eradicate an in vitro
biofilm was evaluated against the bioluminescent XEN36 S. aureus. Biofilms were grown for 2
days in 24-well plates before exposure to increasing concentrations of microparticles. In Figure
30 the photon emission was translated to bacterial viability since non-viable bacteria do not emit
a light signal. The highest concentration of bacteria is represented in red. Note that no photon

emission was detected for Ag-BG and BG dispersed in the medium, thus providing no interference
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between the treatment and the bacteria. After 24h, untreated XEN36 grew 20-30 % from its initial
concentration, whereas Ag-BG treatment cleared the biofilm as shown by lack of bioluminescence
signal (Figure 30 insets). The gray background observed belong to Ag-BG microparticles attached
to the well plate. In agreement with effects detected in planktonic growth-arrested MRSA, 5
mg/mL Ag-BG was utterly toxic to XEN36 biofilm (Figure 27 a). Similarly, BG significantly

reduced bacterial viability while being unable to clear the biofilm.
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Figure 30: Ag-BG eradicated the XEN36 biofilm after 24 h treatment in vitro. BG significantly
decreased bacteria viability but did not clear the biofilm. Untreated biofilms (0 mg/mL, represented
by white bars) were used as controls. Bacteria viability is reported as % compared to the biofilm
before treatment (100 % viability represented by a dashed line). (*) Indicates the significant
difference between the untreated versus the particle-treated biofilm, and (e) indicates the
significant difference between BG-treatments (p < 0.05). Insets show the biofilm luminescence
emission from 16 mm diameter wells after treatment.

4.3.5. Development of resistance against Ag-BG

The ability of pathogenic strains to develop resistance to antibacterial treatment is one of the
biggest concerns in microbiology and medicine. Therefore, the development of resistance towards
2.5 mg/mL Ag-BG microparticles was evaluated by exposing MRSA to repeated treatments with

this dose. Briefly, the original MRSA strain, referred to as WT, was exposed to Ag-BG for 24 h

105



in growth-arrested conditions (Figure 31 a). The survivor bacteria presented 2 different colony
phenotypes on account of the Ag-BG treatment. Colonies showing a similar size as the WT were
identified as “clone type I” whereas those with significantly smaller size were labeled as “clone
type II” (Figure 31 b). Both of these clones were treated again with 2.5 mg/mL of Ag-BG for 24
h and resulted in two phenotypes: colonies with similar size to their untreated control and smaller
colonies. The next generations were collected, maintaining the same categorization criteria:
colony type I had the same size as the untreated control, and colonies type II were smaller than
their untreated control. Therefore, the bacteria analyzed from colony type I had a comparable size

to WT, while clone type II became consistently smaller as the generations progressed.

Ag-BG had a similar inhibitory effect on clone type I than WT (Figure 31 c) over 3 consecutive
generations. Conversely, a different behavior was observed for colony type II, which grew less
CFU than WT and kept decreasing with the next generations (Figure 31 d), despite the fixation of
the MRSA concentration to ODsoo = 1. The inhibitory capability of Ag-BG increased with the
generations in clone type II. In the last generation evaluated (G3), Ag-BG was lethal to bacteria,

decreasing the CFUs below a limit of detection of 10 CFU.
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Figure 31: The antibacterial activity of Ag-BG (a) induced phenotypic changes in wild-type (WT)
MRSA after treatment in grow-arrested conditions (b). Colonies were classified depending on their
size. Clone type I identifies colonies that maintained the same size as the WT, while clone type I1
identifies the ones that became smaller. A surviving colony after Ag-BG treatment was collected
to produce the different generations (Gx). Ag-BG had a similar effect on clone type I than in the
WT (c) regardless of the generation. Clone type II developed higher sensitivity towards Ag-BG
treatment, which increased with the generation (d). The red shaded line (¢ and d) indicates the CFU
resulted from Ag-BG-treated WT as illustrated in (a) for reference. Each clone and generation's
bacterial suspension was always prepared with ODgoo = 1 and mixed with fresh PBS to serve as a
control (white bars). The untreated WT and clone type I groups grew up to 108 CFU/mL (indicated
as a dashed line), while clone type Il yielded consistently lower CFU as the generations progressed.
The CFUs were enumerated after 24 h with a limit of detection of 10-100 CFUs. The statistical
significance for p < 0.05 is indicated with (') between the untreated group in WT and clone type
IL, (*) between untreated and Ag-BG-treated at each generation, and (®) between Ag-BG-treated
bacteria of a different generation.
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The colony phenotypes observed in Figure 31 were correlated with structural changes by electron
microscopy (Figure 32 a). WT bacteria presented the characteristic cocci-shape (i.e., spherical)
with 500 nm diameter and 40 nm cell-wall thickness (Figure 32 b). Clone type I maintained the
same cell size and spherical shape as WT through generations, but its cell-wall thinned to 20 nm
(Figure 32 c-d). Note that the surface of WT and clone type I was plain and smooth. In contrast,
clone type II bacteria appeared in multi-cellular clusters, swollen and undivided (Figure 32 a).
These features are correlated to an impaired and uncompleted mother-daughter cell division, which
is characteristic of small colony phenotypes in Staphylococcus strains. Because of the
irregularities in cell shape and dispersity, the cell size could not be accurately measured. The
location of the septa favored one side of the bacteria, leading to asymmetrical cell division.
Additional information and images of structural features in MRSA clones at each generation are
presented in Figure S5, Appendix C. Additionally, the surface of clone type II bacteria developed
two apparent features. Fibrils (marked with pink arrows in Figure 32 a) grew around the bacteria
as strings and were also found between several bacterial units. Crumbs (marked with purple arrows
in Figure 32) looked like small spheres and may result from the condensation of fibrils. These
features were organic as identified by SEM-EDS (Figure S6, Appendix C), and their development
is hypothesized to increase surface adherence and, therefore, be responsible for forming multi-
cellular clusters. The cell-wall of colony type II was initially thinner than WT’s, but then, it

thickened after the 3 consecutive treatments, almost doubling the cell-wall of WT (Figure 32 d).

108



z

g B2

w -
8 8

Cell size (nm)
»
8

Cell-wall thickness (nm)

WT WT
= Type! I Typell

_E Type! I Typell

ARy

Now
e &

Cell-wall thickness (nm)

o
¥

Figure 32: The produced colony phenotypes present different morphological and structural
features than WT (a). Clone type II at the G3 developed hair-like extensions (pink arrows) and
spherical elements (purple arrow) around the surface. Cell size and cell-wall thickness
measurements of WT (b) are represented as a dashed line for comparison. The cell size in clone
type I was similar to WT (c) and could not be accurately measured in clone type II due to cell
aggregation (indicated as N/A). The cell-wall thickness presents a decreasing trend as generations
progressed from the G1 to the G3 in clone type I and from the G1 to the G2 clone type II (d). Note
that the cell-wall thickness increased in the G3 of clone type II above that of WT. Measurements
were collected from at least 100 bacteria. The statistical difference p < 0.05 between WT and the
clones is indicated with (*).

The material-bacteria interaction after exposing G3 clone type II to Ag-BGNs was also evaluated
in TEM (Figure 33). Similar to the SEM observations (Figure 28 b), the cells of this small colony
variant surrounded microparticles, probably attempting to colonize the surface. The envelope was
thinner than in G3 clone type II untreated (Figure 32 a) and hard to identify after treatment,
although it still presented surface fibrils. Additionally, nano-size debris was found to accumulate

in the cytoplasm.
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Figure 33: Structure of a G3-clone type II multi-cellular cluster after 24 h of Ag-BG treatment in
PBS. (a) The cells presented surface appendices (pink arrow) and surrounded Ag-BG
microparticles (blue circle). (b) Intracellular accumulation of nano-size debris (white circle).

4.3.5.1. Genome mutations after Ag-BG treatment

The genome of G3-clone type Il was sequenced to correlate genetic and phenotypic changes. The
cluster of orthologous group functional prediction was investigated for each SNP. Interestingly,
most SNPs displayed non-synonymous changes leading to single amino acid changes, and one
insertion leading to a frameshift was detected (Table 11). A hypothetical lipoprotein,
SAUSA300 0100, with a K to Q amino acid change is predicted to be involved in cell
wall/membrane/envelope biogenesis (Table 1). Other SNPs are predicted to be involved in amino
acid metabolism (SAUSA300 0315, SAUSA300 1753), inorganic ion transport

(SAUSA300 0611), or post-translational modification (SAUSA300 1539).
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Table 11: Single nucleotide polymorphism (SNPs) from the genome sequence of G3-clone Type I MRSA.

loci description nucleotide change coverage | frequency | p-value | protein change | COG*
SAUSA300_0050 hypothetical G61025A 65 100 1.00E-208 L->F S
SAUSA300 0100 tandem lipoprotein A110752C 168 45.20 1.30E-111 K->Q M
SAUSA300 0315 N'acetyigz‘sléammate C376057T 82 100 | 2.50E-271 D->N EM
T684887C 31 35.50 7.00E-15 L->S
SAUSA300 0611 hypothetical T684884G 26 65.40 5.00E-10 [->S P
Insertion 684889-68488 1bp 32 62.50 1.80E-7 frameshift
SAUS(AﬂzOK(;—l 169 DNA translocase A1286986G 46 100 1.62E-152 K->R D
segregation and
SAUSA300 1444 | condensation protein A1599008C 36 41.70 5.40E-33 L->R D
B
SAUSA300 1539 Chapergiif“’tem C1688528T 55 92.70 | 2.10E-158 A>T 0
SAUSA300 1753 | serine protease SpiF C1939443G 88 100 1.60E-185 A>V E
formate
SAUS(?(;%))JB ! dehydrogenase C2549677T 69 37.70 2.70E-57 E->G C
accessory protein
adenosylmethionine-8-
amino-7-
SAUSA300 2372 C2549677T 58 98.30 2.30E-181 R->H H
- oxononanoate
aminotransferase

* Cluster of Orthologous Groups (COG) abbreviation key. RNA processing and modification (A); chromatin structure and dynamics
(B); energy production and conversion (C); cell cycle control and mitosis (D); amino acid metabolism and transport (E); nucleotide
metabolism and transport (F); carbohydrate metabolism and transport (G); coenzyme metabolism (H); lipid metabolism (I); translation
(J); transcription (K); replication and repair (L); cell wall/membrane/ envelope biogenesis (M); cell motility (N); post-translational
modification, protein turnover, chaperone function (O); inorganic ion transport and metabolism (P); secondary structure (Q); general
functional prediction only (R); function unknown (S); signal transduction (T); intracellular trafficking and secretion (U); nuclear
structure (Y); cytoskeleton (Z).
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4.3.5.2. Antibiotic sensitivity restoration after the mutation

The ability of MRSA to develop antibiotic resistance has rendered most common treatments
ineffective, as is the case of high concentrations of oxacillin and fosfomycin that are well tolerated
by these bacteria (Figure 34 a-b). After Ag-BG treatment, MRSA underwent significant structural
modifications. In this section, the antibiotic-resistance of clone type II is briefly explored. As
previously mentioned, clone type II presented impaired cell division, which led to fewer CFUs
than WT. For example, a suspension concentration of ODgoo =1 in WT and clone type II is
equivalent to 10 and 10’ CFU/mL (marked with dashed lines in (Figure 34), respectively. After

24 h propagating in TSB, both strains grew almost 2-ten folds (i.e., from 10% to 101°).

In contrast to WT, clone type II growth was significantly inhibited upon exposure to oxacillin and
fosfomycin for 24 h (Figure 34 c-d). Sterile conditions were not achieved even at concentrations
of 100 pg/mL. Nevertheless, these results suggest that the administration of ineffective antibiotics

after several Ag-BG treatments restores their antibacterial capability.
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Figure 34: Consecutive Ag-BG-treatments generate a MRSA mutant responsive to antibiotics.
MRSA WT is resistant to oxacillin (a) and fosfomycin (b) after 24 h exposure under growth-
assisted conditions. Clone type II at the G3 acquired higher sensitivity to both oxacillin (¢) and
fosfomycin (d) after 24 h. The bacterial suspensions were prepared with ODgoo = 1 in fresh TSB
(white bars). Note that the untreated WT and clone type II presented 10® and 10’ CFU/mL at 0 h
(represented with dashed lines), respectively. The CFUs were enumerated with a limit of detection

of 100 CFU. The statistical significance p<0.05 between untreated and antibiotic-treated MRSA
is indicated with (*).

4.3.6. The resurrection of antibiotics by combination with Ag-BG

The combination of heavy-metals like Ag and antibiotics has been reported synergistic in the
literature [11,12,172,244], and it is a common phenomenon in Ag-containing materials like Ag-

BG microparticles. In this section, the ability of Ag-BG to synergize with antimicrobials was
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expanded towards antibiotic-resistance scenarios. As previously presented, concomitant Ag-BG
treatments induced phenotypic mutations and genome alterations that reduced antibiotic tolerance
(Figure 34). It was hypothesized that treating MRSA directly with a combination of Ag-BG and
highly-tolerated antibiotics would trigger the restoration of their antibacterial activity similarly and

accelerate the inhibitory process.

4.3.6.1. Effect of the antibiotic type on the synergism

Antibiotics were selected based on their bacterial target (i.e., cell-wall, ribosomes, and DNA) and
combined with Ag-BG at concentrations below their MIC, at which antibiotics alone were
ineffective against MRSA (black bars in Figure 35 and Figure 36). These combinations were
labeled as Ag-BG/antibiotic. The antibacterial capability of Ag-BG/antibiotics was first evaluated
under growth-arrested conditions to simulate the metabolic state of a biofilm (Figure 35), using a
2.5 mg/mL Ag-BG concentration according to its basal activity in PBS (Figure 27 a and Figure

28 a).

Oxacillin and fosfomycin are two cell-wall targeting antibiotics to which MRSA is resistant. The
B-lactam oxacillin blocks the action of the penicillin-binding proteins (PBPs) that assemble the
cell-wall ~ [245], whereas fosfomycin inhibits the  UDP-N-acetylglucosamine-3-
enolpyruvyltransferase, MurA an essential enzyme required for peptidoglycan and cell-wall
synthesis [246]. Exposure to 0.1 pg/mL of oxacillin and 2.5 mg/mL of Ag-BG (Ag-BG/oxa)
enhanced bactericidal activity over time (Figure 35 a) beyond that of either agent alone.
Additionally, 12h after administering 0.05 pg/mL fosfomycin with Ag-BG (Ag-BG/fosfo),
inhibition was also achieved (Figure 35 b). The antibacterial activity was also time-dependent.

Moreover, Ag-BG enhanced the bactericidal activity of other cell-wall targeting antibiotics like
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vancomycin, a glycopeptide that blocks cell-wall synthesis by binding and occluding access to the
D-Ala-D-Ala termini of Lipid II [247]. Thus, the transport of new cell-wall precursors from the
cytoplasm to the peptidoglycan is precluded. Although MRSA is not resistant to vancomycin, it
can tolerate up to 10 mg/mL of the antibiotic under growth-arrested conditions. Exposure to 0.5
mg/mL vancomycin with Ag-BG (Ag-BG/vanc) significantly decreased MRSA viability after 12
h (Figure 35 c). Similar to other antibiotics, Ag-BG/vanc was more toxic over time. Therefore,

Ag-BG was able to restore the inhibition potential of cell-wall targeting antibiotics.

The synergism between Ag-BG and antibiotics inhibiting protein synthesis was more variable
depending on the antibiotic type. In this work, three groups of protein inhibitors were tested.
Aminoglycosides, like gentamycin and tobramycin, provide inhibition owed to their cationic
nature[248]. The antibiotic molecule's positive charge presents a high electrostatic affinity to bond
with negatively charged biomolecules like membrane lipids and RNA [249,250]. Once inside the
bacteria, aminoglycosides bind to the A site of the 30S ribosomal subunit, causing mistranslation
of mRNA and premature termination of the peptide chain [251-254]. MRSA is not resistant to
gentamycin and tobramycin. Exposing bacteria to a combination of Ag-BG and gentamycin (Ag-
BG/gent) (Figure 35 d) or tobramycin (Ag-BG/tobra) (Figure 35 e) did not improve the overall
inhibition. Similarly, Ag-BG did not synergize with erythromycin (Ag-BG/ery) (Figure 35 f),
which binds to the 50S ribosomal subunit for irreversibly inhibiting protein synthesis at two stages:
impairing tRNA translocation and inducing abortion of peptide elongation by blocking the exit
tunnel [255]. MRSA presents erythromycin-resistance [256] and, when exposed to sub-inhibitory
concentrations of the drug, did not synergize with Ag-BG. Chloramphenicol is a broad-spectrum
bacteriostatic antibiotic that blocks protein synthesis by reversible inhibition of the peptidyl

transferase reaction at the 50S ribosomal subunit, and hence preventing peptide bond formation
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between amino acids [257]. Although no intrinsic resistance to chloramphenicol has been
observed for MRSA [258], high tolerance was found under growth-arrested conditions, as
expected from its bacteriostatic nature. Ag-BG strongly synergizes with chloramphenicol (Ag-

BG/cpl) under growth-arrested conditions (Figure 35 g).

Ciprofloxacin is a benchmark fluoroquinolone agent whose primary mechanism is the inhibition
of DNA gyrase [259]. This enzyme is responsible for the compaction of the DNA strands to fit in
the spatial constrain inside the bacteria, and its inhibition puts a hold on bacterial replication.
MRSA is not resistant to ciprofloxacin. Exposing MRSA to 0.05 pg/mL of ciprofloxacin with Ag-
BG (Ag-BG/cip) significantly decreased bacteria viability after 12 h (Figure 35 h). Similar to other

antibiotics, Ag-BG/cip was more toxic over time.
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Figure 35: Ag-BG resurrects selected antibiotics against MRSA under growth-arrested conditions.
Ag-BG synergizes with cell-wall targeting antibiotics: oxacillin (a - 0.1 pg/mL), fosfomycin (b -
0.05 pg/mL) and vancomycin (¢ - 500 ug/mL). Ag-BG's combination with protein synthesis
inhibitors showed no synergism for aminoglycosides gentamycin and tobramycin (d and e - 0.01
pg/mL) nor erythromyecin (f, 5 pg/mL). Chloramphenicol (g - 1 pg/mL) and ciprofloxacin (h - 0.05
pg/mL) became more toxic to MRSA when delivered with Ag-BG. Suspensions of MRSA (ODeoo
= 1 equivalent to ~ 10® CFU/mL) were mixed with fresh PBS medium (untreated control - white
bars), antibiotic (black bar), 2.5 mg/mL of Ag-BG (red bars) or a combination of substances (red
pattern bars). Note that antibiotics alone were ineffective against MRSA. The CFUs were
enumerated after 12 h and 24 h, as specified, with a limit of detection of 100 CFU. (*) Indicates
the significant difference between Ag-BG and Ag-BG/antibiotic and (#) the significant difference
for the combination at the two different time points (p < 0.05). Modified from [237].
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Previous results have shown that Ag-BG was bactericidal against metabolically active MRSA
(Figure 27 c), and thus, it could be used to prevent bacterial colonization and infection
development. On this basis, the antibacterial potential of the Ag-BG/antibiotic combinations was
also evaluated under growth-assisted conditions. A higher concentration of Ag-BG (~ 20 mg/mL)
was required to achieve a basal inhibition level against active MRSA. Oxacillin and fosfomycin
were selected owed to the unique capability of Ag-BG to resurrect their activity in PBS. The
combination of Ag-BG with 0.8 pg/mL of oxacillin (Ag-BG/oxa) (Figure 36 a) and 0.4 ng/mL of
fosfomycin (Ag-BG/fosfo) (Figure 36 b) was also synergistic against active MRSA. Similarly, the
combination of Ag-BG with ciprofloxacin (Ag-BG/cip) significantly enhanced the antibiotic's
action at sub-inhibitory levels (Figure 36 c). These results prove Ag-BG retained its antibiotic re-

sensitization capability under virulent conditions.
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Figure 36: Ag-BG resurrects the inhibitory action of oxacillin and fosfomycin and decreases the
MIC of ciprofloxacin against MRSA under growth-assisted conditions. MRSA was exposed to
antibiotics (black bars): oxacillin (0.8 pg/mL) (a), fosfomycin (0.4 pg/mL) (b), ciprofloxacin (0.1
pg/mL) (c); Ag-BG (20 mg/mL — orange bars) and a combination of substances (orange pattern
bars). Suspensions of MRSA (ODeoo= 1 equivalent to ~ 103 CFU/mL) were mixed with fresh TSB
medium (untreated control - white bars). Note that antibiotics alone were ineffective against
MRSA. The CFUs were enumerated after 24 h with a limit of detection of 100 CFU. (*) Indicates
the significant difference p < 0.05 between Ag-BG and Ag-BG/antibiotic treatments.
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4.3.6.2. Bacteria structure after combinatorial treatment

The antibacterial activity of the different antibiotic and/or Ag-BG combinations was also evaluated
in terms of structural modifications in bacteria (Figure 37). As mentioned before, MRSA is a
cocci-shaped bacterium with a 500 nm diameter approximately. Bacteria presented a uniformly
thick cell-wall well attached to the cytoplasm (Figure 37 A—C). The homogeneity of the electron-
density of the cell-wall and the smooth transition from the wall to the cytoplasm are characteristic
of healthy bacteria. These features were also representative of MRSA exposed to oxacillin (Figure
37 D-F), fosfomycin (Figure 37 G—I), and vancomycin alone (Figure 37 J-L), confirming MRSA
resistance to these antibiotics. However, the bacteria exposed to Ag-BG concentrated in the areas
near the microparticles (marked with blue lines, Figure 37 M—O) and harbored a damaged cell-

wall that allows the release of cytoplasmic content (marked with yellow arrow).

The damaged cell-wall areas are underscored by a loss of electron-density contrast and irregular
thickness. Released cytoplasmic contents can also be found near some of the cells. Additionally,
MRSA developed a clear void (red arrows) between the cell envelope and cytoplasm after exposure
to Ag-BG. The difference in the size of gaps and the status of the damaged cells suggest the void
space increased over time, creating a localized separation before the cell-wall breakdown and the
release of the cellular content. These features were exacerbated after 24 h with the Ag-BG/oxa
combination (Figure 37 P-R). MRSA presented an apparent cytoplasmic membrane disruption
(Figure 37 Q) and a void space between the cell envelope and cytoplasm (Figure 37 R, red

arrows).

Moreover, many bacteria contained a damaged cell-wall separated from the cytoplasm (yellow

arrows). In the case of MRSA exposed to the Ag-BG/fosfo combination (Figure 37 S-U), intact

119



bacteria were rarely observed. Instead, nano-sized Ag-BG pieces, originating from microparticle
degradation in the medium, accumulated within the cellular material (areas highlighted with blue
lines). Fragmented cell-walls and cytoplasmic content are also observed detached from bacteria
(Figure 37 U). Finally, bacteria exposed to Ag-BG/vanc (Figure 37 V-X) showed similarities
with those treated with the Ag-BG/fosfo combination, such as accumulations of Ag-BG pieces
within cellular structures were observed (Figure 37 W and X, marked with blue lines).
Interestingly, nano-tunnel/channels were created in the dark gray areas (Figure 37 V, marked with
black arrow), showing the penetration of nano-sized particles through the cell-wall. Substantial
ultrastructural changes were apparent in the more prominent diameter of the silhouettes of treated

vs. untreated bacteria.
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Figure 37: TEM images of bacteria untreated (A—C), after being exposed for 24 h to oxacillin alone (D-F), fosfomycin alone (G-I),
vancomycin alone (J-L), Ag-BG microparticles alone (M—0), or to the combinations: Ag-BG/oxa (P-R), Ag-BG/fosfo (S—-U), and Ag-
BG/vanc (V-X). Ag-BG micro-sized and nano-sized particles were marked with blue lines. Yellow arrows point to damaged cells. Red

arrows indicate the void formation between the cell envelope and cytoplasm, and the black arrow marks a nano-tunnel/channel. Modified
from [237].
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4.3.6.3. Concentration-dependent inhibition of the antibacterial agent

The capability of Ag-BG to synergize with antibiotic previously explored for a single combination
of Ag-BG/antibiotic (Figure 35 and Figure 36) is here expanded to understand how to tailor the
concentration of antibacterial agents for maximum inhibition. Increasing the Ag-BG concentration
(1.25-5 mg/mL) leads to higher inhibition of MRSA growth when exposed to a single
concentration of vancomycin (0.5 mg/mL) (Figure 38). Combination 1.25 mg/mL/0.5 mg/mL Ag-
BG/vanc did not induce a statistically significant reduction in bacterial viability. However, 2.5
mg/mL Ag-BG in the Ag-BG/vanc combination provided a similar inhibition level to 3.75 mg/mL
of Ag-BG alone. This trend indicates that synergy with the antibiotic requires concentrations of
AG-BG that are able to cause significant damage alone. Next, increasing concentrations of
antibiotics were combined with 2.5 mg/mL Ag-BG to identify the minimum concentration required
for synergism. Three antibiotics with different bacterial targets were selected for this study based
on their previous synergism with Ag-BG. Note that the concentration of antibiotics in all

combinations was below their reported MIC to reproduce antibiotic-resistance.

122



9 [_luntreated |l vanc [l Ag-BG [l Ag-BG/500vanc

D
1

log,, (CFU/mL)

w
1

0 1.25 2.5 3.75 5
Concentration of Ag-BG (mg/mL)

Figure 38: Ag-BG synergizes with vancomycin for concentrations above the MIC of Ag-BG (2.5
mg/mL). Suspensions of bacteria (ODesoo = 1 equivalent to ~ 10> CFU/mL) were mixed with fresh
PBS medium (0 mg/mL, untreated control, white bars), 500 pg/mL of vancomycin (antibiotic
control, black bars) and increasing concentration of Ag-BG (red bars) and their combination with
500 pg/mL of vancomycin (Ag-BG/vanc, patterned bars). The grey shaded line indicates the CFU
resulted from vancomycin treatment alone for reference. The CFUs were enumerated after 24 h
with a limit of detection of 100 CFU. (*) Indicates the significant difference between Ag-BG and
Ag-BG/500vanc (p < 0.05). Modified from [238].

Inhibition of MRSA increased with antibiotic concentration (Figure 39). Synergism with
vancomycin was observed at a minimum concentration of 300 pg/mL since Ag-BG/vanc
combinations, including lower antibiotic concentrations, provided higher inhibition than Ag-BG
alone (Figure 39a). Chloramphenicol was synergistic with Ag-BG at 1 pg/mL, and based on the
inhibition level (Figure 39 b), a decrease in its concentration would not lead to synergism. The
Ag-BG/cipro combination (Figure 39 c) showed potent inhibition already at ~0.05 pg/mL, and
synergism may be maintained for an even slightly lower antibiotic concentration. Sterile conditions
could be achieved by tailoring the concentration of antibiotics in the Ag-BG/antibiotic system.

