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Infection is a significant risk factor for failed healing of bone and other tissues. We have developed
a sol-gel (solution-gelation) derived bioactive glass doped with silver ions (Ag-BG), tailored to
provide non-cytotoxic antibacterial activity while significantly enhancing osteoblast-lineage cell
growth /n vitro and bone regeneration /1 vivo. Our objective was to engineer a biomaterial that
combats bacterial infection while maintaining the capability to promote bone growth. We observed
that Ag-BG inhibits bacterial growth and potentiates the efficacy of conventional antibiotic
treatment. Ag-BG microparticles enhance cell proliferation and osteogenic differentiation in
human bone marrow stromal cells (nBMSC) J/n vitro. Moreover, in vivotests using a calvarial
defect model in mice demonstrated that Ag-BG microparticles induce bone regeneration. This
novel system with dual biological and advanced antibacterial properties is a promising therapeutic
for combating resistant bacteria while triggering new bone formation.
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1. Introduction

Antibiotic resistance is a significant public health concern. The evolution of resistant strains
has become a significant challenge to combat infections caused by bacterial pathogens that
were previously treatable using antibiotic therapy. Antibiotic resistance represents an
enormous economic burden to the health care system with an estimated cost of 20 billion
dollars per year in the United States alone [1-3]. Among the multi-resistant strains listed by
the World Health Organization (WHO), Staphylococcus aureus (S. aureus) is one of the
highest prioritized [4] due to the prevalence of recalcitrant isolates and the fact that this
pathogen is capable of colonizing a dynamic range of host tissues. In keeping with these
facts, S. aureusis the leading cause of skin and soft tissue infections as well as invasive
tissue diseases such as endocarditis and osteomyelitis [5-8]. S. aureusbone infection hinders
the penetration of antimicrobials by triggering pathological changes into the tissue [9].
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Additionally, S. aureus infection [10] causes failure of almost 35% of the prosthetic joints
[11]. Together these facts underscore the need for novel therapeutic strategies. In the context
of bone fractures, an ideal therapy combines effective tissue engineering with sustained
bactericidal activity to prevent bone infections, mitigating the risk for the development of
antibiotic resistance while concurrently promoting bone regeneration.

The use of heavy metal ions (e.g. silver, copper, zinc) against drug-resistant bacteria is a
promising approach for efficacious treatment and has demonstrated to be potent antibacterial
agents [12-18]. The release of heavy metal ions in the body, however, 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 [12,18]. 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 [19]. This potential
mammalian cytoxicity has resulted in the development of Ag*-antibiotic combination
treatment, which optimizes the amount of each agent required to treat the infection while
minimizing the associated risks to host tissues. Research has found that both agents act
synergistically, enhancing the inhibition, and expanding the spectrum of action of the
antibiotics [20,21]. However, beyond the considerable antibacterial action, a material that
also hosts tissue regenerative properties is still lacking. Biomaterials that treat infections and
induce tissue regeneration are a promising approach to address this problem.

Bioactive glasses (BGs) have been shown to promote tissue regeneration [22,23] and have
been previously modified by heavy metal ions to combat bacterial infections [24-26]. BGs
have a unique set of properties, such as the ability to interact with the biological environment
triggering the dynamic modification of their surface where a new highly reactive carbonated
hydroxyapatite (HCA) layer forms. This HCA bonds firmly to hard and soft tissues at the
interface [22,23,27]. Additionally, BGs degrade at a controllable rate releasing therapeutical
ions to promote osteogenesis and angiogenesis [28]. Previous research has shown the
capability of these released ions to exert gene expression of osteoblast, leading to the bone
regenerative ability of this material [29,30]. This regenerative potential of BGs has been
studied before in animal models from mice to sheep, mostly as 3D scaffolds since their
morphology supports and sustains bone growth through the interconnected pores [31-33]
and particles [34]. Different BG compositions have been developed over the years, doping
the structure with a variety of ions to improve the bone-seeking properties (i.e Zn, Sr) with
promising results in osseointegration [35] and other molecular and cellular pathways [36].
However, despite their positive /n vitro results, BGs doped with heavy metals (i.e Ag, Au)
[37,38], interesting for their antimicrobial capacity, have not been extensively studied /in vivo
[39][40], due to the cytotoxicity concern related to the concentration of Ag* leached during
treatment. This research provides evidence of bone regrowth after treatment with Ag-doped
BG microparticles in an animal model.

This work addresses the challenge of heavy metals toxicity by controlling the release of
antimicrobial Ag* ions [41-45]. We used a solution-gelation (sol-gel) derived bioactive glass
in powder form in the SiO, 58.6-CaO 24.9-P,05 7.2-Al,03 4.2- Na,0 1.5- K0 1.5- Ag,0
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2.1 wt% system that has been previously studied [46,47]. The developed Ag-BG
demonstrates long-term antibacterial properties while maintaining its bioactive behavior
required for tissue regeneration, as observed in previous dental applications [45-47], while
for the first time this work presents /n vivo bone regeneration.