Specifically, the combination of 2.5 mg/mL Ag-BG with either 1000 pg/mL vancomycin, 5 pg/mL

123



chloramphenicol, or 0.1 pg/mL ciprofloxacin inhibited bacterial growth below a detection limit of

10 CFU.
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Figure 39: The concentration of vancomycin (a), chloramphenicol (b), and ciprofloxacin (c)
combined with Ag-BG tailor the inhibition power of the Ag-BG/antibiotic system against growth-
arrested MRSA. Suspensions of bacteria (ODsoo= 1 equivalent to ~ 102 CFU/mL) were mixed with
fresh PBS medium (untreated control represented by dashed line), 2.5 mg/mL of Ag-BG (red bar)
and a combination of 2.5 mg/mL Ag-BG with increasing concentrations antibiotics (patterned
bars). The grey shaded line indicates the CFU resulted from antibiotic treatment alone for
reference. Note that antibiotics alone were ineffective against MRSA since the concentration used
was below their MIC, as reported in Table 6. The CFUs were enumerated after 24 h with a limit
of detection of 10 CFU. (*) Indicates the significant difference between 2.5Ag-BG and 2.5Ag-
BG/antibiotic (p < 0.05). Modified from [238].

4.3.6.4. Role of Ag" ion in the synergistic effect

The role of Ag" ions in the restorative capability of Ag-BG was evaluated by comparing the
inhibiting potential of Ag-BG/fosfo to that of BG/fosfo. MRSA were exposed to 2.5 mg/mL
microparticles/0.05 pg/mL fosfomycin combinations (Figure 40). After 24 h, Ag-BG was
considerably more lethal to bacteria than BG alone. The synergy of Ag-BG with fosfomycin

against MRSA is in agreement with previous results. Interestingly, BG was also able to restore
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fosfomycin's antibacterial capability, although it provided lower inhibition than its Ag-containing
counterpart. These findings demonstrate that the synergism of microparticles with antibiotics is

not limited to the presence of Ag" ions, although they hold an influential role in the bactericidal

action.
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Figure 40: BG shows antibacterial properties and synergizes with fosfomycin (fosfo) to reduce
MRSA viability under growth-arrested conditions (i.e., PBS medium). MRSA was exposed to
fosfomycin (fosfo, 0.05 pg/mL — black bar), Ag-BG (2.5 mg/mL — red bar), or a combination of
the substances (Ag-BG/fosfo — red pattern bar) but also to BG (2.5 mg/mL — purple bar) and a
combination of the substances (BG/fosfo — purple pattern) for 24 h before the enumeration of CFU.
The white bar indicates the CFU for the untreated control (0 mg/ml). (d) Indicates the significant
difference between BG and the combination BG/fosfo, (*) the significant difference between BG
and Ag-BG, and (#) the significant difference between the combinations BG/fosfo and Ag-
BG/fosfo (p < 0.05). Modified from [237].
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4.4. Ag-BG as therapeutic carrier against resistant infections

The unique capability of Ag-BG microparticles to resurrect antibiotics while simultaneously
promoting new bone formation, as presented in sections 4.2 and 4.3, offering new hope to fight

antibiotic-resistance in bone degenerative diseases.

4.4.1. Antibiotic immobilization on Ag-BG microparticles

The conjugate was developed following a co-precipitation method by incubating Ag-BG in a PBS
bath containing vancomycin [260-262]. As previously stated, exposing Ag-BG to a medium
triggers the release of ions from its structure. In this case, the release will lead to the supersaturation

of the bath and, consequently, the precipitation of vancomycin.

The antibiotic uptake efficiency was evaluated by immersion in the bath after 2, 6, and 24 h. The
mass of vancomycin loaded was indirectly measured as described in section 3.7.2. After 2 h of
immersion, Ag-BG incorporated almost 50 % of the vancomycin it was initially exposed to
(Figure 41 a). Although extending the immersion period increased vancomycin uptake, no
significant improvement was observed between 6 h and 24 h. Considering the trend of antibiotic
deposition in Ag-BG, and considering that excessive antibiotic deposition can cause a considerable
delay in drug release [263,264], 6 h was selected as the optimum uptake time, and the resulting

loaded microparticles are hereafter referred to as Ag-BG@vanc conjugate.

The structure of Ag-BG before and after antibiotic uptake was evaluated to confirm the presence
of antibiotics (Figure 41 b). The FT-IR spectrum of Ag-BG has been presented previously and is
used here as a reference. Briefly, Ag-BG presents the characteristic peaks of a semi-crystalline

silicate network with vibration for Si-O (450, 800, 900-1200 cm™') and P-O bonds (575-605 and
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900-1200 cm™). Vancomycin (analyzed in powder form) showed the typical vibrations of any
organic compound; specifically, O-H groups at 630 and 1600 cm™ and C-O groups at 1400 cm™
and a characteristic peak at 700-800 cm™'. After immersion in the antibiotic bath, the resulting Ag-
BG@pvanc conjugate presented a combination of the vibrations mentioned above, demonstrating
vancomycin loading. Interestingly, the double P-O vibration at 575-605 cm™ appeared sharper
after antibiotic uptake, suggesting the precipitation of phosphate-rich minerals was taking along

with vancomycin.
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Figure 41: Mass of vancomycin (vanc) loaded on Ag-BG particles after 2, 6, and 24 h uptake time
(a). The loading efficiency represents the % of vancomycin loaded from the initial uptake solution.
Statistical significance p < 0.05 between 2 h uptake time the other groups is indicated as (*). No
statistical difference was obtained between 6 and 24 h uptake. (b) FT-IR of Ag-BG (red), Ag-
BG@vanc after 6 h uptake (pink), and vanc (black) revealed the development of new vibration
modes in the conjugate (grey shading) that further proved vancomycin incorporation.

The presence of vancomycin and minerals at the Ag-BG surface is also evidenced in the
morphology, topography, and composition of the microparticles. For example, the presence of the
antibiotic may be evidenced by a significant increase in the intensity of Cl since vancomycin is a

Cl-containing organic molecule. The surface features and their composition were analyzed using
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SEM-EDS and compared under three conditions: as-synthesized Ag-BG, Ag-BG immersed in
fresh PBS, and Ag-BG@vanc. As previously shown, as-synthesized Ag-BG has a smooth surface
with a homogeneous distribution of Si, P, Ca, Na, and Ag (Figure 42 a). Immersing Ag-BG in
fresh PBS (Ag-BG/PBS) simulated the surface reaction during the antibiotic uptake process. Ag-
BG/PBS (Figure 42 b) presented a heterogeneous composition with local deposition of salts like
NaCl and AgCl and Ca-P minerals. SEM-EDS also showed an enrichment of Ca and P species at
the surface of the Ag-BG@yvanc conjugate (Figure 42 c) is in agreement with the FT-IR vibration
(Figure 41 b). Ag-BG@vanc also presented a consistent Na and Cl distribution across the surface,
although their intensity was significantly higher than in Ag-BG/PBS and as-synthesized Ag-BG.
The homogenous distribution of CI in Ag-BG@vanc serves to justify the presence of trapped
vancomycin. The EDS spectra also show consistent contributions of Al, Ni, Cu, and Fe due to the
metallic stub that held the SEM samples. UV-Vis, FT-IR, and SEM-EDS together prove the

development of a vancomycin depot using Ag-BG microparticles.
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Figure 42: Surface morphology and chemistry of the Ag-BG particles as-synthesized (a), after
immersion in PBS for 6 h (b), and after vancomycin uptake in PBS for 6 h (c). Elemental
distribution presented with color maps for silicon (Si, fuchsia), phosphorous (P, orange), calcium
(Ca, yellow), sodium (Na, green), silver (Ag, navy blue), and chlorine (Cl, cyan) and elemental
spectrum. The homogeneous distribution of Cl in (c) is correlated to the precipitation of
vancomycin. Salts and Ca-P deposits are indicated with red and white arrows, respectively.

4.4.2. Drug delivery in vitro.

The release profile of vancomycin from Ag-BG@vanc conjugate was evaluated under different
environmental conditions. The short-term release (for up to 3 days) was monitored at 37 °C (Figure
43 a and c), simulating the human body, while the long-term release (for up to 10 days) was
performed at 2 °C (Figure 43 b and d) due to concerns of antibiotic degradation. The dose delivered

at each time point showed a Gaussian profile regardless of the conditions. As expected, the release
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rate at 37 °C (Figure 43 a) was faster than at 2 °C (Figure 43 b) due to an accelerated surface
reaction, as evidenced by the time point at which the release peak occurred. Specifically, after 12
h at 37 °C (~0.08 mg/mL) and 48 h at 2 °C (~0.12 mg/mL), the maximum drug release occurred.
The conjugate sustained the delivery of vancomycin over time, although 100 % was never
achieved. The cumulative release at 37 °C did not reach a plateau but instead decreased the release
rate after 12 h (Figure 43 c). On the contrary, Ag-BG@vanc reached its full delivery capability
after 4 days at 2 °C with a total release of vancomycin of 0.5 mg from the 0.68 mg loaded and

presented a plateau release after that (Figure 43 d).
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Figure 43: Daily release dose (a-b) and cumulative release profile (c-d) of vancomycin from Ag-
BG@pvanc in 1 mL of PBS at 37 °C (a and ¢, pink dashed line) and 2 °C (b and d, blue dashed line).
The dashed lines are a guide to the eye.
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4.4.3. Interaction of Ag-BG(@vanc conjugate and bacteria

The capability of the Ag-BG@vanc conjugate to inhibit MRSA was compared to that of
vancomycin, and Ag-BG delivered alone (Figure 44 a). After 24 h, vancomycin was unable to
decrease the viability of MRSA since, under our growth-arrested-like conditions, the antibiotic
mechanism of action is bypassed. Therefore, simulating a vancomycin-resistant environment. On
the contrary, exposure to Ag-BG particles caused significant damage, in agreement with previous
results (Figure 27) [17,238], but insufficient to decrease the bacterial concentration below the 105
CFU that define an infection. This effect was expected since the Ag-BG concentration was below
its recommended 2.5 mg/mL dose. The improved antibacterial action of the Ag-BG/vanc
combination was maintained in the Ag-BG@vanc conjugate. Using Ag-BG as a vehicle enabled
dose reduction due to the localized delivery of the antibiotic. Specifically, the 0.5 mg Ag-BG and
0.25 mg vancomycin delivered in the Ag-BG@vanc conjugate inhibited more bacteria than 2.5

mg Ag-BG with 0.5 mg vancomycin delivered in combination (Figure 35 c).

Evaluation of bacterial morphology and microparticles after exposure for 24 h in PBS by SEM
showed that, in agreement with previous observations, MRSA tried to colonize the surface of the
particles where they faced the presence of nano-sized debris pointed by blue arrows (Figure 44 b
I[-1T). Bacteria damage was evidenced by changes in their shape and the presence of cytoplasmic
content (red arrows) and cell-wall fragments (yellow arrows). Although Ag-BG presented surface
deposits when immersed in PBS (Figure 42 b), the surface remained deposit-free in the presence
of bacteria (Figure 44 b I-1I). The interface between Ag-BG@vanc and MRSA retained the Ca-P
deposits (white arrows) observed before treatment, although some of them appeared detached from
the surface (Figure 44 b III-IV). The elemental composition of these deposits was Ca-P-based,
similar to Ag-BG@vanc before MRSA treatment (Figure 44 c). The EDS spectrum also showed
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a lower contribution of chlorine, which served as an indicator of vancomycin presence, after
exposure to bacteria. The antibiotic's presence was noted as thin strings (indicated by green arrows)

exiting Ag-BG towards bacteria cells.
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Figure 44: Inhibition of MRSA after 24 h treatment with Ag-BG and Ag-BG@vanc in PBS. (a)
Enumeration of colonies. Statistical difference p<0.05 between untreated and treated MRSA (*)
and between Ag-BG and Ag-BG@vanc (#). (b) Interaction between bacteria and Ag-BG (I-II) or
Ag-BG@vanc (III-1V). Morphological features at the particle surface like nano-sized debris and
Ca-P deposits are indicated with blue and white arrows, respectively. Vancomycin appears as thin
strings exiting the deposits (green arrows). Red and yellow arrows mark cell-wall fragments and
cellular content resulted from bacterial damage. (c) Elemental maps in Ag-BG@vanc after MRSA
treatment for carbon (C, green), silicon (Si, pink), (Si, fuchsia), phosphorous (P, orange), calcium
(Ca, yellow), and chlorine (Cl, cyan), and elemental spectrum.
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4.4.4. Interaction of Ag-BG(@vanc conjugate and fibroblasts; biocompatibility

The biocompatibility of the antibiotic depot was evaluated following an indirect exposure test
similar to previous experiments. Although Ag-BG promotes cell proliferation in vitro (Figure 22),
its surface chemistry was significantly modified during the vancomycin uptake process, and
therefore, the biocompatibility must be re-evaluated. Ag-BG@vanc was not cytotoxic according
to the lack of statistical difference in cell population vs. untreated cells (Figure 45). Both Ag-BG
and Ag-BG@vanc had similar positive effects on cell behavior, despite the delayed ion release,
key to cell proliferation, expected from the antibiotic/ion co-precipitation on Ag-BG@vanc
surface. In contrast, the population of vancomycin-treated cells decreased after 1 and 3 days of

exposure, which reverted to normal levels by the end of the experiment.
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Figure 45: Ag-BG@vanc conjugate (pink-stripes) enhanced cell proliferation at a similar level
than Ag-BG (red). Vancomycin at a concentration of 0.06 mg/mL (black) slightly decreased cell
viability. The significant difference (p< 0.05) between untreated treated cells is indicated with (*).
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4.5. From Ag-BG microparticles to Ag-BG nanoparticles

Nanomedicine techniques are based on materials featured to mimic host tissue [187,265]. In this
field, nanoparticles hold potential since their size and charge can be modulated to allow
intracellular uptake without being harmful to the surrounding tissues. As one of the inhibition
mechanisms involved in the antibacterial capabilities of Ag-BG microparticles seemed to rely on
the accumulation of nano-sized debris (Figure 37), Ag-BGNs are anticipated to hold intense
antimicrobial action that would be no longer dependent on microparticles’ decomposition.
However, as previously mentioned, the incorporation of multifold metallic ions is rarely successful
in silicate-based nanoparticles, and therefore, the synthesis of Ag-BGNs is presented as an
ambitious goal. In the first part of this section, the conventional Stober method was first modified
to explore the cation incorporation routes in a simplified BGNs composition. Then, the synthesis

method was re-evaluated for the development of Ag-BGNS.

4.5.1. Development of ternary system BGNSs: incorporation of Ca and P.

In this section, the challenges of incorporating P and Ca in amounts equal to the nominal
composition were addressed. A new approach to synthesize nanoparticles in the 62 SiO2 — 3.2 P2Os
- 344 CaO (mol.%) where nominal and actual composition agree is reported. First, a Stober
method for submicrometer BGNs (~400 nm) was used as the reference point for this study [71]
and then modified in the solvent, stirring time, and order of reagent addition to incorporate the
desired concentration of P and Ca®" ions. The results presented here have been previously
published as Pajares-Chamorro, N., & Chatzistavrou, X. (2020). “Bioactive Glass Nanoparticles

for Tissue Regeneration “, ACS Omega, 5(22), 12716-12726.
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4.5.1.1. Morphology and nature of BGN

The particle size, dispersity, and composition of sol—gel-derived BGNs were studied as a function
of processing parameters (Figure 46). Particles were synthesized following two main protocols:

method 1 (M1) and method 2 (M2).
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Figure 46: Morphology, distribution, and elemental analysis spectra of BGNs and its aggregates
for M1-P1 (A-D), M1-P2 (E-H), M2-P1 (I-L), M2-P2 A (M-P), M2-P2 B (Q-T), and M2-P2 C (U-
X) synthesis protocols [266].
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Dense, spherical, and monodispersed particles, with a diameter of around ~400 nm, were achieved
using the M1 protocols (Figure 46 A—C, E—G). Particle size was reduced below 100 nm due to
the addition of CaNT before catalysis in M2 (Figure 46 I- K, M—0O, Q—S, U-W) and consequently
led to a decrease in particle dispersion. BGNs produced by the M2-P1 method presented sizes of
~86 nm, forming aggregates with an average size of around 1-2 um (Figure 46 J) and showed
mesoporosity (Figure 46 K, inset). This characterization of the structural pores is presented in

section 4.5.1.1.2.

Decreasing the HoO concentration in Solution B in the M2-P2 A protocol (Figure 46 M—O)
resulted in a trimodal distribution with an average particle size of around ~70 nm (52%), ~190
nm (39%), and ~500 nm (9%), and loss of mesoporosity compared to M2-P1. BGNs synthesized
by M2-P2 C (increase in X stirring duration time before the addition of CaNT and Solution B,
Figure 46 Q— S) and M2-P2 C (increase in X stirring time after the addition of CaNT and before
the addition of Solution B, Figure 46 U-W) showed no significant difference in particle size to
one another. Both presented a size ~20 nm conforming to bigger aggregates (~1 pm). This
observation indicates that the increase in stirring time before Solution B is critical for particle size.
However, since no difference was observed between M2-P2 B and M2-P2 C, it is unclear if there
is a dependence concerning which step is prolonged (i.e., before or after the addition of CaNT in
M2-P2 B and Me-P2 C, respectively) in decreasing particle size or if it is a result of the overall

increase in stirring time regardless of the step.

Table 12 summarizes the particle sizes drawn from TEM images, as well as the DLS
measurements for comparison. DLS tended to overestimate the size of BGNs because of its
predisposition to report aggregate sizes rather than individual particles. However, in general, most

DLS data is within the same range as TEM measurements.
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Table 12: Particle size of BGN based on TEM Image analysis and DLS measurements [266].
Protocols M1-P1 M1-P2 M2-P1 M2-P2 A M2-P2 B M2-P2 C

Particle size 70+ 13
from TEM 438 + 17 425+ 17 86+ 14 193 +£ 51 18+2 18+5
(nm) 495 £12
Particle size 120 £ 10
142 + 20 15+5 22+6
from DLS N/A* 500 + 30 200 + 30
(nm) 990 + 100 625 + 50 200+ 100 300+ 50

*N/A: non-applicable. The sample was not analyzed.

4.5.1.1.1. Elemental composition of BGNs

Control over the elemental composition of BGNs following a Stober like method has remained a
challenge for years. SEM-EDS spectra semi-quantitatively evaluated the composition of BGNs to
elucidate key elemental differences among BGNs from different protocols. The spectra collected
were presented in Figure 46 D, H, L, P, T, X, with the calculated values summarized in Table 13.
Nanoparticles fabricated by the reference protocol MI1-P1 presented significantly low
incorporation of P>Os and CaO in agreement with published data [71]. The lack of phosphorous
was attributed to the unbalanced hydrolysis rate between TEOS and TEP under basic conditions.
This effect was overcome in the M1-P2 and M2 synthesis protocol, where the reagents were
dissolved in methanol so that both hydrolysis reactions happened at comparable rates, increasing
the final concentration of P2Os in the system. The modification of the solvent was insufficient to
reach the intended CaO content since no significant improvement was observed from M1-P1 to
MI1-P2. Instead, the order of reagent addition was critical for the incorporation of CaO.
Synthesizing particles by the M2 protocol where CaNT was incorporated into Solution A before
catalysis and stirring for a long enough time allows cation interaction with SiO; tetrahedra to

increase the CaO content to 35 mol %.
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Table 13:Semi-quantitative evaluation of BGNs composition (mol. %) from EDS mapping [266].
The composition was obtained from 3 different regions, and the standard deviation reports the
elemental differences among them. Red font is used to highlight the compositions away from the
nominal.

System SiO2 P20s CaO

Nominal composition (mol. %) 62.1 3.2 34.7
M1-P1 93.5+0.7 0.4+0.5 6.1+£0.2
e M1-P2 93.1+02  32+01  3.7+0.1
§ M2-P1 61.4+0.9 3+£0.5 356+1.0
E M2-P2 A 63.9+0.9 3.8+0.5 323+0.8
> M2-P2 B 642430 35402  323+1.0
M2-P2 C 62.1£04 33+0.8 346+04

4.5.1.1.2. Mesoporosity of M2-P1 particles

The morphological evaluation of the BGNs revealed the presence of pores in particles derived
from the M2-P1 synthesis protocol (Figure 46 K). The mesoporosity was characterized by N»
adsorption and desorption. M2-P2 presents an isotherm type IV characteristic of a mesoporous
sample (Figure 47 a) and supports the TEM observation. The BET analysis revealed a surface area
of 21.95 m?/g and an overall pore volume of 0.078 cm?/g. The mesoporosity was distributed in
three main approximate sizes: 2 nm, 20 nm, and 90 nm (Figure 47 b). Considering the particle
size and distribution reported in Figure 46 I-K and Table 13, it can be concluded that M2-P1
particles have an average pore size of 20 nm with little presence of smaller pores. Therefore, the
larger pores (i.e., 90 nm) are correlated to space between loosely aggregated individual BGNSs,

demonstrating the particles were not densified together.
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Figure 47: M2-P1 BGNs present mesoporosity in agreement with the N> adsorption-desorption
isotherm type IV (a). The pore size and distribution obtained by BET analysis (b) demonstrate an
average pore size of 20 nm and 90 nm gaps between individual nanoparticles. Modified from [266].

4.5.1.2. Structure of ternary BGN

The structure of BGNs was further assessed by FT-IR (Figure 48), XRD (Figure 49), and NMR
(Figure 50) analysis. All FT-IR spectra present characteristic features of amorphous-like silicate-
based structures (Figure 48), shown in earlier sections. Briefly, M1 BGNs present a dominant
SiO; structure with vibration modes at 450, 805, 1000—1050, and 1200 cm ™! for Si—O—Si bending
and stretching. The strong vibration of the Si—O—Si stretching mode at 1000—1050 cm™' overlaps
with the P-O bending at 1040 cm!, in agreement with other silicate glasses' structural
characterization. All the BGNs synthesized by M2 protocols developed a shoulder in the 900—1100
cm ! region. The band at 900 cm™! is attributed to Si—O—NBO bonds and demonstrates the SiO>
network was modified. Therefore, this band's development confirms the presence of Ca**, which
structural role is as modifier ion in the SiO> network. The formation of a 900 cm™ band also results

in the minor shift of the 1050 cm™! peak to the lower wavenumber.
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Figure 48: Structural analysis of BGNs from FT-IR vibrations. M1 protocols present a non-
modified SiO, network, while in M2 protocols, the network was modified by Ca" ions, evidenced
by the shoulder at 900 cm™! [266].

The amorphous structure of M1 and M2 BGNs was further analyzed with XRD (Figure 49 a).
These features were analyzed by fitting the XRD patterns with Gaussian peaks for R? = 0.99. Five
Gaussian peaks were identified to fit the XRD patterns with the maximum for each fitting peak at
20:21.9°+£0.6,274°+£0.5,31.3°+0.2,52.3 °+ 3, and 70.3 ° + 0.03 (Figure 49 b). BGNs
developed by the M1-P1 protocol present a strong contribution of the 21.9 °20, followed by a
weaker one at 27.4 °20. Modification of this protocol towards the cation incorporation resulted in
the 21.9° 20 decrease in favor of the increase of 27.4° 20. This trend was evident when the XRD
pattern of M1-P1 BGNs was compared to that of M1-P2 BGNs, where the only structural
difference was the incorporation of P ions in the structure and is more evident in M2 protocols

were the overall spectra shifter towards higher 20 values after Ca?* modified the SiO2 network.
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The fifth peak with a maximum at 70.3° 26 observed in M1 BGNs disappeared in the M2 BGNs
patterns, and instead, two other peaks formed at 31.1 and 52.3 °26 (Figure 49 b). These changes
in the XRD patterns could also be potentially assigned to the incorporation of Ca** ions in M2

BGNs that strongly modified the SiO, network compared to M1 BGNS.
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Figure 49: Characterization of the amorphous BGNs structure by XRD analysis (a). The
diffraction peaks were deconvoluted with Gaussian curves (b), revealing a significant peak shift
towards higher 20 as the SiO2 network was modified in M2 BGNS.

The deconvolution of the XRD spectra (Figure 49 b) in Gaussian peaks was analyzed in terms of
area under the curve to demonstrate the evolution of network environments numerically as the
synthesis protocol was modified. Table 14 summarizes the Gaussian deconvolution results,

confirming the observation mentioned above regarding peak evolution.
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Table 14: Numerical analysis of the Gaussian peak deconvolution of amorphous XRD spectra.
The area under the curve evolves during cation incorporation, evidencing a modified SiO> network.

Peak Area

Peaks Maéig;“m MI-P1  MI-P2 M2-PI M2-P2A M2-P2B M2-P2C
1% Peak 21.9+0.6 5.28 3.83 1.33 2.71 0 1.44
2" Peak 274+0.5 5.7 7.46 9.4 6.62 8.89 7.35
31 Peak 31.1+0.2 0 0 0 1.43 1.26 1.95
4™ Peak 523+3 0 0 0 5.02 7.22 5.37
5% Peak  70.3+0.03 12.45 10.4 0 0 0 0

The shift on the XRD spectra as higher cation concentration was incorporated in BGN revealed
different SiO» coordination. The network connectivity (NC) was evaluated in terms of Q"
speciation using *’Si MAS-NMR. Two representative samples were analyzed: M1-P2 (Figure 50
a) and M2-P2 A (Figure 50 b). The chemical shifts (—8) were identified for Q* (109—112 ppm),
Q® (100102 ppm), Q? (85-93 ppm), and Q' (76—79 ppm) units. The Q? species presented two
different signals related to (1) silicon associated with hydrogen (~93 ppm) and (2) silicon
associated with network modifiers (~85 ppm), in this case, calcium [267]. The structure of M1
BGNs was dominated by Q* and Q? species. M2 BGNs presented a higher contribution of Q?
species and showed a significant increase in Q? speciation. These observations are congruent with
FT-IR and XRD spectra, confirming M1 BGNs had a non-modified SiO> network (Q* species and
Si-O-Si bonds) due to the low incorporation of cations. In contrast, in M2 BGNs, the structure

becomes strongly modified.
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Figure 50: Distribution of Q" silicon species in M1-P2 (a) and M2-P2 (b) BGNs from solid-state
29Si CP MAS-NMR. The Gaussian deconvolution of the spectra is displayed in lighter colors, with

their corresponding Q" showing higher contribution of Q* and Q? species in M1, and M2 BGNs,
respectively [266].

The NC was calculated from theoretical and experimental models (Table 15), as explained in
section 3.2.6. Briefly, the theoretical NC was obtained attending SEM-EDS's elemental
composition (Table 13), assuming phosphorous acted only as network former. The experimental
NC was obtained from the Q%/Q?’ ratio obtained from the Gaussian deconvolution of the MAS-
NMR spectra. Note that the experimental value underestimates the network connectivity as it
neglects the contribution of Q* units in the calculation. Nonetheless, both models confirmed the

structure of M1 BGNs was more interconnected than that of M2 BGNSs.
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Table 15: Network connectivity (NC) in BGNs from theoretical and experimental models
demonstrates higher interconnectivity in M1 than M2 BGNs, as expected from cation
incorporation [266].

Protocol Theoretical NC Experimental NC

MI1-P1 3.9 N/A*
MI1-P2 4 0.73
M2-P1 3.2 N/A*
M2-P2 3.3 0.36

*N/A: non-applicable. The sample was not analyzed.

4.5.1.2.1. Presence and status of Ca®" ions in M2-P1

The cation incorporation mechanism was studied by analyzing the presence and status of Ca >* at
various stages of the synthesis process. In M2-P1 BGNs, CaNT was added before catalysis and
stirred for an extended time to interact with the previously formed SiO; tetrahedra. These M2-P1
BGNs were collected after condensation and dried at 60 °C to evaluate the incorporation of Ca 2"
compared to the BGNs after calcination at 700 °C. SEM-EDS demonstrated the presence of CaO
in M2-P1 BGN s at the nominal level (~ 35 mol.%) before and after calcination (Figure 51 a). The
status of Ca 2* ions was evaluated with FT-IR (Figure 51 b). M2-P1 BGNs before calcination
presented the typical vibration of a non-modified SiO2 network, similar to the spectra collected for
M1 BGNs (Figure 48). However, after calcination, the 900 cm-1 should for Si-O-NBO developed.
These observations demonstrate Ca >* ions were only trapped within BGNs as the nucleation and
condensation of nanoparticles occurred during catalysis but only contributed to the network after

calcination.
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Figure 51: The presence of Ca*" ions above 30 (mol.%) in M2-P1 BGNs before calcination was
confirmed semi-quantitively by EDS analysis (a). FT-IR spectrum (b) demonstrates Ca** ions only

modify the SiO> network after calcination, as evidenced by the development of a 900 cm’!
shoulder. Modified from [266].

4.5.1.3. The degradation of BGNs in vitro

The degradation of ternary BGN was evaluated in terms of pH evolution and apatite-forming

ability, following the same methodology used in Ag-BG microparticles in section 4.1.
4.5.1.3.1. pH evolution of BGNs

The degradation of BGNs derived from M1-P1, M2-P1, and M2-P2 C was evaluated by immersion
in PBS and monitored through the pH of the solution (Figure 52 a). The results were compared to
the behavior of an equivalent compositional system of a larger scale, in this case, 58 S
microparticles of <20 pm. Burst ionic release occurred in M2 BGNs where the solutions presented

pH above 8 after 24 h of immersion. After 4 days of immersion, their pH dropped back to neutral
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levels (7.5-7.7), indicating a steadier degradation for up to 10 days in solution. On the contrary,
M1 BGNs presented a pH below 8 at all times. The 58 S microparticle used as a reference point
demonstrated a similar behavior as that of M2 BGNs. This phenomenon is probably correlated to
network connectivity of both M2 BGNs and 58 S microparticles being lower than that of M1
BGNs, which presented mainly Q* units due to the lack of cation incorporation. On this basis and
considering the biological application of these nanoparticles, they were preconditioned in DMEM
medium for 4 days, the point at which BGNs are expected to release ions at a more controllable
rate. Figure 52 b shows the pH remained around neutral values after immersing pre-conditioned

particles in PBS for up to 4 days.
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Figure 52: BGNs degrade upon immersion in PBS, causing significant fluctuations in the pH
value, which increases above the biological range (7.5-7.7) (a). After preconditioning in DMEM
for 4 days, the pH stabilizes around neutral values (b).
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4.5.1.3.2. Apatite-forming ability of BGN

The osteoconductive potential of nanoparticles was assessed through in vitro biomineralization
studies, using the formation of the biological apatite phase in SBF as the indicator of bioactive
behavior. After 7 days, the formation of an apatite phase was observed for M1, M2-P1, and M2-
P2 A BGNs by FT-IR (Figure 53, solid line) and compared to that before SBF (Figure 53, dashed
line). This deposition was evidenced in both M1 BGNs by developing a broad peak in the region
of 575-620 cm™! commonly attributed to P—O bending. In M2 BGNss, this band evolved towards
a double peak vibration, although the peak is still quite broad. The wide band at ~1050 cm!
increased in sharpness and unfolded the side shoulders to form more clear peaks at ~950 and
~1200 cm™!. These features indicate the more substantial P—O bending vibration in the structure
as the number of P-O increases due to apatite deposition. Additional features were identified in
M2 BGNs like carbonate group bands at ~873 and ~1450 cm ™! that confirmed the formation of a
carbonated calcium phosphate phase. Based on these facts, it can be concluded that both M1 and
M2 BGNs were able to develop the biological apatite phase. The weaker apatite-forming ability
of M1 BGNs than M2 BGNs, as evidenced by the intensity and characteristics of the vibration, as
mentioned earlier, is probably a consequence of the alterations in nanoparticles’ composition and

size.
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Figure 53: Apatite-forming ability of BGN after 7 days in SBF (solid line) compared to their

respective spectra before SBG (dashed line). Carbonate calcium phosphate deposition was
evidenced in M1 and M2 BGNS, although the vibration was weaker in M1 BGNs [266].
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4.5.1.4. Antibacterial behavior of BGN

The antibacterial effect of three types of BGNs (i.e., M1-P1, M2-P1, and M2-P2 C) was evaluated
against MRSA. To reduce the effect of pH in antibacterial behavior, all particles were pre-
conditioned for 4 days before the antibacterial test (Figure 52 b). The 58S microparticle system
showing null inhibitory capacity was used as a reference. Conversely, MRSA exposure to BGNs
for 24 h significantly decreased their viability (Figure 54 a). Inhibition achieved with M2 BGNs
was considerably more potent than M1-P1 BGNs, providing almost a total ten-fold decrease in

bacteria viability. No statistical significance was found between cells treated with M2-P1 versus

M2-P2.
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Evaluation of MRSA interaction with nanoparticles by SEM imaging showed that untreated
bacteria present a spherical shape of 500 nm diameter and a smooth surface, in agreement with
previous observations (Figure 54 b). No signs of damage were evident in bacteria surrounded by
M1-P1 BGNs, whose size is close to that MRSA (i.e., 300-400 nm). On the contrary, M2 BGNs
of < 100 nm in size coated the bacterial surface allowing the release of cytoplasmic content that

was evident around the sample.
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Figure 54: BGNs exhibit mild antibacterial activity against MRSA (a). Suspension of bacteria
(ODeoo= 1 equivalent to ~ 10> CFU/mL) were mixed with fresh PBS medium (untreated control,
white bar) or 1 mg/mL of 58S (black bar), M1-P1 (green bar) , M2-P1(brown bar) or M2-P2 C
(orange bar). The CFUs were enumerated after 24 h with a limit of detection of 100 CFU. The
interface between BGNs and bacteria was evaluated in SEM (b), where the color arrows point to
nanoparticles. The white scale bar represents 200 nm.
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4.5.2. Development of Ag-BGNs for medical applications

The synthesis of Ag-BGNs was performed by modification of the Stober-like method presented in
the previous section. A simplified ternary-BGN composition was processed successfully
incorporating P and Ca's intended concentration, therefore, addressing the challenges in ion
incorporation in nanoparticles of < 100 nm. This protocol (i.e., M2-P1) was further adapted to
yield a composition similar to that of the Ag-BG microparticles previously presented. In this
section, Ag-BGNs with a composition of 62.5 Si02 — 3.4 P204—29.4 CaO — 3.8 Al2O4—0.8 Ag0
(mol. %) were synthesized and characterized to evaluate putative effects of particle size reduction

in the biological and antibacterial properties of the system.

4.5.2.1. Morphology, size, and composition of Ag-BGNs

Ag-BGNs were obtained using a modified Stober method, incorporating Al and Ag to replace the
Ca content. Spherical and dense nanoparticles were obtained, as shown by SEM and TEM (Figure
55 a-b). The particles' morphology was similar to that of M2-P2 BGNSs, and the incorporation of

two new cations did not influence this morphology.

3 4 keV

Figure 55: Morphology, distribution, and elemental analysis spectra of Ag-BGNs. Aggregates
were observed in powder form (a), but monodispersity is achieved in solution (b). EDS confirmed
the incorporation of cations (c).
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The nanoparticles appeared in aggregates when in powder form, as observed in SEM (Figure 55
a). There is a loose connection between nanoparticles forming the aggregates since Ag-BGNs
could be uniformly dispersed in the medium. The monodispersity of Ag-BGNs was captured in
TEM (Figure 55 b). The resin was used as dispersing medium since the higher viscosity prevents
the separated Ag-BGNs from aggregating to reduce their surface energy. Table 16 also shows an
average particle size of ~10 nm, measured by TEM image analysis and confirmed by DLS. The

zeta-potential was negative with a value of ~-9 mV.

Table 16: Particle size and surface charge of Ag-BGNs based on TEM and DLS measurements.

Ag-BGNs TEM DLS
Particle size (nm) 740+£1.33  8.42+0.62
Zeta-potential (mV) N/A* -8.94+3.84

*N/A: not applicable.

The composition of the Ag-BGNs was semi-quantitatively assessed with EDS. All the ions were
successfully incorporated in a similar range as the intended nominal (Table 17). The amount of
CaO was found around 30 mol.%, in agreement with the M2 BGN protocols previously presented.
The concentration of P>Os and Ag>O was slightly lower than the nominal. However, considering
the sensitivity of EDS for the detection of small concentrations, this result may only serve to
demonstrate their presence. Other elemental analytical techniques would be required to quantify

the exact composition.
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Table 17: Semi-quantitative evaluation of Ag-BGNs composition (mol. %) from EDS mapping.
The composition was obtained from 3 different regions, and the standard deviation reports the
elemental differences among them. Red font is used to highlight the compositions away from the
nominal.

System SiO2 P20s CaO ALO3 Ag:0
Nominal (mol.%) 62.5 3.4 29.4 3.8 0.8
EDS estimation (mol%) 65.6+3.8 1.9+0.7 273+£5.7 47+1.2 0.5+0.2

4.5.2.2. Status of Ag" in the network and network connectivity.

The status of Ag’ ions in the bioactive glass network was assessed by colorimetry. Visual
inspection of the powder showed the Ag-BGNs were colorless (i.e., white powder) (Figure 56 a).
UV-Vis was also used to evaluate the status of Ag. The characteristic peak of Ag and its
compounds, which absorb light in the 350-600 nm wavelength range, were absent from the UV-
VIS spectra. On this basis, and considering Ag's detection in the EDS (Figure 55 c), it can be

inferred Ag" was trapped in ionic form.

The chemical shifts in 2’Al MAS-NMR (Figure 56 b) showed the symmetrical vibration for the
magic angle spinning sideband (MASS) at 4.6 — 4.6 ppm and 80 — 100 ppm. The coordination of
aluminum in Ag-BGNs was as AlY and Al'"Y. The area under the curve was obtained from the
Gaussian deconvolutions and used to calculate the population % of species. The structure of Ag-
BGNs presented a significantly higher population of Al"Y (~ 62 %) than AlY (~ 21 %). Therefore,
the incorporation of aluminum was manly in tetrahedral coordination forming [AlO4] ~units. It is
expected that the negative charge of these aluminum tetrahedra will balance with the positive

charge of Ag" ions, trapping them within the structure.
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Figure 56: Ag-BGNs did not absorb light in UV-Vis (a), and the powder was colorless (inset),
confirming the absence of Ag compounds. ?’A1 MAS-NMR confirmed the dominant presence of
A1V units (b), used to trapped Ag* ions. The contribution of low Q" units in ?*Si MAS-NMR
demonstrated Ag-BGNs had a modified silicate network (c).

The network connectivity was evaluated in terms of Q" speciation using ??Si MAS-NMR. Figure
56 ¢ shows the chemical shift (§) for Q* (-109 to -112 ppm), Q? (-100 to -102 ppm), Q* (-85 to -93
ppm), and Q! (-76 to -79 ppm). Similar to BGNs, two different signals were identified for Q>
species related to hydrogen bonding (~ -93 ppm) and network modifiers bonding (~ -85 ppm). The
primary network modifier in Ag-BGNs is Ca®" ion with a concentration of 25 mol.%, and therefore,
the chemical shift at -85 ppm was attributed to Q’ca. The structure Ag-BGNs was dominated by
Q* and Q® species representing each 30 and 42 % of the spectrum's intensity area, respectively.

Therefore, the experimental network connectivity based on Equation 7 yields approximately 0.67.
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4.5.2.3. The degradation of Ag-BGNs in vitro

The degradation of Ag-BGNs was evaluated in terms of pH evolution and apatite-forming ability,

following the same methodology used in Ag-BG microparticles in section 4.1.

4.52.3.1. pH evolution of Ag-BGNs

The degradation of Ag-BGNs was evaluated by immersion in PBS and monitored through the pH
of the solution (Figure 57 a). Like ternary BGNs, the Ag-BGNs present a burst ionic release
evidenced by the pH increase above 9 after 24 h immersion. The concentration of alkaline ions
remained at toxic pH levels for 4 days and then dropped back to neutral levels. A neutral pH value
was maintained after that. Building on this fact, the Ag-BGNs were pre-conditioned in DMEM for
4 days before use in biological and antibacterial assays. The pH of preconditioned Ag-BGNs was

monitored for 4 days to confirm the pH was within the biological range (Figure 57 b).
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Figure 57: The degradation of the Ag-BGNs upon immersion raised the pH, which stayed at a
toxic level ( > 8) for up to 4 days before returning to neutral values (a). After preconditioning in
DMEM for 4 days, Ag-BGNs degrade at a lower rate, as evidenced by the solution's steady neutral
pH (b).

The capability of the Ag-BGNs to form apatite-like phase deposits was evaluated after immersion

in SBF at 37 °C under constant agitation to reproduce body conditions. The morphology and
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composition of the deposits were characterized by SEM-EDS (Figure 58). Ca-P deposit (white
arrows) in the shape of needles were randomly observed after 1 and 3 days in SBF. The presence
of these needles increased with the immersion time and led to the coalescence of needles to form
flower-like structures around Ag-BGNs (blue arrows) after 5 and 7 days of immersion. Exposure
for up to 14 days caused the densification of these Ca-P flower-like deposits into well-formed
flakes associated with the mineral phase's crystallization. Figure S8 also reports the semi-
quantitative evolution of the Ca/P ratio at the Ag-BGNs surface from EDS spectra compared to
the pH in SBF. The Ag-BGNs present a structural Ca/P ratio ~8. The Ca-P ratio decreased to ~1.7
after 7 days f immersion, which is the characteristic Ca/P ratio for biological HCA. Note that the
Ca/P before immersion comes from the glass structure, whereas after immersion, the EDS signal
comes predominantly from the surface deposits. The pH in a simulated biological environment
remained within the neutral range, which suggests a steadier degradation in SBF and the faster
deposition of salts and minerals, decreasing alkaline ion content in the SBF solution than in the

buffer (as shown in Figure 57 a).
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Figure 58: Deposition of biological apatite phase in Ag-BGNs after immersion in SBF. Ca-P
needles (white arrows) formed around Ag-BGNs (blue arrows) after 3 days of immersion. The
continued deposition caused the coalescence of needles in flower-like deposits after 7 days and
their evolution to flakes upon crystallization after 14 days. The white scale bar represents 300 nm.
The Ca/P ratio reached a value of 1.7, as obtained semi-quantitatively by EDS. The pH remained
within neutral values in SBF.

The structural changes were monitored in FT-IR at various stages of immersion in SBF. Figure

59 a shows the structure of Ag-BGNs before immersion in SBF with the characteristic vibration
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of amorphous silicate-based glasses. For example, bending and stretching modes of the Si-O-Si
bond were observed at 450, 805, and 1200 cm™'. The overlap of the P-O bending and the Si-O-Si
stretching mode around 1000-1050 cm™ caused the broadening of the peak. The modification of
the silica network, due to the successful incorporation of Al,O4", Ca** and Ag", as evidenced by
the shoulder band at 900 cm™! attributed to Si-O-NBO bonds. The immersion of Ag-BGNs in SBF
induced the development of a broad P-O bending peak in the region of 575-620 cm’'. This
contribution evolved to a double peak after 5 days and sharpen after 7 days, indicating the
formation of a crystalline phase. The Ca-P phase deposition was also supported by a decrease in
the Si-O band intensity at 900 cm™ and 1200 cm™ and the sharpening of the P-O band at 1000 cm™
I, The crystalline Ca-P phase was further characterized with XRD and TEM (Figure 59 b and c,
respectively) after 14 days of immersion. Figure 59 b confirmed as-synthesized Ag-BGNs were
amorphous. After 14 days of immersion, a crystalline phase is developed, in agreement with FT-
IR, showing diffraction peaks (marked at 26, 28, 32, and 46 °20) that matched those of carbonated
hydroxyapatite in the ICDD (PDF No. 9003552). Silver-related crystalline phases were not
developed after calcination nor after exposure to SBF. At a nanoscale, Figure 59 c showed the
distinctive feature of monodispersed Ag-BGNs (blue arrows) and deposited needles (white arrows)
instead of flakes. The SAD pattern revealed strong overlapping of the (211), (112), and (300)
diffraction rings, in agreement with XRD observations. The dark field image of these overlapping
diffractions (Figure 59 c) demonstrated the crystallinity belonged to the needle deposits rather
than the Ag-BGNs. The amorphous nature of the Ag-BGNs yielded a broad and strong halo around

the transmitted spot, causing some amorphous areas to light up in the dark field image.
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Figure 59: The structure of Ag-BGNs evolves during apatite deposition. FT-IR (a) shows the
development of P-O vibrations and an increase in peak sharpness. Carbonated hydroxyapatite
peaks were identified by XRD (b) after 14 days in SBF. At the nanoscale, the Ag-BGNs (blue
arrows) were surrounded by needles (white arrows) after 14 days in SBF (c), as shown in the bright
field (BF) image. The dark field (DF) image evidenced a nanophase distribution with amorphous
nanoparticles and semi-crystalline needles. The SAD pattern (inset) further confirmed the

deposited phase was carbonated hydroxyapatite. The red circle represents the objective aperture
for the DF image.
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4.5.2.4. Interaction of Ag-BGNs and microbes: antibacterial behavior

Increasing concentrations of Ag-BGNs nanoparticles were incubated with MRSA under different
conditions to analyze their antibacterial behavior. As shown in Figure 60 a, the MIC of Ag-BGNs
under growth-arrested conditions (i.e., dispersing bacteria in PBS) was around 0.05 mg/mL,
resulting in MRSA viability < 10° CFU/mL after 24h of, which is the minimum bacterial
concentration to define an in vivo infection [242,243]. The inhibition increased with exposure time
and Ag-BGNs concentration. In fact, 0.05 mg/mL of Ag-BGNs already caused a significant 10-
fold decrease in CFU after 12 h of co-culture. Bacterial concentration was below the detection
limit upon exposure to 0.25 mg/mL Ag-BGNs for 24 h, in clear contrast to the 5 mg/mL Ag-BG

microparticles needed to achieve a similar antibacterial effect in PBS (Figure 27 a).

The antibacterial effect was also significant when bacteria proliferation was allowed, as shown in
Figure 60 b. MRSA exposed to increasing Ag-BGNs concentrations using TSB as dispersing
medium significantly decreased viability already after 12 h of treatment, although Ag-BGNs
concentrations < 2.5 mg/ml were not able to suppress bacterial growth. This effect is evidenced by
the CFU increase from 12 to 24 h for bacteria treated with 2.5 mg/mL of Ag-BGNs. Both of these
treatments decreased MRSA viability after 12 h. Still, both Ag-BGN-treated and untreated bacteria
kept growing at a similar rate at a longer exposure time, showing almost a ten-fold increase in
CFU/mL from 12 to 24 h. However, increasing the concentration of Ag-BGNs above 10 mg/mL
bypassed the bacteria growth and decreased the concentration below 10° CFU/mL after 24 h. In

fact, 20 mg/mL of Ag-BGNs sterilized the solution.
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Figure 60: Ag-BGNs inhibit MRS A under growth-arrested (a) and growth-assisted (b) conditions.
Suspensions of MRSA (ODgoo = 1 equivalent to ~ 108 CFU/mL, represented by a dashed line) were
mixed with fresh PBS (a) or TSB (b) medium (0 mg/mL, untreated control represented by white
bars) and increasing concentrations of Ag-BGNs. The CFUs were enumerated after 12 and 24 h
with a limit of detection of 100 CFU. (*) Indicates the significant difference between the untreated
versus the particle-treated groups (p < 0.05).

4.52.4.1. Restoration of antibiotics by combination with Ag-BGNs

As previously presented, the combination of Ag-containing materials and antibiotics is synergistic
against bacterial growth, showing a strong interaction between Ag-BG microparticles and cell-
wall inhibitors. In this section, the antibacterial capabilities of Ag-BGN/ antibiotic were evaluated

against MRSA to explore if the synergistic effect observed in microparticles is expanded in the
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nanoparticle system. As a reference, MRSA was exposed to 0.5 mg/mL and 2.5 mg/mL Ag-BGN:ss,
concentrations that correspond to the MICs of Ag-BGNs and Ag-BG microparticles, respectively.
The Ag-BGN/fosfo were obtained using 0.002 % of fosfomycin (i.e., 0.01 pg/mL of fosfomycin
for every 0.5 mg/mL of Ag-BGNs). At both concentrations, Ag-BGNs restored the antibacterial
properties of fosfomycin (Figure 61), but while synergism was observed at 6 h of co-culture for
the smallest Ag-BGNs concentration, sterility was achieved for the combination including 2.5
mg/mL Ag-BGNs. The inhibition of Ag-BGNs and Ag-BGN/fosfo was time-dependent, in

agreement with previous observations.
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Figure 61: Ag-BGNs resurrect fosfomycin against MRSA. Suspensions of bacteria (ODgoo = 1
equivalent to ~ 10® CFU/mL) were mixed with fresh PBS medium (0 mg/mL, untreated control,
white bars), 0.5 pg/mL of fosfomycin (antibiotic control, black bars) and increasing concentration
of Ag-BGNs (yellow bars) and their combination with 0.002 % of fosfomycin (Ag-BG/fosfo,
patterned bars). The CFUs were enumerated after 6 and 12 h with a limit of detection of 10 CFU.
(*) Indicates the significant difference between Ag-BGNs and Ag-BGN/fosfo (p < 0.05).

The synergistic capabilities of Ag-BGN/antibiotics were explored for different incubation times to
determine the minimum exposure required to observe significant decreases in MRSA viability. For

this purpose, combinations of 2.5 mg/mL of Ag-BGNs with either 0.1 pg/mL of oxacillin (Figure
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62 a) or 0.05 pg/mL of fosfomycin were used (Figure 62 b). Mild-inhibition was observed already
after 30 min of treatment, becoming synergistic after 1 h in co-culture. Although synergism was

observed with both antibiotics, the Ag-BGNs/fosfo provided stronger inhibition over time.
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Figure 62: The synergistic effect of Ag-BGNs with oxacillin (a — 0.1 pg/mL) and fosfomycin (b
- 0.05 pg/mL) against MRSA was observed after only 1 h of exposure and increased over time.
Suspensions of MRSA (ODeoo = 1 equivalent to ~ 10® CFU/mL) were mixed with fresh PBS
medium (untreated control — dashed line), antibiotic (grey shade), 2.5 mg/mL of Ag-BGNs (yellow
bars) or a combination of substances (pattern bars). Note that antibiotics alone were ineffective
against MRSA. The CFUs were enumerated for up to 12 h with a limit of detection of 10 CFU. (*)
Indicates the significant difference between Ag-BGN-treated and untreated MRSA and (®) marks
the significant difference between Ag-BGNs and Ag-BGN/antibiotic (p < 0.05).

4.5.2.5. Interaction of Ag-BGNs and cells: biocompatibility

hBMSCs isolated and expanded from adult bone marrow aspirates present high pluripotency
differentiation capacity. As previously shown, these cells in contact with Ag-BG microparticles
can be stimulated towards osteogenesis. Therefore, in this section, the biocompatibility of Ag-

BGNs was evaluated in terms of hBMSCs cytotoxicity and differentiation to validate the biological

use of the system at a nanoscale.
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4.52.5.1. In vitro cytotoxicity of Ag-BGNs

Figure 63 shows no cytotoxic effect over time for Ag-BGN-treated cells. The release of Ag-BGNs
degradation products promoted their mitochondrial metabolic activity compared to untreated cells
according to measurements with CCK-8. Cell proliferation was significantly accelerated upon
exposure to 5 and 10 mg/mL Ag-BGNs concentrations. Proliferation rates were similar for
untreated and 20 mg/mL Ag-BGN-treated hBMSCs; however, the latter had significantly higher
cell concentration (Figure 63 b). This result suggests that exposure to 20 mg/mL Ag-BGNs after
4 days of co-culture may favor other cellular processes. As an additional control, cells were
exposed to 0.2 mg/mL AgO, simulating the Ag's total content in 20 mg/mL Ag-BGNs. In this
case, a 30% decrease in cell viability was detected after 4 days of exposure, indicating the

cytotoxicity of the Ag>O treatment.

Cell health and confluence were evaluated using optical microscopy (Figure 63 c). Untreated
hBMSCs dispersed uniformly through the well and presented spindle-like shapes. Ag-BGN-
treatments did not alter cells shape but increased cell concentration so that confluence is reached
after 4 days of exposure, 3 days before untreated cells. In contrast, after Ag>O-treatment, few

viable cells remained, and their shape turned to become rounded, indicating their stress.
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Figure 63: Ag-BGNs promoted the proliferation of hBMSCs. Cell viability via CCK-8, reported
by optical density (OD), increased after treatment with 5, 10, and 20 mg/mL of Ag-BGNs and
decreased after exposure to 0.2 mg/mL Ag>O (a). The proliferation rate (b), obtained as OD/time,
was faster for the lower concentrations of Ag-BGNs. Optical images (c) show the increase in cell
density after Ag-BGNs treatment and the lack of viable cells upon treatment Ag,0O. Cell presented
a spindle-like morphology after Ag-BGNs treatment. Scale bar represents 500 pm. Statistical
difference between untreated and treated hMBSCs is indicated with (*) and among Ag-BGN-
treatments of different concentrations with (e) for p <0.05.

4.5.25.2. Osteogenic differentiation on exposure to Ag-BGNs

The osteogenic differentiation was evaluated in terms of mineralization by ARS and gene
expression by qRT-PCR. All hBMSC cells showed calcified nodule formation after 14 days of
Ag-BGNs treatment, and matured ECM was observed after 10 mg/mL treatment (Figure 64 a).
Quantification of calcified nodules obtained by measuring OD4os5 of the monolayers (Figure 64 b)

confirmed the increase in mineral content with Ag-BGNs concentrations.
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Figure 64: Ag-BGNs provoked cell mineralization after 2 weeks of co-culture. The ARS-stained
calcified nodules formed by hBMSCs are shown in (a) for untreated and Ag-BGN-treated groups.
Insets show the monolayers formed on 16 mm diameter wells. The scale bars represent 500 um.
Secretion of Ca in the osteogenic medium was quantified by optical density, normalizing the data
to 100% of the untreated cells (0 mg/mL, black bar) (b). Statistical difference between untreated
and Ag-BG treated cells for p < 0.05 is indicated with (*).

A separate group of fibroblasts from the mineralization test was also prepared for microscopy.
TEM highlighted significant ultrastructural differences in hBMSCs after exposure to Ag-BGNs.
Images of TEM sections were captured without negative staining to identify Ag-BGNs and the
mineral deposits due to differentiation, both of which are more electron-dense due to their ceramic
nature. Additionally, other sections were negative-stained to gain diffraction of organic
components and evaluate the structure and morphology of untreated fibroblasts compared to Ag-
BGN-treated cells (Figure 65). The structural components were recognized as specific organelles
by compatibility of characteristic features with the literature in the images for collagen fibrils,
vesicles, calcium minerals, mitochondria, autolysosomes autophagosomes [268-271]. Other
analytical techniques with unequivocal staining may be performed to verify these observations.
Untreated cells (Figure 65 a-c) showed a small presence of collagen fibrils and vesicles. The
calcium minerals appeared in different shapes and sizes, and mineral nano-granules (~ 50 nm) near

and inside the mitochondria (M), in agreement with other reports [269,272].
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UNTREATED

Figure 65: Structure of untreated fibroblasts (a-c) and Ag-BGN-treated (d-f) fibroblasts cultured
14 days in osteogenic medium. Untreated cells present collagen fibrils (red arrows) and mineral
deposits of various sizes (yellow arrows), with granules around mitochondria (M). Ag-BGN-
treated cells internalized the Ag-BGNs (blue arrows), which were found around a large number of
autolysosomes or autophagosomes (black arrow) and vesicles (V). Inset in (f) shows a high
magnification of internalized Ag-BGNs. The scale bar represents 50 nm.