Silicate based bioactive glasses have also been previously used as a drug delivery vehicle
[48-51]. This work aims to combat resistant bacteria through an advanced synergism
between the Ag-BG particles and a co-delivered antibiotic. This combination restores the
sensitivity of the antibiotic presenting advanced antibacterial activity as a function of
concentration and time. Additionally, the concomitant release of the ions from the bioactive
and degradable glass stimulates tissue regeneration during the healing process, as mentioned
before.

In the present work, the antibacterial properties of Ag-BG are studied against methicillin-
resistant Staphyloccocus aureus (MRSA), the most common etiological agent of bone
infections. Further, the cell-material interaction of Ag-BG in culture with human bone
marrow stromal cells (nBMSC) was studied /n vitro. Bone regenerative properties of these
microparticles were assessed /7 vivo using a calvarial defect mouse model. Combination of
Ag-BG with antibiotics against methicillin-resistant S. aureus (MRSA), demonstrated
synergy between the glass and the antibiotic that was dependent on the concentration of both
compounds. In this research, the antibiotic that was selected for co-delivery was
vancomycin, which is one of the few treatments used as a last resort to treat MRSA
infections. However, in low growth or growth-arrested conditions that can occur during the
development of a biofilm, MRSA resists vancomycin. In addition to the antibacterial
properties, Ag-BG enhanced hBMSC cell viability and differentiation. Increased bone
regeneration was also observed /n vivo in the calvarial bone model. This research supports
the potential use of Ag-BG microparticles as advanced therapeutics against MRSA, while
also promoting bone regeneration.

2. Methods

2.1. Synthesis of Ag-doped bioactive glass (Ag-BG)

The fabrication of Ag-BG (SiO; 58.6-Ca0 24.9-P,05 7.2-Al,03 4.2- Na,O 1.5- K,0 1.5-
Ag,0 2.1 wt%.) microparticles consisted of sol-gel acid catalysis as reported elsewhere [46].
Two systems being in their solution stage (the 58S sol-gel BG in SiO, 58-CaO 33-P,05 9
wt.% system with the respective solution stage of the sol-gel porcelain A in SiO, 60-CaO 6-
P,Og 3-Al,03 14-Nay,0 7-K,0 10 wt.% system) were mixed as presented in detail
previously [52,53]. After stirring, the final solution was aged at 60°C, dried at 180°C and
stabilized up to 700°C. The particles obtained were dry ball-milled to a fine powder and
sieved to a particle size below 20 pm. Microparticles have a homogeneous distribution of
elements and a glass-ceramic structure, favoring the sustained release of therapeutic ions (i.e
Si, Ca, P and Ag). It was observed the sustained release of Ag™ ions for almost up to a
month, which is constantly higher than the minimum required for bactericidal properties and
constantly non-toxic to eukaryotic cells [45]. The immersion of particles in buffer showed
no significant change in the pH values that remained constantly neutral (~ 7.5) and yielded
to a total weight loss of 3% for a month, demonstrating a non-toxic degradation of the
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material [45]. The promising results obtained in dental applications support the use of these
particles for orthopedic applications.

2.2. Antibacterial activity

The bactericidal properties of Ag-BG alone, vancomycin alone (vanc), and the combination
of Ag-BG with vancomycin (Ag-BG/vanc) were studied against laboratory-derived
methicillin-resistant S. aureus (MRSA) USA300 JE2 [54]. The bacterial cells were prepared
by inoculating a single colony of JE2 in tryptic soy broth (TSB) overnight at 37 °C [54]. A
bacterial suspension was prepared by adjusting the concentration of the overnight culture to
108 colony forming units (CFU)/mL in Phosphate Buffered Saline (PBS). Then, the bacterial
suspension was mixed 1:1 with the corresponding treatment (Ag-BG, Ag-BG/vanc, or vanc)
to a final volume of 1 mL. An untreated control was prepared by suspending bacteria 1:1
volume ratio in PBS. After 24 h of incubation at 37 °C, the results were obtained by drawing
a sample of 100 pL from the 1 mL mixture suspension, following serial dilutions. Each
dilution was plated in tryptic soy agar for CFU enumeration, and calculations were
performed to extrapolate the result to (CFU)/mL to obtain the bacterial concentrations
expected in the 1 mL suspensions after treatment. The effect of the treatments was evaluated
based on the decrease of CFU compared to the negative control. Quantification of CFU was
performed in biological and technical triplicates.

Previous research using the same experimental conditions determined the minimum
inhibitory concentration (MIC) and minimum bacterial concentration (MBC) of Ag-BG in
PBS against MRSA to be 2.5 mg/mL and 6.25 mg/mL, respectively [55]. Vancomycin
(molecular formula: CggH75CIoNgO54°HCI, Vancomycin hydrochloride) is a cell-wall
targeting antibiotic that is bactericidal against actively dividing cells and has no effect
against MRSA under growth-arrested conditions. VVancomycin was selected for this work
due to its previously reported synergy with Ag-BG [55]. Here, the concentration dependency
of this synergy was evaluated by exposing MRSA to different combinations of Ag-BG/vanc.
Two experimental set-ups were performed. Initially, 0.5 mg/mL of vancomycin were
delivered together with 1.25, 2.5, 3.75 or 6.5 mg/mL of Ag-BG and then, 2.5 mg/mL of Ag-
BG were combined with 0.1, 0.3, 0.5 and 1 mg/mL of vancomycin. Ag-BG powder was
sterilized using UV radiation before exposure to bacteria. The antibiotic treatment was
prepared by dilution of vancomycin powder at different concentrations in PBS, and the Ag-
BG/vanc samples were prepared by mixing Ag-BG powder with the corresponding
vancomycin solution. Note that in this experimental set-up vancomycin was not loaded but
delivered together with the microparticles. Ag-BG particles are not considered as a delivery
vehicle for the antibiotic.