In contrast, after Ag-BGNs treatment (Figure 65 d-f), the concentration of collagen fibrils and
vesicles significantly increased. Compared to untreated fibroblasts, the presence of many calcium
deposits and granules was found, as well as numerous vesicles compatible with autolysosomes or
autophagosomes identified from similar features described in the literature [270,271]. TEM images
confirmed the internalization of Ag-BGNs that appeared as ~100 nm clusters; the irregular shape
of the particles also suggested their degradation during treatment (Figure 65 f, inset). Calcium
granules and Ag-BGNs were distinguished by their size (i.e., granules were larger than Ag-BGNs),

distribution (i.e., Ag-BGNs formed aggregates), and electron density in un-stained sections (i.e.,
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Ag-BGNs were significantly darker). Ag-BGNs were intracellularly distributed around vesicles
and autophagosomes putatively, indicating their role in nanoparticles’ uptake. No significant
alterations in developed endoplasmic reticulum and mitochondria (M) were evident in Ag-BGN-
treated fibroblasts, neither the presence of particles in the cell nucleus (not shown). Thus, it seems
that nanoparticles accumulated in the cytoplasm, being unable to penetrate or be transported
through the nuclear membrane. Of note, despite the larger concentration of calcium deposits
observed in the TEM images of untreated cells (Figure 65 a) vs. Ag-BGN-treated (Figure 65 d),
this is not a representative feature according to the higher mineralization detected by ARS after
exposure to Ag-BGNs. Therefore, the images may only serve as a qualitative assessment of cellular

morphology and structure upon mineralization.

Osteogenic differentiation was also evaluated after 2 weeks of Ag-BGNs treatment in the
osteogenic medium following expression by qRT-PCR for 6 different gene markers: OCN, OSX,
OMD, ACAN, COLI10AI, and BSP (Figure 66). Selection of the genes of interest was based on
their different roles in osteogenic differentiation: OCN is correlated to bone mineral density [240];
OSX is an essential transcription factor for osteoblast maturation [273]; OMD plays a pivotal role
in modulating osteo-differentiation and usually correlates to extracellular matrix (ECM) formation
[274]; ACAN [275] and BSP [239] are integral proteoglycans of the cartilaginous tissue ECM and
are expressed at different stages of chondrocyte maturation; Coll0AI encodes the collagen
expressed during endochondral ossification [276]. Signs of mineralization were seen 2 weeks after
Ag-BGNs treatment. Upregulations of OCN, OSC, and OMD reached up to 4-fold with 10 mg/mL
of Ag-BGNs, but no statistical rise was found upon exposure to 5 mg/mL. Moreover, upregulations
of ACAN, Coll0AI and BSP was even higher (7-14-fold) than for the other genes, and showed

statistical difference for the two Ag-BGNs concentrations studied.
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Figure 66: Ag-BGNs upregulated osteogenic gene markers in hBMSCs after 14 days in osteogenic
medium. Gene expression was higher for early and mid-stage markers. Late-stage markers were
expressed only for 10 mg/mL of Ag-BGNs. Untreated cells (0 mg/mL — black bar) were used as
the control for 100 % of expression (dashed line). The statistical significance between untreated
and Ag-BGN-treated cells is marked with (*) and between different concentrations of Ag-BGNs
with (e) for p <0.05.

4.5.2.6. Bone regenerative capability of Ag-BGNs

The growth of bone tissue in calvaria defects was evaluated with micro-CT (Figure 67 a-b). The
images showed defects with slight bone re-growth after treatment with Ag-BGNs, while the
defects remained critically opened in the PBS groups. The quantification of the occupied volume
shows a statistical difference between both groups, although very little bone regeneration was
observed. Immunohistology (Figure 67 c) shows non-dense fibrous tissue in the PBS-treated
group. Notably, the Ag-BGNs treated group shows greater bone area; however, it was

accompanied by a high concentration of macrophages, indicating an inflammatory response. Dense
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particulates stained as minerals were dispersed along with the defect. As a general trend, significant
implant migration was noticed across Ag-BGN-treated defects. Together these results

demonstrated Ag-BGNs treatment triggered mild bone formation.
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Figure 67: Bone volume fraction formed (a) and micro-CT images of the calvaria after 40 days of
treatment, where the white scale bar represents 3 mm (b). Statistical significance (p < 0.05)
between groups is marked with (e). Histology images of the coronal cross-sections of calvaria are
divided in half along the sagittal crest (c), where the presence of new soft tissue and bone is
indicated with (*). Yellow arrows represent the edges of the defect and black circumference for
particulates. Note that mice treated with PBS present little overall regeneration of calvaria defect.
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4.6. Design of medical Ag-BGN/polymer injectable nanocomposite devices

The unique bioactive and antibacterial characteristics of the newly synthesized Ag-BGNs make
them attractive for medical applications. The Ag-BGNs were also highly monodispersed when in

solution, and therefore, hold potential as building blocks for nanocomposites.

BGN-based hydrogel nanocomposites have emerged as promising materials owed to their ability
to mimic tissue microenvironment and their ability to expand, filling irregular defects. In this
section, injectable nanocomposites consisting of Ag-BGN dispersed in a hydrogel matrix were
explored to provide an easy delivery for osteoregenerative applications. Two natural derived

hydrogels were used as matrices: extracellular matrix and collagen type I.

4.6.1. Fabrication and microstructural characterization of the nanocomposite scaffold.

Hydrogel composites were synthesized following temperature-induced polymerization at 37 °C,
an easy and inexpensive approach to cure polymers. The hydrogel solution was neutralized to
obtain a pH slightly lower than neutral since the preliminary experiment showed faster gelation
for acidic pH. The Ag-BGNs were dispersed in PBS and evenly distributed in the hydrogel
precursor before polymerization using gentle pipetting and sonication. The nanocomposites were
developed with 2 concentrations of Ag-BGNs: 5 and 10 wt.%. The hydrogels with 0 wt.% of Ag-
BGNs were used as controls. The time for polymerization was monitored for each nanocomposite
and established when the sample did no longer flow when the plate was tilted. Table 18
summarized the gelation time as a function of Ag-BGNs concentration for collagen and
extracellular matrix nanocomposites. Changes in gelation time were observed because of the
incorporation of Ag-BGNs. Polymerization was almost unaffected by the concentration of Ag-

BGNs in Col/Ag-BGN, although slightly longer time was required for 10 wt.% than 0 and 5 wt.%.
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In contrast, the ECM/Ag-BGN samples show a significant increase in gelation time as the
concentration of Ag-BGNs increased, which could last for up to 1 day at 37 °C. It is worth
mentioning that although the polymerization was confirmed, the samples retained a significant
amount of water at their core and did not retain their shapes when removed from the gelation mold
(i.e., 24-well plate). This semi-liquid state of the nanocomposites was ideal for injectability

confirmed through a syringe with a 27G needle.

Table 18: Time for polymerization at 37 °C for the different Ag-BGN/hydrogel nanocomposites.

Type of hydrogel Ag-BGNs (wt.%) pH  Time for polymerization Code name
0 7.3 30 min Col/Ag-BGNO
Collagen 5 7.3 30 min Col/Ag-BGNS
10 7.3 60 min Col/Ag-BGN10
0 7.3 40 min ECM/Ag-BGNO
5 7.3 60 min ECM/Ag-BGN5S
ECM 10 7.3 6h ECM/Ag-BGN10
25 7.5 24 h ECM/Ag-BGN25
50 7.5 24 h ECM/Ag-BGNS50

The macro and microarchitecture of Ag-BGN/hydrogels were evaluated for two concentrations of
Ag-BGNs (x=5 and 10 wt.%) and compared to that of hydrogels alone. Under SEM examination,
collagen and extracellular matrix hydrogels (Figure 68) exhibit a dense fibrillar network. The
incorporation of Ag-BGNs in the hydrogel solution before gelation yields small changes in the
hydrogel macro and microarchitecture. For instance, the nanocomposites appeared opaquer for
higher concentrations of Ag-BGNs (Figure 68 insets) and presented a white color, the same as the

Ag-BGNs powder (Figure 56 a).
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Figure 68: Morphology and elemental composition of the hydrogel alone (A-C and J-L) and the
Ag-BGN/hydrogel nanocomposites (D-I and M-R). The insets show the macro architecture of
composites, which opacity increased with the Ag-BGNs wt.%. Nanoparticles were
homogeneously distributed within collagen (D-I) and extracellular matrix (M-R) fibrils. The
increase of Si and Ca peak intensity (marked with a dashed line) in EDS spectra (F, I, O, and R)
confirms the presence of Ag-BGNs.

172



The fibrillar microstructure was preserved after the incorporation of Ag-BGNs, regardless of
concentrations. However, the diameter of these fibrils evolved with Ag-BGNs concentrations. The
Col/Ag-BGNO (Figure 68 A-B) and ECM/Ag-BGNO (Figure 68 J-K) samples used as control
evidenced larger fibril diameters (23 and 34 nm, respectively) than the nanocomposites (Table
19). SEM showed numerous 30-50 nm spherical nanoparticles distributed through the hydrogel
network of Ag-BGNs containing samples (Figure 68 D-E, G-H, M-N, and P-Q). The formation
of protein bundles with a particle-like appearance is an anticipated phenomenon after incorporating
Ag-BGNs since the fibrils will try to bend to embed the nanoparticles. However, EDS mapping
around the 30-50 nm spherical nanoparticles revealed peaks attributed to Si and Ca (Figure 68 F,
I, O, and R) compared to Ag-BGNs free hydrogels (Figure 68 C and L). The intensity of Si and
Ca peaks was higher in the 10 wt.% Ag-BGNs (Figure 68 I and R) nanocomposites than in the 5
wt.% (Figure 68 F and O). Therefore, it can be inferred that the 30-50 nm spherical nanoparticles
come from the aggregation of individual 10 nm size Ag-BGNs during gelation. In addition to a
decrease in fibril diameter, incorporating higher concentrations of Ag-BGNs also caused a
dramatic increase in fibril density which were randomly patterned throughout the sample. A higher
number of Ag-BGNs were observed in the ECM/Ag-BGN (Figure 68 N and Q) than in Col/Ag-
BGN (Figure 68 E and H) nanocomposites. Similarly, Si and Ca peaks were more evident in
ECM/Ag-BGN (Figure 68 O and R) than in Col/Ag-BGN (Figure 68 F and I). This effect was
also expected from the fabrication recipe and can be explained by the hydrogels' densities. ECM
has a higher density (~8 mg/mL) than collagen (~2.4 mg/mL), and therefore, a higher mass of Ag-

BGNs was required to achieve the 5 and 10 wt.% in the nanocomposite.
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Table 19: Fibril diameter (nm) for Col/Ag-BGN and ECM/Ag-BGN nanocomposites. The size
was measured from SEM images for n=50. The diameter of the fibrils decreases with Ag-BGNs
content.

Nanocomposite Fibril diameter (nm)
Col/Ag-BGNO 22.5+2.2
Col/Ag-BGN5S 16.7+ 1.5
Col/Ag-BGN10 16.1 1.8

ECM/Ag-BGNO 33.61£5.1

ECM/Ag-BGN5S 26.14+£2.5

ECM/Ag-BGNI10 205+ 1.9

The structure of the nanocomposites was also evaluated in FT-IR. The Col/Ag-BGN (Figure 69
a) and ECM/Ag-BGN (Figure 69 b) nanocomposites developed a new peak at 450 cm™! after Ag-
BGNs incorporation. This vibration may be correlated to Si-O-Si bending mode. The relative
intensity of this vibration increases slightly with Ag-BGNs concentration. Additionally, the FT-IR
spectra of Col/Ag-BGNO (i.e., collagen control) exhibited various bands between 1140 and 1600
cm’! that characterize the collagen hydrogel structure [277]. For example, bending of C=C (~ 1600
cm™), the scissoring band of the CCH; group (~ 1450 cm™), the C-H vibration of CH3 groups (~
1350 cm™), and the symmetric and antisymmetric stretching of the O-R groups (~ 1140 cm™)
[277,278]. The collagen also consisted of amide I, II, and III bands; the N-H in-plane bend
vibrations were noted at 1240, 1550, and 1640 cm™ [279]. Most of these bands are also observed
in the Col/Ag-BGNS5 and Col/Ag-BGN10 nanocomposites. In contrast, the ECM/Ag-BGNx
nanocomposites only showed peaks related to the silica network. Therefore, FT-IR confirmed the

presence of Ag-BGNs in the nanocomposites, in agreement with the SEM-EDS results.
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Figure 69: The hydrogel nanocomposites developed a vibration due to the incorporation of Ag-
BGN. The intensity of Si-O bend mode increased with Ag-BGNs content in Col/Ag-BGNx (a) and
ECM/Ag-BGNx (b). The x denotes the different concentrations of Ag-BGNss (i.e., 0, 5, and 10).

4.6.2. Interaction of Ag-BGN/hydrogel nanocomposites with bacteria.

The antibacterial activity of Col/Ag-BGNx and ECM/Ag-BGNx was evaluated against planktonic
growth-arrested MRSA. The viability was characterized by colony counting after 24 h of
incubation with the samples. Exposure to Col/Ag-BGNO (Figure 70 b) and ECM/Ag-BGNO
(Figure 70 c) induced a CFUs increase, whereas bacterial viability significantly decreased when
Ag-BGNs was delivered with the collagen CFUs decreasing below untreated levels. In contrast,

only the highest Ag-BGNs concentration induced a reduction in bacterial CFUs when using ECM
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as a matrix. In general, although both nanocomposites showed antibacterial action, this was

significantly lower than of Ag-BGNs alone after 24 h.
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Figure 70: Ag-BGN/hydrogel nanocomposites are antibacterial against MRSA. The antibacterial
capability of Ag-BGNs alone (a) is presented as reference for 0.05 mg/mL and 0.1 mg/mL of Ag-
BGNs, the concentrations delivered in the nanocomposites for x=5 and x=10, respectively. The
Col/Ag-BGNx (b) and ECM/Ag-BGNXx (c) reduced the viability of MRSA, although they show
higher CFU than Ag-BGNs alone. The dashed lines indicate the CFUs obtained for Ag-BGNs
alone at the specified concentration. Note that collagen (Col/Ag-BGNO) and ECM (ECM/Ag-
BGNO) alone are not antibacterial. Suspensions of bacteria (ODsoo = 1 equivalent to ~ 10°
CFU/mL) were mixed with fresh PBS medium (0 mg/mL, untreated control, white bars), 0.4 mL
of Col/Ag-BGNx or 0.1 mL of ECM/Ag-BGNx. The CFUs were enumerated after 24 h with a
limit of detection of 100 CFU. The significant difference between untreated and treated groups is

indicated with (*) while between Ag-BGNs alone and the nanocomposites is indicated with (#) (p
<0.05).

4.6.3. Interaction of ECM/Ag-BGN nanocomposites with cells: biocompatibility

Assessment of cytotoxicity and cell proliferation was performed only with ECM/Ag-BGNx as a
representative group. The ECM/Ag-BGN nanocomposites evaluated were x= 25 and 50 wt.%. The
dose was increased so that the effect of Ag-BGNs product release would be notable during the
assay. Specifically, 0.4 and 0.8 mg of Ag-BGNs were delivered to hBMSCs. Figure 71 a shows
higher cell viability in the ECM/Ag-BGN groups compared to the untreated control. Cell
proliferation with Ag-BGNs nanocomposites was dose-dependent, in agreement with the effect

observed in Figure 63. The proliferation rate (Figure 71 b) increased significantly with Ag-BGNs
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concentration. Cells showed the characteristic spindle-like shape of fibroblasts and were randomly
oriented. Despite the faster growth of fibroblasts, the confluence was not achieved after 7 days of

treatment, which may be due to the low initial cell concentration ( 5-10° cells/well).
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Figure 71: ECM/Ag-BGNx nanocomposites induced faster fibroblast proliferation. The metabolic
activity of fibroblasts was evaluated by CCK-8, recording the optical density at 460 nm (ODa4e0)
for 1 week of co-treatment (a), showing statistical difference among untreated and treated groups
(*) and between ECM/Ag-BGN of different Ag-BGNs concentration (e) for p < 0.05. (b) The
proliferation rate (OD4so/time) and cell confluence after 7 days of co-culture were higher in the
presence of Ag-BGNs. The scale bar represents 500 um.
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S. DISCUSSION

Novel materials are needed to obtain improved clinical outcomes in orthopedics. Materials with
enhanced regenerative properties and antibacterial action can become the materials of choice for
bone fractures and diseases where the often underlying or secondary infection can compromise the

outcome.

In this work, Ag-doped bioactive glass particles, in micro- (i.e., Ag-BG) and nano- (i.e., Ag-BGNs)
sizes, have been presented a suitable material to meet the demanding needs for medical treatments.
The interdependent relationship among the particle’s microstructure and composition and their
biological and antibacterial properties were studied following the scientific foundation of the
Materials Science tetrahedron. These two components (structure and properties) can be tailored
during processing to design optimum performance materials. Two different processing routes were
investigated to obtain particles of different sizes and, therefore, custom the properties of the
material for orthopedic applications. The first part of this section focuses on the biological and
antibacterial properties of Ag-BG microparticles and concludes with the hypothesis that both
properties would be enhanced by decreasing particle size to the nanoscale. Therefore, in the second
part, different synthesis protocols were evaluated to address the challenges in metallic ion
incorporation in BGNs before developing Ag-BGNs. The bioactive and antibacterial properties of
Ag-BGNs were then assessed in similar set-ups as those in Ag-BG microparticles to establish a
comparison of the benefits and drawbacks of nanoscale treatment. Finally, the delivery method of

Ag-BGNs employing injectable nanocomposites is discussed.
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5.1. Degradation and biological performance of Ag-BG microparticles in vitro

The ideal material for tissue engineering should possess biocompatibility and degrade safely to
trigger a positive chain of reactions in the human body. As previously presented, Ag-BG
microparticles have a homogeneous structure consisting of Si, Ca, P, Al, Ag, Na, and K atoms
forming a semi-crystalline network. The surface of Ag-BG presents a negative zeta-potential (~ -

17 mV), which is necessary for bioactive behavior as it favors apatite deposition [14].

5.1.1. Degradation of Ag-BG microparticles: bioactive response

Ag-BG degrades when immersed in a buffer, releasing alkaline species from its structure. The
study of the ion release revealed a steady degradation of the glass network. After 4 days (Figure
13), the pH values present neutral levels, and longer immersion time for up to a month did not

show further fluctuations [14].

Ag-BG is a silicate-based material with a Ca/P ratio close to 4, and is expected to induce apatite
formation when immersed in SBF. The roughness and negative charge at the surface favor the
protonation of the Si-O groups at the microparticles' outermost layer, creating focal points for the
heterogeneous nucleation and crystallization of mineral phases [280]. The presence of an early Ca-
P phase was confirmed after 3 days of immersion (Figure 21 a). More prolonged soaking in SBF

allowed the crystallization of stoichiometric apatite forming flakes (Figure 21 c).
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5.2. Interaction of Ag-BG microparticles with fibroblasts: effect on cell proliferation and

differentiation

The biological properties of Ag-BG microparticles have been previously studied in the context of
dental applications, showing promising results [14,281]. Here, those properties were investigated
in context for the bone application. Like the effect on dental pulp cells, Ag-BG was not cytotoxic
to pre-osteoblast hBMSCs at any concentration (Figure 22 a). Although the OD dropped after 2
days of culture, it did not reduce the relative cell viability below 70 % of the untreated control, and
therefore can be considered biocompatible in agreement with ISO 10993. The material's
degradation caused the release of Si, Ca, P, Na, and K ions from the bioactive glass network [14].
The release rate of Si and Ca significantly increased with the immersion time. The concentration
of ions in solution is expected to reach 15-25 and 30-40 ppm, for Si and Ca, respectively, between
6 and 10 days of co-culture (Figure 6). The delivery of P is relatively stable (~ 0.8-1.1 ppm) during
the in vitro experiment (Figure 6). The concentration of Si, Ca, and P species enhanced the rate of
cell proliferation compared to untreated cells (Figure 22 b). The release of Ag” ions occurred at
0.44 ppm/h (Figure 6). The concentration of Ag" in solution remained stable at 0.7 ppm, and

therefore, was well below the 1.66 ppm cytotoxic concentration for human cells [157,282,283].

Ag-BG microparticles also promoted osteogenic gene expression in hBMSCs (Figure 23). As
previously mentioned, bone sialoprotein (BSP) and osteocalcin are non-collagenous proteins
related to the extracellular matrix's development and maturation during cell differentiation
[239,240]. Both BSP and OCN expression serves as an indicator of terminal osteoblastic
differentiation, as they do not upregulate in immature osteoblasts [284,285]. The relative
expression of these genes significantly increased upon Ag-BG exposure. In contrast, RunX2 acts

as a regulator in the cell proliferation cycle, and its level decreases as the division of cells progress
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[241]. On this basis, RunX2 is upregulated in the early stages of the cell differentiation, while BSP
and OCN indicate mid- and late-stage mineralization. Compared to BSP and OCN, the lower
expression of RunX2 demonstrates the extracellular matrix was mineralizing significantly fast after

Ag-BG treatment.

The presence of Ag-BG triggered an enhanced formation of the mineral phase within 10 days, as
identified by ARS (Figure 24). Cell mineralization occurred in the osteogenic medium (Figure
17 b) and the growth medium (Figure 24 a) without osteogenic supplements. This effect may be
due to the super-saturation of the solution that triggers cell secretion and mineral formation [286].
The supersaturation will occur faster in the osteogenic medium since it is enriched, explaining the
higher concentration of minerals. The key finding here is that soluble Si and Ca ions were
sufficient to promote cell mineralization without supplements, proving the Ag-BG microparticles'
osteogenic properties. Both Si and Ca synergize, affecting the metabolism of osteoblastic cells and
are involved in the upregulation of OCN [287,288]. In particular, intracellular Ca ions may trigger
various mitogen-activated protein kinases [289]. The upregulation of OCN and the high mineral
secretion evidenced the effect of these two ions when increasing Ag-BG microparticles
concentrations, thereby delivering higher Si and Ca content. Despite the non-specificity of ARS,
false staining due to Ca inside the Ag-BG did not occur since acellular wells lacked a stained

monolayer after exposure to the ARS solution (Figure 24 b).

The medium's saturation is also expected to trigger a surface reaction and the consequent
deposition of Ca-rich phases in Ag-BG microparticles, similarly to SBF's soaking (Figure 21).
The mineral deposition in Ag-BG’s surface after the cell differentiation assay was confirmed in
Figure 25 a-d. Previous reports have shown that the high concentration of HCO3™ in DMEM favors
the formation of calcite minerals instead of apatite-like phases in BGs [290,291]. However, the
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results presented in Figure 25 for Ag-BG microparticles proved otherwise. FT-IR showed an
increase in intensity for P-O vibration (Figure 25 ¢). The formation of an apatite-like phase is the

only explanation for this vibration since calcite lacks phosphorous in its composition.

Additionally, the XRD peaks (Figure 25 f) matched those of hydroxyapatite in the ICCD. The
previous presence of hydroxyapatite in the semi-crystalline structure of as-synthesized Ag-BG is
the most likely cause for the discrepancies with the literature. The growth of a pre-existing
crystalline phase in the glass structure is more energetically favorable than the formation of a new
phase (i.e., calcite). Moreover, the preferable formation of hydroxyapatite is also supported by its

lower enthalpy of formation (~ 13,314 kJ/mol [292]) compared to calcite’s (~ 1207 kJ/mol [293]).
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5.3. Interaction Ag-BG microparticles and tissue in vivo: bone regeneration.

Despite the promising properties of Ag-containing bioactive glasses in different bone-derived cells
in vitro, their behavior in vivo was studied for the first time in this project. The regenerative
capability of Ag-BG reported in pulp dentin [14] was also observed in bone (Figure 26).
Specifically, Ag-BG had a remarkable effect on increasing bone regeneration in the calvaria
defects owed to the physicochemical properties derived from their structure. The Si and Ca ions
released from Ag-BG have the most significant role in intracellular and extracellular pathways for
osteogenesis, as observed in the in vitro cell differentiation [287,294]. Sol-gel glasses, like these
Ag-BG microparticles, are synthesized by the densification of smaller particles during the gelation
process. During the degradation of Ag-BG, nano-size debris may be leached from the surface and
gobbled by cells. The intracellular dissolution of the nano-size debris could result in a localized
increase of Si and Ca ion content, inducing specific signaling for cell proliferation and

differentiation. This effect has previously been observed after exposing mammalian cells to BGNs.
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5.4. Interaction of Ag-BG microparticles with microbes: antibacterial properties

Inorganic antimicrobial agents have attracted interest for control of microbial populations since
their safety and stability are usually higher than organic antimicrobials. Additionally, some
inorganic materials present the advantage of additional therapeutic properties [7,295-297]. This is
the case of bioactive glasses, which, as previously shown, can play a role in tissue regeneration.
Despite the number of studies proving the remarkable antimicrobial potential of bioactive glasses
against a wide variety of strains and conditions [298,299], the mechanisms of inhibition have yet
to be understood. In this section, the interaction of Ag-BG microparticles with pathogens was
assessed to elucidate the role of structure, composition, and degradation profile of Ag-BG in the
inhibition mechanism. The spectrum of action of Ag-BG was evaluated in combination with
different antibiotics to expand the knowledge on how inorganic materials can be used to restore

the action of drugs against resistant-strains.

5.4.1. Performance of Ag-BG against pathogenic bacteria

The antibacterial capability of an Ag-doped BG (Ag-BG) and its Ag-free counterpart (BG) were
evaluated in parallel, as both materials present a similar structure and degradation profile and only

differ in terms of composition since BG is devoid of Ag" ions.

Ag-BG and BG presented strong inhibitory capabilities against MRSA in growth-arrested
conditions, with similar MIC (~2.5 mg/mL) after 24 h of treatment (Figure 27 a-b). Ag-BG
demonstrated a notably stronger antibacterial effect than BG alone. In contrast, inhibition of
metabolically active MRSA (i.e., TSB) required higher treatment concentrations for both Ag-BG
and BG (Figure 27 c-d). Bacterial viability decreased upon exposure to 10 mg/mL of Ag-BG.

However, the number of CFUs was higher (~ 10° CFU/mL) than at the beginning of the experiment
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(~ 10® CFU/mL). This result indicates that at 10 mg/mL, there is not sufficient antibacterial action
to suppress bacteria growth, which was achieved for concentrations higher than 20 mg/mL. In the
case of BG, no antibacterial action was observed for concentrations lower than 100 mg/mL, similar
to the effect observed in other non-doped bioactive glasses [300,301]. The ability of both materials
to inhibit a biofilm (Figure 30) formation shows a similar trend to that observed in growth-arrested
MRSA. Specifically, Ag-BG sterilized the plate at a concentration of 5 mg/mL and above, while
BG only compromised the biofilm's viability to some extent without eliminating bacteria. Both
Ag-BG and BG present more antibacterial potential against dormant bacteria, which functionalities
are reduced to survive [302]. Specifically, bacteria stop proliferating by limiting new cell-wall
synthesis [303], where cells are the most sensitive to treatments. Dormant bacteria are typically
less permeability to antimicrobials, hindering their effect [304]. Once damaged, bacteria recovery
leads to the reactivation of several functionalities, including cell-wall biosynthesis [305]. These
observations suggest bioactive glasses play a pivotal role in bacteria envelope's integrity (i.e.,
affecting the cells' permeability), favoring extracellular inhibition pathways since the antibacterial

effect was stronger when bacteria did not produce cell-wall at a regular rate.

5.4.2. Effect of the structure, composition, and degradation of bioactive glass particles in the

inhibition of bacteria.

Antibacterial properties of BGs have been associated with increasing pH and osmotic effects as a
result of network degradation. Although neither Ag-BG nor BG changed the overall pH during
immersion [14], local fluctuations may occur intracellularly, affecting various cellular functions
(i.e., enzyme activity for cellular metabolism). The osmotic effect is also considered a possible
antibacterial pathway in Ag-BG and BG microparticles. For instance, the release of Ca** ions may

unbalance the bacterial intracellular Ca®* causing cell membrane depolarization and apoptotic or
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necrotic bacteria cell death [306]. There has been some speculation as to the role of oxidative stress
in the inhibition process based on the mechanism observed in other inorganic materials [300].
Oxidative stress is the intracellular imbalance of ROS and the enzymes involved in ROS
detoxification [307]. ROS are byproducts of normal oxygen metabolism [308]. In this work, both
Ag-BG and BG presented significantly different inhibition potential in aerobic and anaerobic
environments (Figure 29), unraveling the role of oxidative stress in the antibacterial capability of
the bioactive glasses for the first time. Although the identification of particular ROS is beyond the
scope of this work, previous studies in ZnO, MgO, and CaO particles demonstrated the presence
of superoxide (O2), hydrogen peroxide (H202), and hydroxyl radical (OH") during inhibition
[309,310]. Each of these oxygen radicals presents a different antibacterial potential. For example,
while H20: is relatively permeable to the cell membrane, the Oz radical is not able to diffuse
through it[311]. Instead, O>" tends to produce other radicals like hydroperoxyl (HO2") or hydroxyls
(OH") extracellularly, which are more potent oxidants [312]. These reactions may also be catalyzed
with intracellular or extracellular metallic ions in the Fenton reactions [313]. On this basis, the
ROS from the glass structure are anticipated from the action of Oz radicals, from the dismutation
of oxides [314] forming the network (i.e., SiO2, P2Os, CaO, etc.), as well as the hydroxyl groups,
which are a usual constituent of bioactive glass structures. This may explain why sol-gel-derived
bioactive glasses, whose surface is silanol-rich (Si-OH), presented stronger antibacterial effect

than melt-derived bioactive glasses with similar compositions.

In contrast, the antibacterial properties of Ag-containing BGs have been historically attributed
solely to the heavy metal ions [128,129,322,323,160,315-321]. Regardless of its status within the
glass (i.e., ion form, surface functionalization, etc.), Ag acts as a broad-spectrum biocide,

damaging bacteria at almost all sub-cellular levels [324,325]. Nonetheless, Ag" ions are known to
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present more potent antibacterial behavior than metallic Ag and its oxides. For example, at an
extracellular level, Ag" ions destabilize the cell membrane [326] and increase its permeability due
to their high affinity with negatively charged groups (i.e., teichoic acids and phospholipids) [327—
329]. Once inside the cytoplasm, Ag" ions can cause irreversible DNA condensation [330,331]
and obstruct the respiratory chain [332—334]. Additionally, its inhibition mechanism has been
related to oxidative stress, inducing hydroxyl and peroxide radicals [335,336]. Yamanaka et al.
also reported Ag's bactericidal action in the denaturation of the 30S ribosomal subunit [337]. The
concentration of Ag" ions released from Ag-BG after 24 h of immersion in an aqueous solution
was previously observed to be approximately 0.4 ppm [14], which is sufficient to damage the
bacterial cell envelope [157]. These mechanisms are also expected in Ag-BG because of Ag" ion
release, explaining the 20 % inhibition difference between Ag-BG and BG microparticles (Figure
27). The experimental design allowed to estimate ROS contribution in the Ag" ions mechanism.
The comparison of antibacterial action between Ag-BG and BG against anaerobic MRSA indicates
that approximately 75% of the total inhibition associated with Ag" ions in Ag-BG comes from

ROS (Figure 29).

In addition to the release of ions and radicals, Ag-BG and BG's antibacterial activity has also been
related to physical mechanisms. For instance, microparticle degradation causes the release of
nano-sized debris and ionic species in solution [237]. The presence of this nano-sized debris was
confirmed in TEM images (Figure 32 and Figure 37). These nano-sized debris damage the cell
envelope, puncturing the membrane, inducing nano-pores through which nanoparticles can travel
to accumulate within the cytoplasm, where the other mechanisms are expected to take over to
advance the inhibition. Degradation of Ag-BG and BG microparticles, releasing antibacterial

species (i.e., ions, radicals, nano-size debris) is dependent on their surface area [338] and the time
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of immersion [237]. Specifically, Marsh et al. [339] demonstrated that the morphology of the nano-
sized debris played a relevant role in its antibacterial effect, as scaffolds produced with the Ag-BG
microparticles presented in our work showed less inhibition in 3D-structure than in pulverized
form. As more degradation products are released (i.e., ions, radicals, and debris), inhibition will
be higher, explaining the decrease in CFUs with increasing microparticles concentration (Figure
27). This effect was also observed in the time-dependent inhibition (Figure 28 a) since fewer
MRSA were observed for longer co-culture. The degradation of Ag-BG progresses with immersion

time, releasing a higher concentration of antibacterial products, resulting in enhanced inhibition.

5.4.2.1. Proposed model of the mechanisms of inhibition in Ag-BG and BG

Inhibition level against growth-arrested MRSA at a concentration of 2.5 mg/mL of Ag-BG and
BG (Figure 29) was considered to estimate the contribution of each mechanism (Figure 72). It
must be noted that the contribution of each mechanism was drawn from a 24 h inhibition. As the

degradation of Ag-BG and BG advances, the contribution of each mechanism may change.

The proposed inhibition model predicts a dominant contribution of ROS from the bioactive glass
network to the inhibitory process. Specifically, ROS from the network contribute about 40 % and
83 % in Ag-BG and BG inhibitory capability, respectively. As previously mentioned, the
degradation products of the bioactive glass microparticles will lead to the creation of nano-pores
and an osmotic effect due to unbalanced ionic concentration, with an approximate contribution of
8% and 17 % in Ag-BG and BG, respectively. Finally, in Ag-BG, Ag" ions were demonstrated to
play a dominant role in the level of inhibition (~ 52 %) due to a broad range of previously reported

mechanisms. Here, oxidative stress was identified as the most contributing mechanism in Ag" ion
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inhibitory action (~ 75 % of Ag contribution). Although these are all the antibacterial mechanisms

identified, other less dominant processes yet to be described may also be taking place.

a) INHIBITION OF MRSA b) CONTRIBUTION OF EACH
45 AFTER 24H 45 ANTIBACTERIAL MECHANISM
] [l ROS from network
40 - ‘|‘ 40 [l Other: nhano-pores,
| osmosis, etc.
35- | 35 8.7 [ ROS from Ag* ions
(8] 30_. O 3 ] Ag*ions : envelope
= | = permeability, DNA,
B 25- W 25 43.8 ribosomes, etc.
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2 20- 2 20
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Figure 72: Predicted model of inhibition mechanisms. (a) The inhibitory capability of 2.5 mg/mL
of Ag-BG and BG after 24 h (a). The inhibition difference between Ag-BG and BG is only
correlated to the presence of Ag. The antibacterial mechanism can be divided into (1) creation of
ROS from the bioactive glass network, (2) effect of degradation products (nano-pores, osmosis,
etc.), and (3) mechanisms of Ag" ions from which ROS are the most dominant. The numbers
inside the bars indicate the % contribution of each mechanism, considering the total inhibition as
100 % for each material.

Interestingly, while the release of ROS from bioactive glasses has been reported to be detrimental
for proliferation of eukaryotic cells in some bioactive glasses [340,341], such effect was not
observed in the Ag-BG microparticles used in this work. In fact, when ROS generation was
balanced with ROS scavenging, cell differentiation, proliferation [343-345] and bone nodule
formation [346] are promoted, which is a possible scenario in Ag-BG treatment. Ag-BG
microparticles demonstrated an overall positive effect in fibroblast proliferation, differentiation,
and bone re-growth [238], which in light of these occurring mechanisms, may be correlated to the

absorption of Si and Ca species [287-289,294,342] and intracellular ROS production.
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5.4.3. Effect of prolonged Ag-BG treatments on MRSA: development of tolerance to particle

treatment

Successive treatments of MRSA with Ag-BG induced a bimodal phenotype distribution (Figure
31 b). Two distinct clones were identified: those with the same size as WT (clone type I) and the
small-colony variants (clone type II). The phenotype of the colony correlated with their sensitivity
to treatment (Figure 31 c). Clone type I behaved similar to WT, while clone type II was
increasingly sensitive to the treatment. The development of small colony variants has been
observed in other works as a response mechanism for staphylococcal survival amidst a hostile
environment [347], although in the present work, they have a somewhat counter-productive effect.
The macroscopic phenotype was correlated to modification at a structural level (Figure 31). For
example, clone type II grew in multi-cellular clusters due to a low on-going cell division and a
severely impaired daughter cell separation [347]. Asymmetrical location of the septa is probably
responsible for the incomplete cell-division [348,349]. Interruption of the cell cycle was also
related to structural features, like when the cell membrane blends with the wall, becoming
undistinguishable [350]. This was also observed in clone type II. Campbell et al. [351] attributed
these features to increased osmotic stress, which caused a parallel up-regulation of cell-wall stress,
wall teichoic acids, and protein stabilization genes and proteins. Clone type II cell-wall was
generally thicker and more diffused in the TEM images than the well-defined envelope observed
in WT and clone type I. Thickening of the cell-wall may be associated with decreased intracellular
ATP and membrane potential [350]. The diffuse appearance of the cell-wall is related to enhanced
adherence for colonization [347], which may also be demonstrated by the development of
appendices [352], such as the ones observed in clone type II. The development of adhesive proteins

has been reported in E. coli as a phenotypic change to reduce the colloidal stability of Ag
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nanoparticles and hinder their antibacterial advances [353]. On this basis, MRSA may develop the
adhesive appendices to hold the nano-size debris from Ag-BG degradation and prevent the boring
of nano-pores. Nonetheless, the accumulation of nanoparticles was still observed in G3-clone type
IT after Ag-BG treatment (Figure 33). It must be noted that despite the contribution of other
mechanisms, the main antibacterial effect was obtained from the release of Ag'ions. Although
Ag resistance has been reported for some organisms, they are rare and difficult to transfer and
maintain [354]. Here, successive Ag-BG treatments did not decrease in inhibitory effect, and
therefore, the development of resistance is not anticipated. Furthermore, the resulting clones after
Ag-BG treatment were re-sensitized to cell-wall targeting antibiotics (Figure 34), supporting the
hypothesis that Ag-BG increases envelope permeability. Although the antibacterial properties of
Ag-BG were thoroughly evaluated in this work, its therapeutic window should be further assessed
considering other environmental factors. Previous research has shown that absorption of protein
and amino-acids may lead to the formation of Ag" complexes [355] or the obstruction of ion release
from the bioactive glass structure, reducing its antibacterial effect [356,357]. Although, the
planktonic and biofilm in vitro models may mimic these reactions at some extent, an in vivo
infection model would be the closest approach to reproduce the interaction among Ag-BG, bacteria
and tissue [323]. Therefore, the study of the antibacterial properties of Ag-BG in vivo is highly

encouraged as a future line of work.
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5.4.4. Restoration of antibiotics that MRSA resists by combination with bioactive

microparticles

The ability of Ag-BG to potentiate the action of antibiotics was explored for antibiotics with
different targets to understand the driving force in the interaction among Ag-BG, antibiotic, and
bacteria. Antibiotics with three main targets were explored: cell-wall inhibitors, protein synthesis
inhibitors, and DNA disruptors. The combinations were assessed with sub-inhibitory
concentrations to evaluate the capability of Ag-BG to restore or expand the antibacterial capability
of the drugs. The potent inhibition by the Ag-BG/ antibiotic combination cannot be attributed to
an additive effect of the two agents since antibacterial properties were not reported for each of the

antibiotics alone.

In terms of cell-wall inhibitors, MRSA is inherently resistant to oxacillin and fosfomycin. In the
growth-arrested conditions, vancomycin is also inert to bacterial cells. 3-Lactams such as oxacillin
elicit antibacterial activity by targeting the cell envelope and inhibiting peptidoglycan synthesis by
penicillin-binding protein 2 (PBP2) [245]. Resistance against -lactams can be expected in MRSA
by encoding PBP2a. In this situation, the antibiotic can only inhibit PBP2 but not PBP2a, which
will take over the biosynthesis process and resists the drug [358]. The bacteria strain used in this
work is resistant to fosfomycin, which was selected due to its broad-spectrum activity and the lack
of toxicity [359,360]. Its mechanism of action is to inhibit the initial step of cell wall biosynthesis
by inducing product dissociation of the MurA enzyme and suppressing PBP production [246,361].
Finally, glycopeptides such as vancomycin are potent inhibitors of cell wall synthesis. In this case,

the target is the p-Ala-p-Ala dipeptide terminus present in the partially crosslinked cell wall and

the Lipid II intermediate [362]. The antibiotic creates five hydrogen bonds with this terminus,
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preventing it from attaching PBPs for transglycosylation and transpeptidation [247]. Thus,
vancomycin is expected to be especially antibacterial during highly active cell-wall biosynthesis
processes like in cell-division where the division septum ends up destroyed [363,364]. Under
growth-arrested conditions, cell division is not expected to occur as PBS is a starvation medium.
Consistent with this, vancomycin did not reduce the viability of MRSA under the high

concentration tested in PBS but was highly toxic in TSB (Figure S3, Appendix B).

Synergy was observed upon exposure to oxacillin, fosfomycin, or vancomycin, with Ag-BG
(Figure 35 a-c). In all cases and similar to Ag-BG delivered alone, the combination of Ag-BG/cell-
wall inhibitors showed time-dependent lethality. Synergy was observed after 12 h of exposure and
is enhanced with the culture time. Bactericidal properties are expected for longer than 24 h since

Ag-BG alone was lethal after 48 h (Figure 28).

The combinatorial approach was also assessed with four protein inhibitors: gentamycin,
tobramycin, erythromycin, and chloramphenicol. Gentamycin and tobramycin are aminoglycoside
antibiotics that interrupt protein synthesis by targeting the 30S ribosomal subunit. MRSA is not
resistant to either aminoglycoside, and the collected data did not reveal any alteration on their
mechanisms because of Ag-BG (Figure 35 d-e). Like aminoglycosides, erythromycin, a
macrolide, inhibits protein synthesis, although its target resides in the 50S ribosomal subunit [365].
The antibacterial action of erythromycin consists of two processes: blocking ribosome exit tunnel
and tRNA translocation [365]. MRSA presents erythromycin-resistance [256] by several
mechanisms, including reduced permeability, active reflux, target modification, and methylating
enzymes [256,366]. The combination of Ag-BG/ery did not show any antibacterial advantage
beyond the inhibition provided by Ag-BG (Figure 35 f). Chloramphenicol is also a potent protein
synthesis inhibitor whose reversible binding prevents peptide chain elongation at the 50S subunit
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[367]. Although MRSA is not resistant to chloramphenicol (MIC~ 8 pg/mL [368]), it can tolerate
a high antibiotic concentration under growth-arrested conditions similar to the phenomenon
observed in vancomycin. This lack of activity may be due to the bacteriostatic nature of
chloramphenicol [258] or the reduced ribosome activity in dormant bacteria [369,370]. While
several reports have proven chloramphenicol does not interfere with the cell-wall synthesis
[371,372], its presence may lead to severe accretion of cell-wall material [373] and unbalanced
membrane synthesis, causing envelope thickening [374]. The combination of Ag-BG/cpl was

strongly synergistic, presenting CFUs below the limit of detection of the experiment (Figure 35

g)-

Lastly, ciprofloxacin targets DNA gyrase, an essential component in DNA replication, by
increasing its special requirement within the cell [259]. Although several reports described the
effect of sub-inhibitory concentrations of ciprofloxacin in increased outer membrane
permeabilization in Gram negatives [375,376], the precise ciprofloxacin’s mode of action on
bacterial membranes is still unknown [377]. For example, Verma et al. [378] reported that
ciprofloxacin might cause alteration in the composition of macromolecules (i.e., phospholipids,
sugars, proteins), compromising the integrity of the cell-wall. Resistance to ciprofloxacin is rare,
with a MIC ~ 0.5 pg/mL, although under growth-arrested conditions, MRSA can tolerate higher
concentrations (5 pg/mL) due to the decreased permeability. The combination of Ag-BG/cipro at

sub-inhibitory concentrations demonstrated strong synergism (Figure 35 h).
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5.4.4.1. Proposed model for the resurrection of antibiotic action

The potential mechanism of action is based on the by-products created during the degradation of
Ag-BG microparticles. The released ions and nano-sized pieces can damage the cell envelope
opening nano-tunnels/channels for the antibiotic to penetrate and act. As the antibiotics target the
cell wall, permeability increases, allowing for enhanced exposure to ions and antibiotics. A similar
mechanism is expected for BG/fosfo (Figure 40), although significantly lower efficacy was
observed due to the absence of the additional Ag" ions inhibition, particularly those affecting the

cell-envelope integrity.

The synergistic action of Ag-BG and BG with the cell-wall targeting antibiotics is only understood
if cell-wall biosynthesis is taking place in static cell conditions. After the cell-wall gets damaged,
biosynthesis will be activated for its reconstruction. As a result, these drugs will penetrate through
the wall and will be able to find active targets to inhibit the synthesis process so that the cell
structure is unrepairable. The process has been schematically presented in Figure 73. Notably, the
presence of nano-sized debris in the TEM images was more evident in Ag-BG/antibiotic (Figure
37 S-X) combinations than in Ag-BG alone (Figure 37 M-0), suggesting the presence of antibiotic
may hasten the degradation of the microparticles. The proposed mechanism is fascinating in the
case of Ag-BG/oxa since the mutated PBP2a would now be also exposed to the antibiotic making

the mutated enzyme less effective against the oxacillin.

Therefore, this model predicts that the first step of inhibition depends on Ag-BG degradation
damaging the cell-wall. This step is supported by the finding that Ag-BG/vanc was bactericidal
only for Ag-BG concentrations at or above the MIC (Figure 38). This initial damage is considered

the driving force for the re-activation of antibiotics. In agreements with previous discussions,
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combinations of higher Ag-BG concentrations, keeping the same antibiotic concentrations,
elevated the bactericidal action as more by-products for the physicochemical degradation were

released.
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Figure 73: The proposed resurrection of antibiotics model in the combination of Ag-
BG/antibiotics. The process is explained for MRSA, although it may occur similarly in other
pathogens. The degradation products Ag-BG or BG compromise the integrity of the bacteria cell-
envelope. The nano-sized debris released from the structure bore nano-tunnels through the cell-
wall and accumulate in the cytoplasm. The release of Ag”, osmotic effect, and ROS from the bulk
or the debris cause additional cell disruption. The bacteria trigger the urgent re-activation of cell-
wall synthesis to clog the pores and restore the wall. The addition of an antibiotic with cell-wall
inhibiting or disrupting pathways will bypass the restoration.

In agreement with this mechanism are the features observed in MRSA exposed to vancomycin
alone versus Ag-BG/vanc. Basri ef al. reported that MRSA cells exposed to vancomycin harbored
an irregularly thick cell wall lacking a division septum [379]. However, this is not observed in this
work as vancomycin is not activated on cells suspended in PBS (Figure 37 J, K, L). Notably, the
combination of Ag-BG/vanc activates vancomycin allowing this antibiotic to cause pronounced
ultrastructural changes (i.e., swelling of bacteria), leading to decreased viability (Figure 37 V, W,

X).
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Other results also support this hypothesis. First, there was a lack of synergism with gentamycin,
tobramycin, and erythromycin. These antibiotics have no primary nor secondary effect on the cell
envelope. In contrast, chloramphenicol and ciprofloxacin, with reported side effects to cell-wall
structure and synthesis process, were synergistic with Ag-BG. Second, the advanced inhibition
observed in the Ag-BG/antibiotic in metabolically active MRSA (Figure 36), where cell-wall
synthesis occurs regularly. As anticipated, the combinations did not show the same level of
synergism in TSB due to bacteria's ability to clog the pores faster than in PBS. For example, Ag-

BG/fosfo was stronger in PBS (~65 % inhibition) than in TSB (~35 % inhibition).

The concentration of antibiotics was critical for the synergism. For example, a concentration of
0.1 mg/mL of vancomycin in Ag-BG/vanc was insufficient to reduce bacterial viability beyond
what was observed with 2.5 mg/ml of Ag-BG alone (Figure 39 a). The synthesis of new cell-wall
is probably considerably low with the treatment of 2.5 mg/mL of Ag-BG alone, and it can be
concluded that the amount of damage that occurs when cells are exposed to this amount of Ag-BG
is not sufficient to increase vancomycin binding to D-Ala-D-Ala dipeptide at concentrations lower
than 0.3 mg/mL. This result supports the notion that low quantities of D-Ala-D-Ala dipeptide
require increasing vancomycin concentration in Ag-BG/vanc to or above 0.3 mg/mL. This finding
also supports the model that Ag-BG/vanc bactericidal activity is based on the activation of cell-
wall synthesis that occurs in response to Ag-BG-dependent cell wall damage, a process that is
further inhibited by vancomycin. This mechanism of action is also supported using a sub-lethal
concentration of vancomycin (0.5 mg/mL). In this case, increasing Ag-BG concentration also
elevates Ag-BG/vanc synergy (Figure 39 c). Similar antibiotic concentration dependencies were
observed in Ag-BG/cpl and Ag-BG/cipro, although they may not be directly related to cell-wall

synthesis. For example, higher chloramphenicol concentrations may favor the inhibition of more
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ribosomes, hindering the synthesis of proteins required to re-activate the emergency process for
wall restoration. In ciprofloxacin, both the antibiotic and the Ag" ions may synergize intracellularly
to condensate the DNA, leading to bacterial death. Therefore, increasing the ciprofloxacin
concentration will lead to more intracellular uptake, which is anticipated to cause more DNA
damage, although side-effects on the cell-wall are anticipated. Therefore, the capability of Ag-BG

to restore antibiotics is restricted to drugs with major or minor effects on the cell-wall.

Overall, this section provides a fundamental understanding of the interaction between Ag-BG and
bacteria. The results explain how the antibacterial performance may be tailored for specific needs
by controlling the degradation profile and products of the microparticles. The combined delivery
of Ag-BG with antibiotics enhances the antibacterial activity of Ag-BG alone, showing promising
results for the treatment of infections recycling antibiotics. The performance of Ag-BG and Ag-
BG/antibiotics to eradicate an in vivo infection is recommended for future investigation in wound
healing models. Because of the ability of Ag-BG to trigger bone re-growth, as presented in
previous sections, it is also hypothesized that Ag-BG is a promising treatment for regeneration

infected bone defects.
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5.5. Ag-BG as therapeutic carrier against antibiotic-resistant infections

Delivering therapeutic compounds to the target site is a significant problem in treating many
diseases [380]. The most conventional drug applications are oral administration and injection. The
effectiveness of these methods is limited due to poor biodistribution and lack of selectivity since
the drug is not explicitly targeted to the area that needs treatment [381]. These limitations may be
overcome using a drug delivery system [382]. The drug is directly transported to the place of
action, enhancing drug concentration at the target and minimizing the undesirable effect on other
tissue. Local drug release systems also offer the ability to tailor the release kinetics so the dose can
be controlled over time [383—-385]. Cell-specific targeting can be achieved by attaching drugs to
individually designed carriers [386]. An ideal drug carrier system would be inherently non-

cytotoxic and degrade or be excreted from the body after its cargo release.

In this project, drug delivery systems were explored within the scope of antibiotic-resistant
infection treatments, especially those affecting bone tissue. Resistance to antibiotics usually occurs
due to a decrease in cell-wall permeability, and therefore, a precise delivery mechanism must
overcome the cell-wall barrier [387]. The concept of this treatment is advanced by incorporating
a vehicle that is not a mere bystander but instead presents antibacterial properties of its own.
Although the delivery of antibiotics in this kind of set-up has been a target of research before, it
has failed to provide the much-needed recovery of the surrounding tissue [386]. Therefore, in this
work, a new strategy is proposed to simultaneously eradicate an infection while promoting tissue
regeneration during fracture repair. All of these demands can be met using Ag-BG microparticles
as delivery vehicles. Ag-BG microparticles can penetrate bacteria by creating nano-tunnel [17], as
demonstrated in previous sections. Additionally, Ag-BG's combination with antibiotics, like
vancomycin, proved an advanced inhibitory capability against MRSA [17]. Ag-BG also promotes
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tissue regrowth in critical bone defects [238]. Therefore, Ag-BG microparticles were proposed as
carriers for vancomycin delivery to draw on the combination of osteostimulation, antibacterial

properties, and drug delivery.

5.5.1. Mechanism of vancomycin incorporation and release in Ag-BG@vanc

The immobilization of vancomycin at the Ag-BG microparticles was performed following a co-
precipitation method [260-262], consisting of Ag-BG immersion in a highly concentrated
antibiotic solution. Ag-BG interaction with an antibiotic in a medium will lead to its incorporation

by absorption, adsorption, and/or encapsulation [388].

Vancomycin was successfully immobilized in the Ag-BG microparticles with an uptake efficiency
above 50 %. Chemical incorporation is proposed by combining the mechanism mentioned above
and is schematically illustrated in Figure 74. For instance, vancomycin absorption may occur
within the pores of the carrier [264,389]. In this case, Ag-BG microparticles present low porosity
with seldom pores in the range of 2-20 nm size. Therefore, the absorption mechanism is unlikely
to play a dominant role in antibiotic incorporation. The adsorption mechanism is governed by
electrostatic interaction, and it is usually exploited to bond negatively charged surfaced with
positively charged antibiotics. Ag-BG presents a surface charge of —17 mV [163] due to the
presence of silanol groups, naturally occurring in sol-gel-derived glasses. The immersion in the
medium will trigger the Ag-BG microparticles' bioactive response, creating additional silanols and
carboxyls [390]. These negatively charged groups act as nucleation sites and are anticipated to
bond with ionizable groups from the vancomycin structure (i.e., protons, carbon rings, and amine
groups) [391]. The presence of both Si-OH and COOH was observed in FT-IR (Figure 41),

confirming vancomycin's successful conjugation by adsorption. The bioactive response triggered
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in Ag-BG microparticles upon immersion would increase ionic species' concentration such as Ca*",
Na®, and K™ in solution. The medium's supersaturation due to the high antibiotic concentration and
the increase of alkaline species will promote an amorphous Ca-P phase, similarly to the effect
observed in SBF. The deposition of this phase will promote the entrapment of vancomycin at the
surface interface [262]. Previous reports have shown that free Ca* ions in solution may also bind
to carboxyl groups from the antibiotic, like tetracycline [392—-394]. These intermediate complexes
will also deposit at the microparticle surface during extraction at the end of the uptake process. A
similar effect is expected to occur with vancomycin. The role of this entrapment mechanism by
Ca-P phase deposition was demonstrated in the Ag-BG@vanc by the increase of P-O vibration

(Figure 41), and the deposits observed in SEM (Figure 42).

Vancomycin -

~

“~._ (1) Bonded vancomycin
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Figure 74: Schematic representation of vancomycin immobilization process. The two dominating
mechanisms were adsorption and entrapment. (1) Vancomycin bonds with Ag-BG surface groups
to get adsorbed. Here Si-OH is used as a representative nucleation site to bond with protons from
the drug structure. Note that other functional groups play a role in the immobilization process. The
molecular chain of vancomycin (yellow cloud) is displayed for reference and abbreviated as R in
the mechanism. (2) Vancomycin is trapped with Ca-P deposits (illustrated as a pink matrix).
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The pharmacokinetics of the conjugate will be governed by which of the loading mechanisms
dominates the antibiotic uptake [388]. The release of absorbed antibiotics is probably the
mechanism that offers the least control since it is not physically attached to the particle. The release
of adsorbed molecules will depend on the electrostatic affinity between the nucleation site and the
functional group. For example, amine groups present the highest electrostatic affinity [395] of
vancomycin’s functional groups and lead to a more effective bonding. Therefore, the vancomycin
molecules bonded through amine groups would presumably exhibit a slower release rate. In
contrast, the Ca-P phase help regulate the antibiotic release [396]. Their high solubility (2.5 x 10~

3 g/L) favors the transfer of molecules from the microparticle’s surface [397].

The release profile of the Ag-BG@vanc conjugate was evaluated under two different conditions
to assess their behavior during application. The conjugate releases a systemic concentration of
antibiotic, reaching its full release after 12 h of immersion and continued a more steady release for
up to 3 days in physiological conditions (Figure 43 a-c). In contrast, at 2 °C, the release followed
a perfect Gaussian profile finishing the release of vancomycin after 4 days of immersion (Figure
43 b-d). Total delivery capacity was not achieved since only 40 % of the vancomycin loaded was
released by the end of the test. As expected, the release rate at 2 °C was slower than at 37 °C since
the Ag-BG degradation is catalyzed by temperature. In general, a lower concentration of
vancomycin was detected at 37 °C compared to 2 °C. This process may be explained due to the re-
precipitation of the antibiotic in vitro as the solution saturates. Previous research has shown this
effect in bioactive glasses loaded with a significant antibiotic concentration [263,264], and similar
behavior is expected in Ag-BG@vanc. Nonetheless, the antibiotic's re-precipitation is more
unlikely to occur during in vivo treatment, as the surrounding tissues absorb the antibiotic and ions

released from the conjugate. The degradation of vancomycin after prolonged exposure to 37 °C
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challenges the ability to assess the conjugate's full delivery potential. The release at 2 °C was
maintained for longer times, confirming the system is still capable of delivering vancomycin for
more extended periods. On this basis, it is anticipated that the Ag-BG(@vanc conjugate will sustain
drug release for at least a week, which is the average time for infection treatments. The main
limitation of the delivery mechanism presented in this section is the partial control over the
conjugate uptake and release profile. Further optimization of the carrier fabrication process is
proposed as a promising line for future work, and the alternatives will be discussed later in this

document.

5.5.2. Toxicity of Ag-BG@vanc to bacteria and fibroblasts

The Ag-BG@vanc conjugate was antibacterial against MRSA and proved synergistic, in
agreement with previous results (Figure 44). The use of Ag-BG as a delivery vehicle enabled dose
reduction to provide enhanced inhibition. Specifically, a combination of 2.5 mg/mL of Ag-BG and
0.3 mg/mL was necessary to synergize previous combinatorial therapies (Figure 39). However,
vancomycin delivery as cargo instead of in solution provided significant inhibition for a
combination of 0.5 mg/mL of Ag-BG and 0.25 mg/mL of vancomycin (concentration released
after 24 h at 37 °C). As previously presented, the Ag-BG mechanism of inhibition consists of
several processes: the release of trace elements (i.e., Ag"), osmotic effect, presence of ROS, and
degradation in nano-size debris [17]. Although Ag” ions play a pivotal role in the inhibition
mechanism of Ag-BG, it is not the only factor contributing to synergism. In fact, previous results
demonstrated that Ag-free BG, with an equivalent composition to Ag-BG devoid of Ag, could
synergize with antibiotics, too [237]. Therefore, the inhibitory action of Ag-BG@vanc is
anticipated from the collaborative action of Ag", osmotic effect, nano-sized debris, and drug. On
this basis, Ag-BG@vanc will be more toxic after 48 h than at 24 h, following a similar trend to
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Ag-BG alone (Figure 28) [17], as the degradation of the structure continues and disable the
infection throughout treatment. The synergistic mechanism of Ag-BG with vancomycin against
growth-arrested MRSA may also be extrapolated to possible scenarios against VRSA since
vancomycin was ineffective in this experimental set-up. The mechanism of resistance to
vancomycin is related to a thickening of the cell-wall and, therefore, reduced permeability towards
antibiotic penetration [398—400]. The peptidoglycans would trap vancomycin molecules before
they can reach the D-Ala-D-Ala dipeptide terminus in the Lipid II intermediate inside the
cytoplasm [401,402]. The Ag-BG@vanc conjugate is anticipated to overcome the wall, following
the mechanisms described previously, and aid the penetration of vancomycin to find its target
causing significant damage to VRSA. The inhibition rate and antibacterial power can be controlled
by the concentration of Ag-BG@yvanc conjugate delivered and the exposure time. In this case, the
released vancomycin concentration (0.3 mg/mL after 24 h) was above its MIC (~0.47 pg/mL)

[363,403] by several folds, which ensure bacteria inhibition.

The bacteria-material interaction study did not demonstrate any significant morphological change
in bacteria between the Ag-BG and Ag-BG@vanc treatments. However, based on the previous
analysis (Figure 37), the bacteria structure is expected to undergo critical changes upon exposure
to vancomycin. The combination of Ag-BG/vanc revealed swollen bacteria with evident marks of
nano-size debris penetration. Similar features would be expected in Ag-BG@vanc conjugate
treated MRSA. Their validation must be done with advanced microscopy techniques, like TEM,
since SEM sample preparation cannot preserve the structure of damaged bacteria, and it is
proposed as a future line of investigation. Interestingly, while the morphological assessment did
not reveal much information about the bacteria structure, it provided insights on Ag-BG and its

interaction with bacteria. Previous results showed the Ag-BG’s surface developed Ca-P deposits
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and salts after immersion in just PBS (Figure 42 b); however, those deposits vanished in the
presence of MRSA (Figure 44 b I-11). Such observation suggests the medium supersaturation was
not taking place upon immersion of Ag-BG in PBS as the bacteria nurture from the ions released,
confirming the uptake of ionic species by biological entities. In contrast, the deposits observed in
Ag-BG@vanc before exposure to bacteria remained at the surface, although some of them
appeared detached. After treatment, the elemental analysis confirmed the nature of the deposits as
Ca-P, and thereby, they did not change during antibiotic release (Figure 44 c). These Ca-P deposits
most likely served as a regulator for the release kinetics. The antibiotic release could also be noted
in the elemental analysis since the relative contribution of chlorine to the EDS spectrum was

significantly lower after exposure to MRSA (Figure 44 c) than after fabrication (Figure 42 c).

The promising biological properties of Ag-BG in vitro were maintained in the Ag-BG@vanc
conjugate. Although the presence of surface deposits was expected to significantly delay the ion
release, and therefore, provide lower incidence in cell proliferation, no statistical difference was
observed between the effect of Ag-BG alone and Ag-BG@vanc. In contrast, vancomycin-treated
cells suffered a significant decrease in viability at the beginning of the treatment. The possible
adverse effect of vancomycin was subdued in the Ag-BG@vanc conjugate thanks to the Ca-P
mineral deposits caging the drug. Previous research has shown that Ca and P's presence holds a
significant role in enhancing cell proliferation and the upregulation of osteoblastic genes for
osteogenesis [163,238]. Ag-BG@vanc-treated cells were directly exposed to these ions, as they
were already present at the conjugate surface. In contrast, the concentration of Ca and P was lower

in Ag-BG-treated cells, as they release slowly upon degradation of the microparticles.

This section reinforces the concept of Ag-BG’s degradation as a critical parameter to deliver a
double set of properties. The antibacterial and bioactive properties of the Ag-BG@vanc conjugate
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observed here would be further potentiated in vivo since the presence of eukaryotic cells, like
osteoblasts, can accelerate and remodel the degradation of BGs [404—406]. The Ag-BG@vanc
conjugate is a feasible approach to develop multipurpose bone fillers for diseases like osteomyelitis
and osteoporosis. For example, Mistry et al. [407] have recently shown the ability of an antibiotic-
loaded bioactive glass-based cement to eradicate bone sepsis and osteogenesis. The use of Ag-BG
as a carrier would advance the recovery by providing antibacterial pathways to bolster antibiotic
action beyond the role of a mere drug vehicle. The antibiotic immobilization process presented
here provides enough adaptability to load other antibiotics for specialized targeting introducing
minimal modifications. Therefore, the use of Ag-BG as a multi-functional carrier for vancomycin
holds excellent potential for clinical treatments in scenarios where bone tissue must be cleared of

persistent infection before regeneration.

5.6. From Ag-BG microparticles to Ag-BG nanoparticles

The degradation study of Ag-BG microparticles and their performance suggested a significant
contribution of nano-size debris in the properties observed. To draw on this mechanism, the Ag-
BG formulation was translated into a nano-scaled system. The primary hypothesis of this work
was that the accelerated degradation behavior of nanoparticles, due to their high surface area,
would make them the strongest weapon against pathogens and provoke faster cellular behaviors
thanks to material internalization. On this basis, this section of the dissertation focuses on the
development and characterization of novel Ag-BGNs. As previously stated, cation incorporation
is a significant challenge in this field. Therefore, the first step consisted of modifying the Stober
method to design and optimize a protocol to incorporate P and Ca. Understanding the cation
incorporation process enabled the controlled synthesis of Ag-BGNs with sizes similar to the nano-

size debris observed from the degradation of Ag-BG microparticles.
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5.6.1. Synthesis of ternary system BGN

Silicate-based BGNs can be considered silica nanoparticles in which various network modifier
ions are introduced within the structure. As such, the Stober-method[408] can be adapted for their
fabrication. In this section of the project, ternary system BGNs with a composition of 62 SiO; —
3.2 P20s - 34.4 CaO (mol.%) were synthesized utilizing polymer-free, one-step basic catalysis
approaches inspired by the Stober method. The processing protocols were designed to understand

which steps governed cation incorporation and particle size to tailor BGNs performance.

5.6.1.1. Mechanism of incorporation of P and Ca in BGNs.

As previously mentioned, the main unresolved issue in Stober-like approaches is the persisting
discrepancy between the nominal composition and the actual one obtained after the fabrication
[56,72,73]. Specifically, the incorporation of P and Ca?*, vital elements for bone bonding [74],
ions remains a significant challenge. Congruent with this observation, the M1-P1 BGNs obtained

from a reference protocol [74] presented a significantly low amount of P2Os and CaO.

On the one hand, the incorporation of P ions depends on TEP's hydrolysis (i.e., P ions precursor),
performed in a solution containing TEOS as the reagent for SiO,. In solution, there is an
unbalanced hydrolysis rate between TEOS and TEP. Specifically, TEP's hydrolysis under elevated
pH, such as the one used in the Stober method, is significantly slower than TEOS. In other words,
Si0; nanoparticles start to condensate while there are still very few free P ions in the solution [30].
Because of this unbalanced reaction, most of the TEP reagent is wasted during the synthesis,
producing final BGNs with a low amount of P2Os. To address this challenge, de Oliveira et al.
[409] applied methanol as the solvent since the shorter carbon chain favors faster hydrolysis of

TEP, comparable to TEOS. The amount of P2Os was significantly higher, but it did not meet the
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nominal composition [409]. On this basis, the M1-P2 protocol was designed using methanol as the
solvent in Solution A and submitting the solution to extended homogenization before nanoparticle
nucleation. Although EDS confirmed the incorporation of P within the desired range in the BGN
structure, it may only serve to assess the effectiveness of the applied protocol toward the
incorporation. The errors associated with this technique make it unsuitable for determining the
exact composition for such low amounts. Therefore, other techniques like ion coupled plasma
(ICP) or atomic probe tomography (APT) are recommended for future investigation to measure
the composition accurately. One of the key findings in the M1-P2 protocol was the consistency in
particle size and dispersity observed with M1-P1. This observation indicates that by introducing
methanol, the chemical modification was insufficient to decrease the surface charge below the
isoelectric point of the structure, which is the main reason for BGNs’ monodispersity [68]. The
slightly smaller particle size in M1-P2 BGNs is associated with faster hydrolysis in methanol
[408,410—412]. Based on these results, the M1-P2 protocol can serve as an approach to fabricate
BGNs consisting primarily of SiO»-P20s. Additionally, like other Stober-like protocols [72,88],
M1-P2 offers control of particle size and dispersity by tailoring both the reagent concentration in

Solution B and the stirring time Xs.

On the other hand, the compositional gap observed in CaO is associated with its reported
mechanism of incorporation. Calcination above 400 °C is necessary to activate the diffusion of
Ca”' ions into the SiO> network and, consequently, cause its modification [413]. Keeping on this
fact, most protocols, including the M1 approach followed in this project, perform the incorporation
of CaO by immersing previously formed SiO: nanoparticles in a CaNT bath. In this process, the
incorporation of Ca** ions relies on their electrostatic attraction with hydroxyl species (OH") at the

nanoparticle surface. Then, the BGNs are washed and calcinated to trigger Ca®" ions diffusion.
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The concentration of CaO is limited by the number of hydroxyl groups available to bond. The
electrostatic attraction between these two species is reasonably weak, and most of the bonds will
not survive the washing steps [76], yielding to BGNs with less than 10 mol.% of CaO. Attending
to this mechanism, the change in the hydrolysis pace induced with methanol in M1-P2 has little
effect on incorporating Ca®* ions, explaining the similarities between M1-P1 and M1-P2 in terms
of CaO content. In this project, the incorporation of calcium was achieved by introducing a
significant change in the synthesis process. Specifically, in the M2 approach, CaNT was added
into Solution A and stirred for a long enough time to allow cation interaction with SiO; tetrahedra.
Catalysis of the solution after 24 h caused nanoparticle formation and allowed trapping of Ca**
ions within the structure. Although this approach was found on another protocol [74], the status
of Ca?" as modifier ion or trapped ion on their BGNs was not assessed in their results. Additionally,
the calcium detected from EDS mapping could come from calcium carbonate molecules or
calcium-rich components without being adequately incorporated in the network [72,90]. Here, the
ion-trapping mechanism is supported by the chemical and structural analysis of M2 BGNs before
and after heat treatment, performing washes in the latter to dilute and eliminate other calcium-
containing compounds. Before calcination at 400 °C, BGNs presented ~35 mol.% of CaO in SEM-
EDS but lacked the characteristic Si-O-NBO vibration in FT-IR (Figure 51), demonstrating Ca**
was within the BGNs but not modifying the SiO; network. During calcination, the diffusion of
these trapped ions was activated to form Si-O-Ca NBOs. The network modification was evidenced
by the newly developed FT-IR vibration at 900 cm™ and increased Q® and Q? units in the NMR
spectrum. The mechanism of P and Ca®" ion incorporation is schematically presented in Figure

75s.
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Figure 75: Proposed mechanisms for P (light blue circle) and Ca** (red circle) ions position within
BGNs when M1-P2 and M2 protocols are applied. Tetrahedra are formed by Si (green circle) and
O (white circle) ions in both protocols. In protocol M1- P2, pure silica nanoparticles are formed,
and Ca®" ions remain on their surface prior to calcination, while in protocol M2, Ca ions are
already present within the nanoparticles. Calcination in both protocols allows Ca’* ion
incorporation into the glass structure, bridging oxygens (BO) and non-bridging oxygens (NBO)
marked in purple [266].

Although the calcination step has little effect on the incorporation of CaO, it controls the status of
Ca?" within BGNs and, therefore, nanoparticles' behavior. For example, trapped Ca?" (i.e., before
calcination) will leach at an uncontrollable rate which could be harmful to cells. In contrast, the
presence of Si—O—Ca NBO bonds (i.e., after calcination) not only allows the controlled release of
Ca”' but also accelerates the degradation of a silicate network since it is less interconnected. Hence,

while the concentration of CaO was achieved at both stages, heat treatment is critical to control
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the system's properties. Modified silica networks are usually preferred since they would deliver

both the Si and Ca necessary to trigger the positive effects on cells reported in previous sections.

5.6.1.2. Role of stirring time in the synthesis of BGNs

This study also revealed a significant effect of stirring time prior to catalysis and condensation in
both the composition and size of BGNs. As previously mentioned, increasing the stirring time
before catalysis allowed P and Ca®" ions to position around SiO; tetrahedra. The time allowed for
solution homogenization was at least 24 h in between reagent addition. This extended stirring was
vital to achieving complete hydrolysis of the TEP molecules since stirring time X; below 24 h
yielded BGNS with a significantly lower amount of P>Os. Although the results indicate 24 h was
the minimum time to hydrolyze all the TEP (Figure S1 in Appendix A), further experiments would
determine the minimum time to maintain optimal Ca?* ion incorporation. In this regard, the
significance of stirring time has been noticed in other works, although never highlighted before.
Lukowiak et al. achieved 28 wt.% CaO in europium-doped BGN in a two-step catalysis method

by homogenizing the solution for 20 h [56], whereas only 12 wt.% was obtained after 8 h [414].

Stirring solutions for a total of 72 h before catalysis (as in M2-P2 B and C) yielded a significant
reduction in particle size (~20 nm) following their aggregation due to instability, in agreement
with other reports [68,415]. It is worth noticing that BGNs were not densified together as DLS
(Table 12) capture the size of individual nanoparticles. Therefore, alternative post-nucleation
surface treatments can be explored to improve their dispersity. The prolonged stirring not only
allowed ion incorporation but also affected the network connectivity. For an extended period, the
hydrolysis in methanol made Si—O—Si bonds more susceptible to chain breakdown during catalysis

since it promotes hydrolysis reactions over condensation [408,410]. Although methanol is known
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to yield irregular shape particles, the combination with high temperatures (i.e., calcination) leads
to more uniform nanoparticles [54,89,416,417]. Furthermore, the additional stirring time allowed
the maximum harnessing of TEOS, TEP, and CaNT precursors, as proved by the higher mass of

material collected after calcination.

Interestingly, the early addition of CaNT in the M2 protocols neutralized the overall effect of the
stirring time after catalysis. Several works have reported an increase in particle size with longer
stirring after particle nucleation as more dissolved monomers bond to the nuclei [30,62]. In this
study, M2 - derived - BGNs were collected after different stirring times X3 (after catalysis) from
5 min to 6 h, and all presented similar sizes and composition (Figure S2 in Appendix A).
Moreover, the concentration of water and ammonium in the catalytic solution held little effect on
particle size control, which was instead governed by the stirring time before catalysis. Although
further investigations would be required to determine this effect's background, it is hypothetically
correlated to changes in the isoelectric point during particle nucleation due to an increase in

alkaline species.

5.6.1.3. Degradation of ternary BGNs and their interaction with bacteria.

The biological behavior was evaluated in terms of pH evolution and apatite deposition. The pH
suffered a sudden increase due to a burst release of alkaline species in the medium and remained
toxic (pH > 8) for up to 3 days. This phenomenon was counteracted by pre-conditioning the BGNs

for 4 days in DMEM before use.

The ability to develop the biological apatite is attributed to the accumulation of dissolution
products [33]. The bioactivity process has been presented in detail in section 2.3.1. Briefly, P and

Ca”' ions are initially exchanged in solution, leaving an increased concentration of silanol bonds
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(Si—OH) at the surface of nanoparticles. These silanols repolymerize, creating a silica-rich layer.
Further ion migration of P and Ca species occurs from the core of the particle toward the surface
and reacts to create an amorphous calcium phosphate layer. The supersaturated solution causes the
deposition of hydroxyl and carbonate groups as well as more P and Ca*' ions and later the
crystallization of the calcium-phosphate phase to HCA [33,418,419]. The rate of HCA layer
formation is greatly influenced by the composition and, consequently, the structure of the BGNSs.
The substitution of Si by other ions such as P and the modification of the network by Ca** ions
created a less connected network in which hydrolysis of Si—O—Si is not as necessary for dissolution
silicate chains. On this basis, M2-BGNs undergo a faster bioactive response than M1-BGNs since
they exhibit half network connectivity (NC) due to higher calcium incorporation. The NC was
below the ideal reported by Edén [420] (2 < NC < 2.6) and insufficient to generate a dense apatite
phase after 7 days in SBF. Despite the low calcium content in M1 BGNs, a calcium phosphate
deposition was observed. This result agrees with previous reports that proved bioactive behavior
of sol—gel glasses with up to 90 mol % SiO2 [57]. The bioactive response is also affected by the
particle size [421,422]. A smaller particle size induces a higher ion dissolution rate due to the
higher surface-to-volume ratio. Thus, ion release in M2 BGNs (particle size, <100 nm) is

intrinsically higher than that in M1 protocols (~400 nm).

The effect of particle size was also observed in the antibacterial behavior. Treating MRSA with
58S microparticles did not decrease bacteria viability. In contrast, BGNs were antibacterial after
24 h. The antibacterial capability of M1-P1 was mild and could be explained by the local release
of alkaline species at a faster rate than 58S due to the higher surface area, causing osmotic
difference around the bacterial envelope [423,424]. The osmotic effect would also be expected in

the inhibitory mechanism of M2-BGNs. However, in this case, the antibacterial behavior benefits

213



from the decrease in particle size, which creates mechanical damage to the cell-wall, following a
similar process as Ag-BG microparticles. Although further studies would be required to unravel
this mechanism in ternary BGNSs, the presence of nanoparticles coating thoroughly the MRSA's
surface may support this mechanism. Keeping on these facts, the prime hypothesis of Ag-BGNs
providing advanced bioactive and antibacterial properties compared to their micrometer

counterpart gains ground.

5.6.2. Development and characterization of Ag-BGNs

Biomaterials with enhanced antibacterial and regenerative properties are valuable in orthopedics,
specifically in cases where underlying infections compromise patient recovery. The thorough
evaluation of the antibacterial and biological behavior of Ag-BG microparticles suggested that by
decreasing the particle size, these unique dual set of properties could be significantly potentiated
[17,238]. This hypothesis was evaluated by synthesizing Ag-BGNs and evaluating their behavior

compared to their micro-size equivalent.

5.6.2.1. Size, dispersity, and structure of Ag-BGNs

The synthesis of multi-fold metallic ion BGNs by Stober-like methods is challenging and requires
specific modification to incorporate the cations at the desired concentration. Previous work
(section 4.5.1) focused on optimizing a Stober-like method for incorporating P and Ca [266], and
in this section, said protocol was further modified to incorporate additional ions in a quinary
system. The Ag-BGNs were developed for a composition of SiO; 59.6-Ca0O 25.5-P,0s 5.1-A1,03
7.2 - Ago0O 2.2 (wt.%) that is similar to that Ag-BG microparticles (SiO; 58.6—CaO 24.9—P,0s
7.2-Al,03 4.2-Na,O 2.1-K,0 3 (wt.%)) sans Na,O and K>0O. Both Na" and K" ions act modifying

the silica network to promote a faster but stilled controlled degradation. Their incorporation in Ag-
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BGNs was neglected as the higher surface area due to their small size already promotes the
degradation process. The M2-P1 method for ternary BGNs provided the best control over cation
incorporation and particle size. Therefore, it was selected for the Ag-BGNs synthesis. The M2-P1
protocol was adapted to incorporate the additional salts before the nanoparticle nucleation by basic
catalysis with water and ammonium hydroxide. The early addition of AI(NOs3); and AgNOs is
expected to cause the incorporation of their free ionic species in the nanoparticles by ion trapping
following the mechanism reported for Ca** ions [266]. Although EDS proved all the ions were
incorporated within the desired level, other analytical techniques are recommended for future work
to assess the exact concentration of each oxide, especially those with a lower presence like P2Os
and Ag>O, which reported concentration seemed slightly lower than intended. Regular shape and
size Ag-BGNs of ~10 nm were produced after calcination, with high dispersity when in solution
as proved in DLS and TEM. The zeta potential was around — 9 mV, which was not enough to
provide colloidal stability via inter-particle electrostatic repulsion. However, as observed in TEM,
the Ag-BGNs were easily dispersed in a medium. It is worth noticing the particle size reduction
from M2-P1 BGNs (~90 nm) to Ag-BGNs (~10 nm), utilizing the same Solution B for catalysis.
The main difference between these protocols was the total stirring time before catalysis: 48 h and
96 h, in M2-P1 and Ag-BGNss, respectively. This observation supports the dominant role of stirring
time in the particle size as presented previously. Moreover, it suggests that solvents' concentration
in Solution B loses its effect in particle size if the solution is thoroughly homogenized. A similar
decrease in particle size to ~ 10-20 nm was observed among the M2-P2 protocols, which used a
different Solution B than M2-P1, only by increasing the stirring time before catalysis,

strengthening this hypothesis.
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The structure of the Ag-BGNs was amorphous and consisted of SiOg4 tetrahedral units forming a
3D interconnected network with a small number of orthophosphates (Figure 56 c). The network
connectivity was reduced due to the incorporation of [Al,O*] units, Ag", and Ca*" ions that formed
NBO bonds opening the network. As previously mentioned, the NBO groups facilitate the
exchange of ions from the BG structure with the H" protons in the aqueous solution [61]. The
larger the concentration of NBO bonds, the faster the dissolution rate, which yields to higher ion
release and higher bioactivity [7,128]. In the Ag-BGNs, most of the NBOs would be produced by
Ca?" ions since it is the network modifier with a higher compositional presence, and each ion
causes 2 NBO to compensate for the electric charge. Although Ag-O bonds' formation may
decrease the dissolution rate [151] because of the high covalent affinity binding [126], the
concentration of Ag" in these Ag-BGNs was not enough to form a significant number of Ag-O
bonds. Moreover, all the Ag" ions are expected to remain ionic. The ratio AI/Ag > 1 ensures enough
[ALLO*] units are available to balance the electric charge of Ag” ions [14,319] and, therefore,
trapped them as ions within the Ag-BGNs. The status of Ag" ions was confirmed by the lack of
UV-VIS absorbance peaks in the range of 360-550 nm (Figure 56 a), where metallic Ag, AgO,

and Ag>O present their maximum light absorption [425,426].

The degradation of Ag-BGNs was assessed in terms of the pH evolution and apatite-forming
ability. For instance, the pH suddenly increased upon exposure in medium (Figure 57), suggesting
a faster release of alkaline species due to degradation. Ag-BGNs were highly reactive, developing
mild apatite-deposition after 1-3 days of immersion in SBF (Figure 58 and Figure 59) compared
to the 7 days required in Ag-BG microparticles to observe a similar effect (Figure 21). The faster

bioactivity was correlated to the low network connectivity and the higher surface reactivity of
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small-size particles [421,422]. The negative zeta-potential value of Ag-BGNss is also favorable for

apatite deposition [427].

5.6.2.2. Interaction of Ag-BGNs and bacteria, and comparison with the antibacterial

performance of Ag-BG microparticles

The antibacterial effect of the Ag-BGNs was evaluated under 2 environmental conditions: growth-
arrested and growth-assisted, as both are representative of the metabolic state of bacteria that Ag-
BGNs might face during clinical application. Growth-assisted conditions reproduce a more
virulent environment where bacteria are prone to colonize tissue and surfaces to create an infection,

while growth-arrested conditions represent a mature biofilm.

Ag-BGNs presented strong antibacterial properties against MRSA under both conditions. The
antibacterial effect may not be attributed to the pH since the Ag-BGNs were pre-conditioned before
the assay to omit the initial burst ion release. Like Ag-BG microparticles, the antibacterial
mechanism of Ag-BGNs is mainly correlated to the release of trace elements like Ag" ions and the
mechanical damage of the bacteria cell-wall. As previously presented, Ag" ions are more
antibacterial than Ag compounds and can affect almost all the microorganism’s sub-cellular levels
[324,325]. The MIC significantly decreased moving from micro-scale (Figure 27 a and c) to nano-
scale (Figure 60). For example, the MIC of the Ag-BGNs was 98% lower than Ag-BG
microparticles” MIC under growth-arrested conditions (i.e., 0.05 mg/mL of Ag-BGNs vs. 2.5
mg/mL of Ag-BQG). This effect was also observed under growth-assisted conditions, where the
MIC was reduced 75 % (i.e., 5-10 mg/mL of Ag-BGNs vs. 20-30 mg/mL of Ag-BG). The potent
inhibitory capability of Ag-BGNs may be associated with faster mechanical damage of MRSA and

a faster release of trace elements than in the Ag-BG microparticles. It is worth noticing that under
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growth-assisted conditions, although the CFUs were lower in Ag-BGN-treated than untreated, the
groups treated with a low concentration of Ag-BGNs (i.e., 5 mg/mL) presented more bacteria than
at the beginning of the experiment. This suggests that either the inhibition rate was slower than the

proliferation rate, or the bacteria were able to re-built their cell-wall recovering from the damage.

In Figure 76, the antibacterial effect of Ag-BG and Ag-BGNs can be compared under the same
conditions. Specifically, MRSA was treated with 2.5 mg/mL of particles in PBS for up to 48 h.
The antibacterial action was significantly faster after treatment with Ag-BGNs than Ag-BG
microparticles. Bacteria inhibition was already observed after only 1 h of exposure to Ag-BGNs.
However, one of the most noticeable effects occurred at 12 h of treatment, where Ag-BG
microparticles started to provide significant inhibition while the Ag-BGNs had sterilized the

solution.

The combinatorial treatment of particles and oxacillin followed a similar trend in both
microparticles and nanoparticles (Figure 76). Synergism was only observed once the Ag-BGNs
had caused significant bacterial damage, agreeing with the process observed for Ag-BG
microparticles (Figure 38), suggesting both systems follow a similar mechanism (i.e., creating
nano-tunnels for antibiotic penetration). The combination Ag-BGN/oxa was toxic sooner than Ag-
BG/oxa owed to the nanoparticles' faster antimicrobial capability. Interestingly, the level of
synergism, defined as the difference between the agent alone and in combination, is significantly
less evident in Ag-BGN/oxa than in the microparticle counterpart. This effect is hypothesized to
come from the mechanism of antibiotic resurrection. As mentioned previously, the nano-size
debris opened tunnels for antibiotic penetration, and the lethargic bacteria are expected to re-
activate the biosynthesis of cell-wall to clog these pores. Once the biosynthesis starts, oxacillin

will find its target and bypass the envelope's restoration [17]. In Ag-BGNs, the nano-tunnels are
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puncture significantly faster than Ag-BG microparticles since the system does not need to degrade
to release the debris. Although this damage will allow oxacillin penetration, the faster antibacterial
behavior is expected to leave a shorter notice to start new cell-wall biosynthesis, and therefore, it
would be more challenging for oxacillin to find active targets and synergize. This behavior was
also observed in the Ag-BGN/fosfo combination, where the synergism level was slightly lower
than in Ag-BG/fosfo. Interestingly, the synergism level with 0.5 mg/mL of Ag-BGNs in Ag-
BGN/fosfo (Figure 61) was significantly higher than that observed using 2.5 mg/mL Ag-BGNs in
the combination (Figure 76), although at a different time point of the co-culture. The lower
concentration of Ag-BGNss (i.e., 0.5 mg/mL) delays the antibacterial action to 6 — 12 h, which is
slower than the 1-3 h observed for the higher concentration (i.e., 2.5 mg/mL). Under growth-
arrested conditions, 6 — 12 h are supposedly enough time to re-activate significant cell-wall
biosynthesis to clog the pores and potentiate the synergism, supporting the proposed mechanism.
Nonetheless, this hypothesis could be further investigated by exposing MRSA to Ag-
BGN/antibiotic combinations under growth-assisted conditions so that the bacteria are already in
a metabolically active state to produce new cell-wall right away. The concentration of Ag-BGNs
should be carefully selected for the synergism in TSB medium, and it is recommended to be over
10 mg/mL so that the bacteria viability upon exposure to Ag-BGNs only decreases from that at 0
h of treatment. If the proposed mechanism is correct, the level of synergism would be significant

even at short time points.
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Figure 76: Ag-BGNs inhibits MRSA faster than Ag-BG microparticles. This figure is a reprint
combining the antibacterial properties presented in different results sections for comparison.
Suspensions of MRSA (ODeoo = 1 equivalent to ~ 103 CFU/mL) were mixed with fresh PBS
medium (untreated control — dashed line), 2.5 mg/mL of Ag-BG or Ag-BGNs (red and yellow
bars, respectively), or a combination of substances with 0.1 pg/mL of oxacillin (oxa - pattern bars).
Note that antibiotics alone were ineffective against MRSA. The CFUs were enumerated for up to
48 h with a limit of detection of 10 CFU. (*) Indicates the significant difference between particle-
treated and untreated MRSA and (®) marks the significant difference between particles and
particles/oxa (p < 0.05).

5.6.2.3. Interaction of Ag-BGNs and cells, and comparison with the biological behavior of

Ag-BG microparticles

The biological properties of Ag-BGNs were studied for the first time in co-culture with hBMSCs.
Ag-BGNs were not cytotoxic at any concentration (Figure 63). Although the ion-releasing profile
of the Ag-BGNs was not assessed, it is anticipated to release Si, Ca, P, and Al species as the glass
network degrades. Similar to Ag-BG microparticles, the release of Si and Ca enhances the rate of
proliferation compared to untreated cells. The ion delivery and uptake by cellular organelles are
expected both extracellularly and intracellularly as the nanoparticles get internalized. The effect

on delivering Ag" ions was investigated by exposing the cells to Ag>O at the Ag-BGNs network
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concentration. Treatment with Ag>O decreased in viability (Figure 63 a), showing almost no alive
cells in the plate (Figure 63 c). In contrast, Ag-BGN-treated wells were confluent with healthy
spindle-like cells. This result suggests a steady release of Ag" ions below cytotoxic limits and with

a strong antibacterial effect.

The cell proliferation was significantly influenced by particle size. Ag-BGNs promoted faster
proliferation than Ag-BG microparticles (Figure 77). The proliferation rate of Ag-BGN-treated
cells was higher than Ag-BG microparticles, although they showed a more negligible difference
with the untreated control. For instance, Ag-BGNs enhanced 1.3 times faster proliferation than the
control, whereas, with Ag-BG microparticles, the cell proliferation was 2 times faster. This effect
could be correlated to several factors related to the experimental design and the behavior of
particles. First, the cell viability test in Ag-BG microparticles was performed with higher cell
density (30 K cells/well) than in Ag-BGNs (15 K cells/well), and consequently, their growth rate
is slower due to higher confluence. Second, the Ag-BG microparticles caused a slight drop in the
cell population at the beginning of the treatment, causing the fitting line to have s steeper slope. It
is also worth mention, the dependency of relative cell viability with the concentration of particles.
In the case of Ag-BG microparticles, the cell viability did not change significantly between
untreated and the different concentrations of Ag-BG. In contrast, significantly higher cell viability
was observed as the Ag-BGNs concentration increased, which may be associated with the ion
concentrations released from the network. Although BGs tend to dissolve faster in culture medium
than in PBS due to the high affinity of organic molecules with cations in the glass [428], the
degradation of Ag-BG is expected to be significantly slower than Ag-BGNs due to the highly
compact silica network and lower surface area. Additionally, most Ag-BGNs are supposedly

internalized by cells, whereas only small debris nano-size fragments from Ag-BG microparticles
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may reach the cell. Therefore, Ag-BGNs will deliver higher concentrations of ions, both

extracellularly and intracellularly, than Ag-BG microparticles.
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Figure 77: Ag-BGNs promotes faster cell proliferation than Ag-BG microparticles. This figure is
a reprint combining the cell proliferation presented in different results sections for comparison.
The cell viability was obtained by normalizing the optical density (OD) with the untreated control
after 2 days of incubation. Statistical difference between untreated and treated hMBSCs is
indicated with (*) and between Ag-BG microparticles and Ag-BGNs-treatments of same
concentrations with (e) for p <0.05.

Following previous research, the ionic release products from Ca-containing BGNs induced
osteogenic differentiation to osteoblasts [428,429]. Mature ECM, which forms during osteogenic
differentiation, was observed after treatment with the Ag-BGNs (Figure 64 a). The results indicate
a significant relationship between calcified nodule formation and Ag-BGNs concentration (Figure
64 b). Cell differentiation was also evidenced in gene markers. Co/1041 and OMD served as early-
stage markers [430,431] of osteoblast differentiation and were significantly upregulated after

treatment with both 5 and 10 mg/mL Ag-BGNs, indicating the degradation products of the
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nanoparticles caused the production of mineralized ECM [432]. The higher expression of mid-
stage markers (BSP and ACAN) [430], related to mineralization and ECM maturation [433—435],
proved the Ag-BGNs positive effect. Late-stage makers OCN and OSX [430] signal differentiation
has occurred [434,435], and both were upregulated in cells treated with 10 mg/mL of Ag-BGNs
but not in the 5 mg/mL groups. Together, the expression level of these genes indicates
differentiation occurs in all the cells and is promoted upon Ag-BGNs treatment. The high
expression levels of Coll10A41, BSP, and ACAN compared to other gene markers (note the relative
expression goes up to 16) might be correlated to an early synergism between ion dissolution
products and osteogenic supplements, causing the expression of proteins. In fact, this synergism
between BGN products and supplements was previously reported by Naruphontjirakul et al.[429]
in a separate glass system. Osteogenesis occurred faster for the higher concentration of Ag-BGNs
(i.e., 10 mg/mL) than in lower concentrations (5 mg/mL) since, in the former, the cells showed
evidence of late-stage differentiation. This observation is congruent with the proliferation rate
results since proliferation and differentiation are competitive processes. Figure 63 b demonstrated
slower proliferation with 5 mg/mL than 10 mg/mL and 20 mg/mL of Ag-BGNs, whereas the
concentration effect was reversed in cell differentiation. Therefore, confirming higher

concentrations of Ag-BGNs favor cell differentiation over cell proliferation.

Figure 78 presents the cell differentiation after Ag-BG treatment compared to Ag-BGNs when
both are used at a concentration of 10 mg/mL. The mid-stage gene marker BSP was more
expressed after Ag-BGNs than Ag-BG microparticles, and late-stage gene marker OCN follows a
similar behavior. These results suggest faster cell differentiation when exposed to Ag-BGNs than
Ag-BG microparticles, although most of cells are still at the mid-stage of the process. It is

hypothesized that while Ag-BGNs promote faster cell proliferation due to the accelerated ionic
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release, their earlier degradation does not support the delivery of a high concentration of ions for
the long incubation times required to provoke complete differentiation. The higher levels of
proliferation and differentiation may also be correlated to intracellular uptake. The degradation of
Ag-BG microparticles is slower, providing a lower concentration of ions to the cells but constant

during the experiment.
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Figure 78: Ag-BGNs induce faster cell differentiation than Ag-BG at the same concentration (10
mg/mL). Gene markers like bone sialoprotein (BSP) osteocalcin (OCN) are more expressed in Ag-
BGNs. This figure is a reprint combining the cell differentiation in different results sections for
comparison. Statistical difference between untreated and treated hMBSC:s is indicated with (*) and
between Ag-BG microparticles and Ag-BGNs-treatments with (e) for p < 0.05.

5.6.2.4. Internalization of Ag-BGNs during co-culture

The phenomenon of cellular uptake is crucial in cell behaviors, including cell proliferation,
differentiation, and tissue organization [436,437]. The nanoparticles' internalization depends on
their surface chemistry, size, and shape [438—440]. In Ag-BGNs, the intracellular uptake was
demonstrated in differentiated cells after 14 days of co-culture. Although the specific cellular

pathways for cell internalization was not addressed in this study, most previous research point to
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endocytic trafficking [441,442] as the main pathway for cellular uptake of particles with less than
200 nm diameter [443]. Endocytosis consists of vesicle formation to capture the nanoparticles in
the extracellular environments and then carry them into the cytoplasm. Once endocytosis is
completed, different endosomes transport the material until the nanoparticles escape and
translocate into the cytosol [444-446]. The size of individual Ag-BGNs (~10 nm) and their
aggregates (~100 nm, as observed in Figure 57 f) make them perfect candidates for endocytic
trafficking. The vast number of vesicles, autolysosomes, and autophagosomes found in Ag-BGN-
treated fibroblasts, significantly more prominent than in untreated cells, may solidify this idea of
the endocytic pathway in Ag-BGNs uptake. Nonetheless, the role of endocytosis as well as the
specific endocytic route is recommended as a subject of study in the future to better design the
delivery systems of Ag-BGN-based treatments. For instance, research has shown that the surface
functionalization of nanoparticles with other components can promote or neglect endocytosis
[447]. Although there is no way to predict which endocytic pathway the Ag-BGNs uptake will
follow, other studies in fibroblasts and mesenchymal cells have suggested endocytosis via clathrin-
pitted mechanism for the internalization of Si-based nanoparticles [105,448]. It should also be
noted that while endocytosis has been the target of study as the main cellular uptake mechanism,
research has shown internalization of nanoparticles in cells treated with pharmacological
endocytosis inhibitors, suggesting the less dominant existence of alternative cellular pathways

[105,429,449].

The Ag-BGNs accumulated near subcellular organelles (mitochondria and Golgi bodies) or around
the cytosol instead of encapsulated in vesicles. This distribution of nanoparticles near organelles
has also been observed in other systems cultured with mammalian cells [445,449]. The

significance of this observation is that Ag-BGNs were able to escape the endocytic system and
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then scatter through the cytoplasm, where they degrade, releasing ions for cell proliferation and
differentiation. The ability of nanoparticles to exit endosomes has been associated with their
negative charge [448], which is ~9 mV in Ag-BGNs. The Ag-BGNs degradation was evidenced
by their irregular shapes (Figure 65 f). Note that Ag-BGNs were not found inside the nucleus, in

agreement with the observation by Lin et al. [450].

A separate area of study regarding cellular uptake would be the “wrapping time”, defined as how
fast the cell-membrane encloses nanoparticles [451,452]. Previous work in this area, performed
primarily in mesoporous silica nanoparticles, found the cellular uptake took about 2 h [453] and
followed a sigmoidal behavior with the dose [448]. A similar effect would be expected to occur in
Ag-BGN-treatments, where the number of nanoparticles internalized by the cells would increase

with the concentration of the nanoparticles in the culture medium.

5.6.2.5. Interaction of Ag-BGNs and tissues, and comparison with the bone regeneration by

Ag-BG microparticles.

The developed Ag-BGNs sustained mild bone re-growth in critical calvaria defects; however, less
bone volume fraction was obtained than after Ag-BG microparticles treatment. The mechanisms
of bone re-growth were based on the release of degradation products, especially soluble Si and Ca,
described in section 5.3. Additionally, Ag-BGNs are expected to be internalized by tissues.
Immunohistology suggests significant tissue inflammation after Ag-BGNs treatment. These results
may indicate a not significant improvement of regenerative properties by down-scaling the Ag-
BG system. The inflammation process is an expected reaction to foreign material in the body. In
the case of Ag-BGNs, the inflammation is suspected of coming from an overdose of material.

Further studies are required to evaluate the type and concentration of macrophages and determine
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the reaction towards materials implantation. The Ag-BGNs concentration delivered was 10
mg/mL, the same as in Ag-BG microparticles. However, Ag-BGNs reactivity and degradation are
notably faster, as demonstrated in section 4.5.2.3, releasing higher ions concentration in shorter
periods. To prove the bone regenerative properties of Ag-BGNs, the experimental design may
require adjustments in terms of Ag-BGNs dose. Alternatively, the degradation of Ag-BGNs might
be excessively fast to support bone re-growth over time. Therefore, the composition of Ag-BGNs
can be adjusted to decrease the rate of degradation by, for example, lowering the CaO content,
which the major network modifier in the system. Additionally, large particulates were found
around the newly formed tissue. The morphology and size indicate these particulates were not Ag-
BGNs aggregates as they were firmly densified. Based on the degradation behaviors of Ag-BGNss,
these particulates might be HCA deposits from the bioactive response. Further investigation with
Raman spectroscopy on the histology section may bring new light to the nature of these

particulates.
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Figure 79: Ag-BG microparticles trigger more bone re-growth after a month of implantation. This
figure is a reprint combining the in vivo results presented in different results sections for
comparison. Statistical difference between PBS and particle treated is indicated with (*) and
between Ag-BGNs and Ag-BG with (e) for p <0.05.
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5.7. Design of medical Ag-BGN/polymer nanocomposites devices

There is an increasing interest in designing treatments for osteoregenerative applications. As has
been highlighted in this document, multi-functional bioactive materials hold promise in clinical
scenarios where an underlying infection can compromise the outcome. The ability of Ag-BGNs to
provoke cell proliferation and trigger bone re-growth has been shown in sections 4.5.2.5 and
4.5.2.6. Additionally, Ag-BGNs present advanced antibacterial properties proving the inhibition
of planktonic antibiotic-resistant bacteria within a few hours of treatment (section 4.5.2.4).
Therefore, in this section, the clinical delivery of Ag-BGNs was explored by designing a minimally
invasive injectable approach. Nanocomposites were fabricated by dispersion of Ag-BGNs in a
polymeric matrix. The matrix's selection prioritized biocompatibility, suitable porous structure,
and homogeneous microstructure with the intended host tissue [454,455]. Two natural-based
hydrogel matrices (i.e., extracellular matrix (ECM) and Collagen Type I (Col)) were used to draw
on their favorable structure, such as their interconnected pores for cell infiltration and
angiogenesis, which guide the regeneration of surrounding tissue [456,457]. These natural
matrices have been proposed for the regeneration of damaged tissues [458,459], showing
promising results in defective tissues when filled with bioceramic materials [460-462]. In this
sense, the design of nanocomposites filled Ag-BGNs could further advance the clinical outcomes

owing to the enhanced capabilities of nano-design systems.

ECM and Col polymerize by combining pH and thermal activation, which offers the advantage of
injectability in clinical applications. The samples would be delivered in a liquid-like state, allowing
the material to flow and fill the bone defect (even if it presents an irregular shape) and then self-
polymerize under physiological conditions [456]. The incorporation of Ag-BGNs in the hydrogel
matrices significantly affected the polymerization process. The higher the Ag-BGNs
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concentrations, the slower the polymerization occurred. However, 5 wt.% of Ag-BGNs did not
strongly delay the polymerization of the hydrogel. The Ag-BGN/hydrogel nanocomposites are
anticipated to polymerize through covalent bonds and physical crosslinking, similar to other
hydrogels [463]. The covalent bonds occurred by radical chain polymerization, while the physical
crosslinking is expected between Ag-BGNs and the polymeric chains. The slower polymerization
in the nanocomposites with higher Ag-BGNs wt.% is probably a result of the physical crosslinking
as nanoparticles' presence disrupt the oriented arrangements of the polymer chains. The
approximately 10 cm™ shift and the broadening of some FT-IR peaks in the Col/Ag-BGNx
nanocomposites (Figure 69 a) support the hypothesis of chemical interaction between the (COO)

groups in the collagen and nanoparticles in agreement with other works [277].

The fibrillar structure of the hydrogels was preserved after Ag-BGNs incorporation (Figure 68).
However, the structure evolved towards a denser packaging with visible protein bundles. The
presence of Ag-BGNs disturbing the covalent bonding between monomers lead to a high
concentration of shorter polymer chains. As a result, more and thinner fibrils were clearly visible
in the Col/Ag-BGN10 nanocomposite compared to Col/Ag-BGNO. Interestingly, despite their low
zeta potential value, Ag-BGNs showed good dispersibility in the hydrogel matrix, agreeing with
their dispersion in resin (Figure 55). In the ECM/Ag-BGN10 nanocomposite, individual
nanoparticles were adsorbed on the fibril surface, similar to the effect observed in colloidal silica
[464,465]. In general, the SEM images suggest Ag-BGNs concentration up to 10 wt.% did not
significantly perturb the hydrogels' structure, which retained significant porosity. This observation
is congruent with previous work [22,463,466] in bioceramic nanocomposites that only showed

significant structural changes for filler concentrations above 20 wt.%.
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The antibacterial and biological performance of the nanocomposites were also evaluated.
Planktonic MRS A mixed with either Col/Ag-BGNx or ECM/Ag-BGNx are anticipated to migrate
through the open pores to colonize the fibrils, similar to the effect observed in Ag-BG
microparticles (Figure 28 b). The nanocomposites' antibacterial model is expected to follow the
same inhibition mechanisms as Ag-BGNs alone, presented in a previous section. Briefly, these
mechanisms consist of Ag" ions, mechanical damage of the envelope, oxidative stress, and osmotic
effect. The bacteria viability was significantly higher when exposed to the Ag-BGN/hydrogel
nanocomposites than the Ag-BGNs alone (Figure 70). Several processes may explain this
outcome. First, the interaction between Ag-BGNs and polymer chains may reduce the
nanoparticles' degradability as a significant part of their surface area is covered with hydrogel
rather than exposed to the medium. Second, the above-mentioned antibacterial mechanisms are
delayed because of the matrix. For instance, Ag-BGNs would need to detach from the fibrils and
get released in solution before they can mechanically damage the bacteria envelope. Besides, the
released cations from the network degradation might need to diffuse through the fibrils before
reaching the microbes. Both nanoparticle detachment and ion release would occur as the hydrogel
degrades; however, this time-dependent process would be significantly slower than when Ag-
BGNs are delivered free in a suspension. As degradation continues, the antibacterial product
concentration is expected to increase to provide significantly higher inhibition, as observed in the
other time-dependent antibacterial properties (Figure 60). The stronger bonding between Ag-
BGNs and ECM than with Col is presumably responsible for the lower antibacterial effect
observed in ECM/Ag-BGNx. Interestingly, the Col/Ag-BGNO and ECM/Ag-BGNO (i.e., hydrogel
controls devoid of nanoparticles) showed a slight increase in bacteria concentration after 24 h

(Figure 70). These hydrogels are nutrient-rich [467] and may provide a suitable but not significant
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nurturing source for bacteria, similarly to their effect in eukaryotic cells [468]. These nutrients
may counter-effect the antibacterial properties of the Ag-BGNs in the nanocomposite, contributing
to the lower antibacterial efficacy observed. In contrast, the nutrients and fibrils structure of the
hydrogel matrices are expected to provide the appropriate microenvironment for cell attachment
and proliferation required for tissue regeneration [469,470]. The exposure of fibroblasts to
ECM/Ag-BGNx revealed significant cell proliferation after 1 week. The release of ions from the
Ag-BGNs network degradation (i.e., Si, P, and Ca) is anticipated to enhance cell growth. Based
on the behavior of Ag-BGNs alone (Figure 64 and Figure 66), the ion-mediated reactions are also
expected to trigger osteogenic function in fibroblasts by inducing cell mineralization and gene up-
regulation. ECM holds regenerative properties of its own, provoking cell proliferation and
differentiation due to the release of biomolecules with inherent biological properties [471].
However, the ECM properties are presumably lower than in the presence of bioceramics, based on
other works [472,473]. Therefore, cell proliferation was promoted by a synergistic action between
the hydrogel and the Ag-BGNs. The highly hydrated structure of matrices may also cause problems
with the degradability of the nanoparticles. Specifically, there are concerns of Ag-BGNs
degradation due to the abundance of water, which may cause nanoparticle dissolution before use.
On this basis, the preparation of the nanocomposites shall only be performed right before

application.

To summarize, Ag-BGNs can be effectively incorporated in a Col or ECM matrix to obtain an
injectable nanocomposite. Polymerization is anticipated within a few hours for Ag-BGNs
concentrations < 10 wt.%. The nanocomposites showed good biological behavior and long-lasting
antibacterial action. This capability makes them ideal for filling defective tissue fractures where

the clinical application calls for biocompatibility, antibacterial activity, and matrix formation.
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6. SUMMARY AND CONCLUSION

This thesis investigated the design and synthesis of bioactive glass particles for orthopedic
applications. Although the field of regenerative medicine is constantly expanding, there is still a
need for treatments that can effectively heal tissues and prevent or eradicate infections. Material
Science has played a critical for the development of prosthetics, and now, using the fundamental
understanding of materials microstructure and degradation, materials can carve their way as the

top choices for clinical applications.

In this work, a previously presented Ag-doped bioactive glass formulation in the form of
microparticles (Ag-BG) was thoroughly investigated to correlate their physical performance in
vitro and in vivo with their composition and structure. Next, their antibacterial potential was
explored against resistant pathogens to unravel the mechanism of inhibition this material provides.
Additionally, this work demonstrated the capability of Ag-BG to resurrect antibiotics, providing
hope to fight antibiotic-resistance by giving old drugs a second life. To draw on this capacity,
antibiotic depots were developed using Ag-BG as a vehicle for vancomycin delivery. The proposed
antibacterial model described nano-size debris's role in the inhibition, suggesting both biological
and antibacterial properties could be significantly enhanced by down-scaling the Ag-BG

formulation to nanoparticles.

Therefore, the Stober method was revisited to develop BGNs reliably. The synthesis of BGNs has
presented a constant challenge in cation incorporation. Therefore, the synthesis method was first
modified to incorporate Ca and P at the nominal range and then adjusted to develop Ag-BGNss.
The properties of the Ag-BGNs were evaluated following similar experimental set-ups than in Ag-

BG microparticles to compare the effect of size and morphology on the biological and antibacterial
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performance models described before. Finally, an injectable nanocomposite was designed,
demonstrating the potential for incorporating monodispersed Ag-BGNs in hydrogel matrices for a

straight-forward clinical delivery.

The specific conclusions and highlights of this dissertation have been described in the following
sub-section, bringing to context all the knowledge acquired in completing this work. Finally, this

section concludes the thesis work by providing guidance and recommendation for future work.

6.1. Conclusions

6.1.1. Degradation of Ag-BG microparticles

(1) The Ag-BG microparticles were biodegradable upon immersion in medium (i.e., PBS, SBF, or
DMEM) by cleavage BO and NBO bonds. The biological and antibacterial studies revealed
two types of degradation products: ionic species from the glass network and nano-size debris.
The degradation products maintained a neutral pH value in the solution through the process.

(2) The release of ionic species modified the chemistry and morphology of the microparticle
surface, preparing it for the deposition of a new phase. Precipitation of stoichiometric

hydroxyapatite was observed within 7 days, demonstrating the bioactivity of the system.

6.1.2. Interaction between Ag-BG and cells and tissues: biological performance

(1) The on-site degradation of Ag-BG in the presence of cells was not cytotoxic for concentrations
ranging between 2.5 — 12.5 mg/mL. The composition of the bioactive glass was rich in Si, Ca,
and P species. When these ions are leached from the network and absorbed by cells, they
provoke cell proliferation. The release of Ag" ions remained below toxic limits to mammalian

cells. The secondary degradation in nano-size debris may also favor intracellular uptake of
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nanoparticles, providing a localized delivery of ions and, therefore, hastening the biological
processes. The Ag-BG structure also provided ROS from the surface silanols (Si-OH) and the
dismutation of network oxides (O* species). These ROS seemed to benefit cell behaviors,
similarly to other works.

(2) Prolonged exposure to Ag-BG (at a concentration between 5 — 12.5 mg/mL) induced cell
differentiation into osteoblastic lineage in the presence and absence of differentiating factors.
The higher density of the mineral monolayer in the osteogenic medium was correlated to a
synergism between Ag-BG degradation products and differentiating factors.

(3) The degradation of Ag-BG followed a similar process in the presence of cells, depositing
apatite at the surface. The thickness of the deposit was significantly lower than in the acellular
degradation test. This observation is correlated to a lower medium saturation since the cells
can absorb and metabolize the degradation products, decreasing the concentration in the
solution.

(4) The in vivo tests using a calvarial defect model in mice demonstrated that Ag-BG
microparticles induce bone regrowth after 30 days. Histology and micro-CT images revealed
defects filled with new tissue. Therefore, demonstrating Ag-BG microparticles are an excellent

material for the regeneration of damaged bone.

6.1.3. Interaction between Ag-BG and pathogens: antibacterial behavior

(1) Ag-BG is a potent antimicrobial against MRSA. The antibacterial capabilities were
demonstrated in planktonic and biofilm bacteria, revealing Ag-BG's potential to target an on-
going or a mature infection.

(2) The inhibition model was described for Ag-BG as a contribution of simultaneous

mechanisms. The strongest antibacterial action (~ 52 % contribution) comes from the release
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of Ag" ions from the structure at levels that toxic to microbiota. The degradation of Ag-BG
upon immersion releases additional species. For instance, ROS cannot be adequately
metabolized by bacteria, causing oxidative stress ( ~ 40 % contribution) or elevated cation
concentrations like Ca®" ions that unbalance the osmosis around the cell envelope. Finally, the
model describes nano-size debris's contribution, causing mechanical damage to the cell-wall,
puncturing holes to penetrate and accumulate at the cytoplasm (~ 8 % contribution). In general,
Ag-BG had a more significant effect on the cell envelope affecting its integrity and
permeability.

(3) Prolonged exposure to Ag-BG induced the evolution of MRSA to small-colony variants,
which became increasingly sensitive to treatment. Therefore, no resistance to treatment is
anticipated.

(4) Ag-BG's ability to restore the antibacterial action of antibiotics was evaluated for different
bacteria targets using 2.5 mg/mL of microparticles. The results demonstrated that the
resurrection of antibiotics only occurred when the drug presented primary or secondary effects
on the cell-wall. The proposed synergistic model consisted of the penetration of the antibiotic
through the created nano-tunnels. Therefore, in order to restore antibiotics, Ag-BG needs to
cause significant damage on its own. Bacteria would try to clog the pores, reactivating cellular
functions like cell-wall biosynthesis, where the antibiotic will then find its target from inside
the bacterium and bypass the restoration. This model was supported by the antibacterial
mechanism of the antibiotics as well as the synergism observed when bacteria were actively

growing.
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6.1.4. Development of therapeutic carriers using Ag-BG as antibiotic vehicle

(1) Vancomycin was successfully conjugated with Ag-BG microparticles to create an
antibiotic depot against resistant bacteria. Drug immobilization was anticipated by pore
absorption, chemical bonding, and entrapment. The results suggest a decisive role of the two
latter mechanisms due to the FT-IR vibration of Si-OH and COOH bonds and the presence of
Ca-P-rich deposits at the Ag-BG surface. The loading efficiency was around 50 %.

(2)  The pharmacokinetics of the Ag-BG@vanc conjugate reached a maximum release peak
after 12 h at 37 °C and showed a total delivery capacity of about 40 %. The presence of Ca-P
deposits presumably controlled the release. The low delivery capacity may be associated with
a re-precipitation process, which is unlikely to occur during clinical application as biological
entities absorb the antibiotics.

(3) The Ag-BG@vanc conjugate allowed to decrease the dose of agents to provide a similar
inhibition level to the Ag-BG/vanc combination. This effect was correlated to Ag-BG's faster
degradation as their surface was modified by the presence of the antibiotic and the localized
delivery.

(4) The Ag-BG@vanc conjugate was not cytotoxic. Therefore, the Ag-BG shows excellent

potential as a carrier to bolster antibiotic action and advance the tissue's recovery.

6.1.5. Synthesis and characterization of Ag-BGNs

(1) A Stdber method was modified to developed ternary system BGNs with a composition
consisting of 62 SiO2 — 3.2 P>Os - 34.4 CaO (mol.%) yielded nanoparticles of nominal

composition with sizes < 100 nm.
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(2) The cation incorporation model was proposed in two steps. First, methanol was able to
balance TEOS and TEP's hydrolysis, yielding to the incorporation of P within the network.
Second, CaNT was added before nanoparticle nucleation to trap the Ca®" ions within the
structure. Calcination at 700 °C was performed to induce Ca*" ions diffusion and the formation
of NBO within the silica network. This model was confirmed by comparing the composition
and structure of the BGNs developed by different models at different fabrication stages. For
instance, the network connectivity significantly decreased upon successful incorporation of
Ca?" as a network modifier. Based on this model, incorporating additional elements at nominal
composition can be controlled by the amount of reagent added to develop a new formulation
for specific applications.

(3) Extended homogenization of solution was key for incorporating the elements and was
demonstrated to affect particle size. This phenomenon could be explained as a side effect of
methanol solvent, which promotes hydrolysis over condensation, leading to shorter silica
chains as the reaction continues. This effect was also confirmed in the fabrication of Ag-BGNss.
As the hydrolysis of both TEOS and TEP was fulfilled with increasing stirring time, a higher
mass of nanoparticles was obtained at the end of the heat treatment.

(4)  The role of composition and morphology was observed in the apatite-forming ability and
antibacterial properties. The M2-P2 presented greater capabilities than the other BGNs
correlated to a higher modified silica network due to the higher calcium content and the higher
surface area. These elements trigger a faster material degradation, which was also evident by
the pH value evolution.

(5) A method for synthesizing spherical monodispersed Ag-BGNs in the system SiO> 59.6-

Ca0 25.5-P20s5 5.1-A1,03 7.2 - Ag>0O 2.2 (wt.%) was successfully derived from the modified

237



Stober approach for BGNs. Cation incorporation was achieved within nominal levels
following the previously presented model.

(6) The extended stirring for the homogenization of solution after nitrate addition caused
significant size reduction, providing Ag-BGNs < 10 nm. Although the nanoparticles tended to
appear in aggregates of 200 nm, they were easily detached and monodispersed in polymeric
matrices without surface modification.

(7) The degradation of Ag-BGNs was significantly faster than in their micrometer
counterparts. The Ag-BGNs structure was completely amorphous compared to the semi-
crystalline structure of Ag-BG microparticles. The ion release caused significant changes in
the pH, forcing particle pre-condition before application to reduce toxicity. Additionally,
carbonated hydroxyapatite started to deposit after 1 day, with significant deposits after 3 and
crystallization after 7 days. This faster degradation was correlated to the higher surface area
and the fully amorphous structure of Ag-BGNs. Amorphous materials are more reactive than
semi-crystalline ones due to their instability and their need to find equilibrium.

(8) Ag-BGNs were highly antibacterial, demonstrating significantly faster and stronger
inhibition than Ag-BG microparticles. Specifically, the MIC was reduced by about 90 %.
Additionally, 2.5 mg/mL of Ag-BGNs (which was the MIC of Ag-BG microparticles) provided
inhibition after only 1 h of co-culture and sterilized the solution after 12 h. Therefore,
demonstrating the hypothesis of Ag-BGNs as a more potent antibacterial weapon.

(9)  The inhibition model of Ag-BGNs is expected to follow the exact mechanisms as Ag-BG
microparticles with Ag" ion, osmotic effect, mechanical damage of the cell-wall, and ROS.
Nonetheless, owed to their size, the mechanical damage through nano-sized debris is

anticipated to play a more dominant role. The presence of all these mechanisms explains why
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Ag-BGNs are still synergized with antibiotics. This confirms that reducing the system to a
nano-scale only enhanced the overall antibacterial performance of the system.

(10) Ag-BGNs were not cytotoxic. The degradation products from the Ag-BGNs structure only
promoted cell proliferation faster than Ag-BG microparticles. Although the release rate of ionic
species was not evaluated for Ag-BGNss, the results suggest the concentration of Si, Ca, and P
is enough to trigger cell response while Ag remains below cytotoxic limits. In fact, the
controlled release of Ag” was indirectly confirmed by comparison of cell response upon
exposure to Ag>O, which toxic to fibroblasts. The small size of the Ag-BGNs also favored
intracellular uptake by endocytosis, as suggested by the fibroblasts' TEM images.

(11) The Ag-BGNs were also able to provoke cell differentiation. In general, the level of
differentiation was higher in Ag-BGNs than Ag-BG microparticles. This may be associated
with the faster degradation of Ag-BGNs, which is expected to leach higher ion concentration
at the beginning of the treatment.

(12) Ag-BGNs triggered significant tissue re-growth. However, the volume of new bone was
lower than in the case of Ag-BG microparticles. This effect may be correlated to the faster
degradation of Ag-BGNs, which does not sustain the ion release to promote tissue formation

for extended periods.

6.1.6. Design of Ag-BGN/polymer nanocomposite devices

(1) Injectable hydrogel nanocomposites were fabricated by dispersion of Ag-BGNs in collagen
or extracellular matrix. The presence of nanoparticles delayed the matrix's polymerization
under physiological conditions but did not disrupt the 3D porous fibril network.

(2)  The hydrogel fibril diameter decreased with Ag-BGNs concentration due to the interruption

of monomer-monomer cross-linking. Higher concentrations of fibrils with diameters in the
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range of 20-300 nm were found in SEM. Nonetheless, more work is required to prove the
interaction of Ag-BGNs with amine and carboxyl acid groups in the hydrogels.

(3) The Ag-BGNs aggregation around fibrils was not significant, as most nanoparticles
appeared homogeneously dispersed across the fibrils' length. The few aggregates found had
sub-micrometer sizes (< 200 nm), suggesting nano-size properties may still be maintained.

(4) The combination of Ag-BGNs with the natural hydrogel matrices was synergistic to nurture
biological entities due to the rich-protein content. The interaction of the nanocomposites with
bacteria and cells shows a less prominent effect on bacteria inhibition and enhanced cell
proliferation/differentiation. This effect was suggested due to slowed degradation process of
Ag-BGNs.

(5) The work done in Ag-BGN/polymer nanocomposites shows potential for the homogeneous
incorporation of nanoparticles in a hydrogel matrix for straight-forward injectable delivery to

fill complex and defective minor bone fractures and trigger tissue regeneration.
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7. RESEARCH GAPS AND DIRECTION FOR FUTURE WORK

This research aimed to identify the relationship among microstructure, morphology, and
composition in bioactive glasses to draw a beneficial interaction with tissues and eradicate or
prevent an infection. This dissertation has presented a conceptual theory, empirical findings, and
models to design and develop optimum inorganic bioactive materials for the potential treatment of
osteo-degenerative diseases. The findings presented here are not free of limitations inherent in the
research questions and methods used. Consequently, this document concludes by disclosing

research paths to help foster further research in this topic.

(1)  Re-examine the composition of nanoparticles with quantitative techniques. In the synthesis
of BGNs and Ag-BGNss, the actual composition was almost identical to the nominal one for all
the oxide concentrations. The explanation of this phenomenon has been elaborated in section
5.6.1.1. Although the composition was controlled with standardized processing parameters,
quantitative techniques to demonstrate enhanced metallic ion incorporation are strongly
demanded. The analysis performed was semi-quantitative, and although the results are reliable,
the method sensitivity is insufficient to verify small quantities. Additional techniques like ICP-
AES, APT, and TEM-EDX are encouraged to re-examine and validate the proposed synthesis

approach to address this issue.

(2) Address the limitations on particle size control and monodispersity. The synthesis
approach for BGNs revealed a significant decrease in particle size due to long stirring time,
neutralizing the time-effect of the catalyzing solution on particle growth observed in other works
[30]. Modification of the fabrication method in terms of solution concentration and optimum

stirring time for hydrolysis of each reagent may provide more insights into the particle growth
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mechanism and built-up on the model of BGN formation by trapping high cation content. One of
the biggest concerns in the product outcome was aggregates' formation, although the results
showed those were easily detached. Individual BGNs were metastable and quickly returned to an
aggregate state after stimuli. Therefore, surface functionalization processes are recommended to
maintain the particles' monodispersity, for example, by coating the BGNs surface with a
biocompatible polymer like polyethylene glycol (PEG). The presence of the polymer would
provide a barrier to repeal one nanoparticle to another [474], and it is expected to reduce the
surface reactivity. Consequently, the degradation of the BGNs and their interaction with
biological entities would need re-assessment. The PEGylation of nanoparticle surface may
prevent internalization by macrophages in vivo and avoid protein corona formation [475].
Additionally, PEG may favor the attachment of other ligands to investigate alternative

applications.

(3)  Build on the effect of composition in Ag-BGNs reactivity. The development of Ag-BGNs
with the desired composition in a nano-metric size (~ 10 nm) was achieved in this research.
Although the degradation product concentration is yet to be determined in terms of ionic release,
the pH evaluation demonstrated the material's high reactivity. While nanoparticles have high
degradability owed to their surface area, the low network connectivity may also play a role.
Therefore, the synthesis of Ag-BGNs with different concentrations of CaO from 15-30 %, in
substitution of Si0O», is recommended as future work to gain control over Ag-BGNs degradability
through the network connectivity. It should be noted that by gaining this control on Ag-BGNs

degradation, their effect on cellular responses can also be tailored for specific therapies.
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(4)  Assess the proposed model of Ag-BG microparticle and Ag-BGNs degradation. The
particle-bacteria interaction provided insights into the inhibition mechanism to draw a
hypothetical particle degradation model in vitro. However, several questions remained
unanswered. For instance, the antibacterial behavior proposed the release of ROS that were toxic
to microbiota. The degradation of the particles shall be similar in the presence of bacteria and
eukaryotic cells. Therefore, the presence and effect of ROS resulting from particle degradation
can be further proved in eukaryotic cellular activities. Additionally, the TEM images revealed the
presence of internalized nanoparticles in MRSA after Ag-BG treatment. The degradation model
proposed that these nanoparticles were nano-sized debris from the bulk structure of Ag-BG
microparticles. However, the experimental technique used did not report the nature of these
nanoparticles. Therefore, analytical techniques are encouraged to demonstrate they were
originated from the degradation of the Ag-BG. The use of TEM-EDX is proposed to assess the
Si content of the nanoparticles. It must be noted that careful sample preparation and optimum
electron voltage and current conditions are required since the ultra-thin sections are prone to
burning in the microscope column upon intense exposure to the beam. The intracellular
accumulation of nanoparticles is also anticipated in Ag-BGNs but has yet to be shown. Finally,
the mechanism model surmised the antagonistic effect of Ag-BG and Ag-BGNs in the
permeability of the bacteria envelope. This hypothetical mechanism needs further evaluation,

maybe by Live/Dead staining or membrane potential measurements.

(5) Expand the conceptual framework of antibiotic resurrection by combinatorial therapies.
The ability of Ag-BG and Ag-BGNs to restore the action of antibiotics was demonstrated in
simulated in vitro conditions. The therapeutic potential of this model should follow a further study

against biofilms, where bacteria are protected by a protein matrix that hinders antibiotic
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penetration. Additionally, the system's capabilities to eradicate bacteria shall be addressed in
animal models for acute and chronic infections since the degradation of Ag-BG and Ag-BGNs in

vivo may follow different profiles and lead to unexpected cellular responses.

(6)  Examine a new context for conjugation of Ag-BG and antibiotics. The drug immobilization
model was proposed by a combination of mechanisms: pore absorption, chemical adsorption
bonding, and deposit entrapment. The experimental approach used in this work did not show an
outstanding control of the antibiotic concentration incorporated nor released. Further work is
recommended to optimize the process and examine alternative approaches to improve the loading
efficiency and tailor species release. Some recommendations are listed next. Antibiotic uptake by
absorption can be improved by increasing the microparticles' porosity during the synthesis. The
loading process may also be performed under vacuum, substituting the air in the pores by the
antibiotic solution, increasing chances for molecule absorption. The release of absorbed
antibiotics is probably the least controlled mechanism since the drug is not physically attached to

the particle; however, it may be tailored by surface modification of the particles after drug loading.

(7)  Stimuli-responsive systems have been successfully developed on the surface of silica
nanoparticles [476]. Castillo ef al. [477] used Au nanoparticles to cap the pores of mesoporous
silica nanoparticles. The Au nanoparticles were bonded to Diels-Alder cycloaddition adducts that
acted as thermal-responsive units enhancing or suppressing drug release upon heating cycles.
Polymer and lipids may also be used to entrap antibiotics within the nanoparticles’ pores. For
example, Mattingly et al. [478] successfully coated mesoporous silica nanoparticles with a
cationic lipid shell to control doxorubicin release. The adsorption mechanism strongly depends
on the nucleation units at the particle surface and the ionizable groups in the antibiotics. Therefore,

some antibiotics like fosfomycin, which main active groups are hydroxyls, would be highly
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challenging to adsorb. The adsorption mechanism could be promoted by providing active targets
for antibiotic bonding at particle surfaces [11]. In other words, functionalize the surface to
increase the nucleation sites is an affordable approach. For example, Escoto and Cai successfully
conjugated antibiotics and mesoporous silica nanoparticles using PEG spacers [12,13]. Finally,
antibiotic entrapment could be favored by accelerating the mineral deposition. Increasing the
density of the apatite layer can significantly increase the loading amount. Therefore, performing
the loading process on an ion-saturated solution, like SBF instead of PBS, holsters the Ca-P phase

development and encourages antibiotic entrapment as a loading mechanism [164].

(8)  Inmovate delivery methods for Ag-BGNs. The preliminary study of injectable hydrogel
nanocomposites showed Ag-BGNs were a promising building block for scaffolds. The matrix
facilitates on-site delivery for clinical application, and promising properties were observed.
Nonetheless, research questions remained answered to understand the interaction between Ag-
BGNs and the hydrogel, which is critical for a proper nanocomposite design. For example, the
effect of the matrix in the degradation profile of Ag-BGNs and the effect of released ions on the
integrity of the fibril structure. Engineering novel nanocomposites with Ag-BGNs broadens the
spectrum of application of the system where the knowledge gathered in this dissertation may be
merged for a single-step clinical technology. A promising line of work is the use of antibiotic-
loaded injectable nanocomposites. Antibiotic-loaded hydrogels have been previously studied,
showing a rapid and uncontrollable release of the drug that is not suitable for long-term
applications. In this case, Ag-BGNs are proposed as carriers for antibiotic and building blocks in
a polymeric matrix so that the degradation of Ag-BGNs controls the drug release. In order to
design such material with multi-functional properties, a profound understanding of Ag-BGNs and

hydrogel interaction is required. The selection of antibiotics offers a window of possibilities since
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the Ag-BGNs formulation presents restorative capabilities to recycle old antibiotics against
resistant pathogens. Lastly, Ag-BGNs could also be used as building blocks for other polymeric
matrices, envisioning additional applications. For example, Ag-BGNs could be distributed in
poly(e caprolactone) (PCL) and chitosan (CS) electrospun fibers for the development of mats for

wound healing applications.
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APPENDIX A: Optimization of synthesis parameters for nanoparticle fabrication

- Effect of stirring time X in the incorporation of P,Os in M2-P1 BGNs

The proposed mechanism of incorporating P ions was based on two parameters: hydrolysis rate
and stirring time. To confirm this mechanism, the synthesis of M2-P1 BGNs was performed,
allowing a stirring time X; of 4, 8, 12, or 18 h. The SEM-EDS data was collected and compared
to that obtained in BGNs stirred for X;=24 h. The concentration of P2Os in mol.% was calculated,
and the averaged triplicate sample is summarized in Figure S1. It must be noted that EDS is a
semi-quantitative approach for the determination of oxide concentration. Therefore, these results
only served to guide the optimization of the stirring time Xi. An in-depth analysis of BGNs
composition with additional techniques like ICP and APT is highly encouraged to determine the

exact composition.

Longer stirring times allowed TEP to hydrolysis further, releasing P molecules in the solution to
homogenize with SiO: tetrahedra. However, the nominal composition of M2-P1 BGNs was only
achieved after 24 h. The trend observed confirmed the slow hydrolysis of TEP in methanol, and

thus, extended stirring was required to hydrolyze the reagent fully.
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Figure S1: The concentration of P2Os in M2-P1BGNs increased with the stirring time X; before
particle nucleation. Hydrolysis of TEP was not completed until after 24 h. The concentration at
each time point was obtained by semi-quantitative EDS analysis.

- Effect of stirring time X3 in particle size and composition of M2-P1 BGNs

One-step basic catalyzed synthesis protocols have often described the effect of different stirring
times X3, collecting particles at different points after their nucleation. Specifically, extended
stirring allowed the continuous and homogeneous growth of particles by the Ostwald ripening
phenomenon. The protocol introduced in this work showed a neutralization of particle growth
based on the stirring time after catalysis. In Figure S2, M2-P1 BGNs, collected after different
stirring times, presented a similar particle size of about 90 nm. The elemental analysis confirmed
the overall composition was maintained during the stirring time. Thus, the nominal composition
was achieved prior to catalysis in the first nucleated BGNs, thanks to the previously extended
homogenization of the solution. Note that the SEM images do not show monodispersed individual
BGNs. This observation is considered an artifact of the imaging conditions, as the previous
analysis performed and presented in section 4.5.1 showed clear individual spherical nanoparticles.
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Figure S2: The incorporation of CaNT neutralized the effect of stirring time X3 in particle growth
before particle nucleation and the extended stirring. M2-P1 BGNs presented similar sizes and
compositions at all collection times. The X3 stirring times are indicated in the upper right corner
of each picture. The EDS spectra are also presented in orange as an inset in the images.
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APPENDIX B. Preliminary characterization of antibiotics effect in MRSA

The antibacterial capabilities of different antibiotics were explored before their use in
combinatorial therapies with Ag-BG or Ag-BGNs. MRSA was exposed to oxacillin, fosfomycin,
vancomycin, and ciprofloxacin (Figure S3), and gentamycin, tobramycin, erythromycin, and
chloramphenicol (Figure S4). The results indicate MRSA resists oxacillin, fosfomycin, and
erythromycin. Tolerance to antibiotic or reduced sensitivity due to experimental conditions was
found for vancomycin, ciprofloxacin, and chloramphenicol in PBS, although MSA was sensitive
to all in TSB. Finally, growth-arrested MRSA presents high sensitivity to gentamycin and

tobramycin. The MICs for the antibiotic under each condition were summarized in Table 6.
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Figure S3: Basal activity of oxacillin (a), fosfomycin (b), vancomycin (c), and ciprofloxacin (d)
under growth-arrested (PBS) and growth-assisted (TSB) conditions against MRSA. Suspensions
of bacteria (ODesoo = 1 equivalent to ~ 108 CFU/mL, dashed line) were mixed with fresh PBS or
TSB medium (d-f) (0 mg/mL, untreated control represented by white bars) and increasing
concentrations antibiotic (black bars). MRSA is resistant to fosfomycin and oxacillin and
fosfomycin. MRSA tolerates vancomycin and presents reduced sensitivity to ciprofloxacin in PBS,

but it is susceptible to both in TSB. The CFUs were enumerated after 24 h with a limit of detection
of 100 CFU. (*) Indicates the MIC.
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Figure S4: Basal activity of gentamycin (a), tobramycin (b), erythromycin (c), and
chloramphenicol (d) against growth-arrested MRSA. Suspensions of bacteria (ODgoo = 1
equivalent to ~ 102 CFU/mL, dashed line) were mixed with fresh PBS (0 mg/mL, untreated control
represented by white bars) and increasing concentrations antibiotic (black bars).MRSA is sensitive
to gentamycin and tobramycin and resists erythromycin. In growth-arrested conditions, MRSA

tolerates chloramphenicol. The CFUs were enumerated after 24 h with a limit of detection of 100
CFU. (*) Indicates the MIC.
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APPENDIX C. Characterization of small colony variants after several generations

The structure of MRSA after sequential Ag-BG treatment was studied in TEM to understand the
evolution of the bacteria after generations (Figure S5). As described in Figure 32, colony type II
had a similar 500 nm diameter size to WT while its cell-wall became thinner through generations.
Treating G3-clone type I with Ag-BG still showed the affinity of bacteria to colonize particle
surface and the presence of nano-size debris in the cells, preferent near the envelope. Clone type

II showed thinning of the cell-wall and thickening at G3, forming multi-cellular clusters.

CLONE TYPEII

CLONE TYPEI

G2
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«Q
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Figure S5: Structural features of MRSA phenotypes after sequential treatment with 2.5 mg/mL of
Ag-BG in PBS for 24 h. Clone type I shows a cell-wall thickness below 40 nm and a bacterium
diameter of 500 nm. Clone type II shows a similar cell-wall thickness to clone type I for G1 and
G2 and suffered a significant thickening in G3. Clone type II at G3 forms multi-cellular clusters
with surfaces crumbs and hair-like extension. Similar to the WT, the G3 clones appeared near Ag-
BG microparticles (blue circles). Intracellular debris was found at the cytoplasm and near the cell-
wall (blue circles), and around condensed DNA (dashed red circle).
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Fibrils and crumbs around the surface of G3-clone type II appeared connecting bacteria units
(Figure S5), supporting the hypothesis of increased adherence. SEM-EDS (Figure S6)
demonstrate these features were organic and probably a result of increased protein concentration

at the envelope.

Figure S6: Crumb and fibrils in G3-clone type II contained high traces of carbon (C, green) and
oxygen (O, red) in SEM-EDS maps, revealing their organic nature. Bacteria lacked silicon (Si,
pink) content (the principal component of Ag-BG) which instead presented higher elemental
contribution around them, indicating it belonged to the glass slides underneath. Samples were
prepared following previously described methods with 15 s metallization in Os. The maps were
collected at 15 keV as accelerating voltage.
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APPENDIX D. Composition of Simulated Body Fluid

The formulation of SBF was developed by Kokubo et al. [228] for the in vitro evaluation of
bioactivity in inorganic materials. SBF contains inorganic ions at a concentration that reproduces
human blood plasma composition to mimic body conditions in a laboratory (Table S1).

Table S1: Composition of SBF in comparison to human blood plasma [228].

Concentration (mmol/dm?)

Ton SBF Human blood plasma
Na* 142.0 142.0
K* 5.0 5.0
Mg** 1.5 1.5
Ca®* 2.5 2.5
Cl 147.8 103.0
HCO3 4.2 27.0
HPO4* 1.0 1.0
SO4* 0.5 0.5
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