2.3. Proliferation and differentiation of human bone marrow stromal cells (hBMSC)

Primary bone-marrow-derived human marrow stromal cells (hBMSC) were obtained from
the Institute of Regenerative Medicine, Texas A&M University. Frozen vials of cells were
thawed and cultured at a density of 3000 cells/cm? in a-MEM supplemented with 16% fetal
bovine serum, 1% Antibiotic-Antimycotic (Gibco 15240062), and 1% L-glutamine
(hereafter, growth medium) in a humidified 37 °C/5% CO, incubator. Cells were expanded
until 90 % confluence to a final passage 4. At the time of seeding, cells were enzymatically
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lifted from culture dishes using trypsin and then, centrifuged for 5 min. The pellet was
resuspended in fresh media and cells were plated at a density of 3.0 x10* cells/mL on each
well of the 24-well plate by pipetting 0.5 mL/well. Seeding was allowed for 24 h. The Ag-
BG microparticles were preconditioned for 4 days using a-MEM, centrifuged, and dried at
60 °C. The powders were sterilized using UV radiation and introduced in inserted porous
transwells on the culture plates containing the hRBMSC. The effect of Ag-BG in cell
proliferation and differentiation was evaluated for different concentrations of Ag-BG and it
was compared to a negative control consisting of cells immersed only in culture medium
(hereafter, untreated cells). The media was fully refreshed every other day.

2.3.1. Cell proliferation—Cell metabolic activity and consequently, cell viability and
proliferation were assessed after 2, 4, and 6 days of culture in growth medium using the
MTT assay kit (Sigma Aldrich). Cells were exposed to 2.5, 5, 7.5, and 12.5 mg of Ag-BG
powder. At the end of each time point, 500 L of MTT solution was added to each well and
incubated for 4 h at 37 °C to allow its cleavages to formazan by enzymes from viable cells.
Then, 500 uL of the solubilization solution was added and incubated for 24 h at 37 °C to
dissolve the crystals staining the culture solution. The amount of formazan dye formed
allowed a correlation to the concentration of metabolically active cells in the untreated vs
Ag-BG treated culture. The blue dye was measured using a spectrometer at 570 nm and the
results were recorded as optical density values (OD). A schematic illustration of the
experimental design is presented in Figure S1.

2.3.2. Cell differentiation—Cell differentiation to osteoblasts was evaluated in terms of
gene expression and cell mineralization after exposure to 5, 7.5, and 12.5 mg of Ag-BG for
10 days (Figure S2). The expression of specific genes, including the osteoblastic genes, bone
sialoprotein (BSP), and osteocalcin (OCN), was evaluated using RT-PCR. Cells were
maintained in growth medium as described above and additionally supplemented with 25
pg/ml ascorbic-acid-2-phosphate and 5 mM beta-glycerophosphate (hereafter, osteogenic
medium). Briefly, 300 ng of total RNA was reverse transcribed using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) in a 20 pl reaction. From the resulting
cDNA 1 pl was amplified using Power SYBR® Green PCR Master Mix and gene-specific
primers (sequences provided in Table 1) in a 7500 Fast Real-Time PCR System (Applied
Biosystems) following manufacturer’s recommendations. The comparison between
untreated and Ag-BG treated samples was performed by normalizing to 1 the average value
of untreated cells.

The capability of Ag-BG to induce cell mineralization was studied under two growth
conditions; in growth medium or osteogenic medium (Figure 4). Alizarin Red Staining
(ARS) was used to identify calcium-containing osteocytes in mineralized cells. To make sure
that the measured calcium-containing minerals were not formed by depositions induced by
Ag-BG microparticles degradation [56], acellular wells, containing only Ag-BG
microparticles with medium and without hBMSC, were also taken into consideration for
ARS assay. After removing the transwells, 500 L of 40mM ARS solution in distilled water
(Sigma Aldrich) was mixed with the cells for 30 min. Then, the monolayers were dissolved
using 500 pL of 10% acetic acid. The red dye was measured using a spectrometer at 405 nm
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and the results were recorded as optical density values (OD). The comparison between
untreated and Ag-BG treated samples was performed by normalizing to a value of 100% the
average of the untreated cell values.

2.4 In vitro mineralization

The formation of an apatite-like phase on the surface of the Ag-BG microparticles was
evaluated after the cell mineralization test in osteogenic media. The microparticles were
collected from the inserted transwells and dried at room temperature before analysis. The
surface morphology and elemental composition of Ag-BG before and after cell culture were
compared with SEM-EDS. Samples were prepared by spreading a thin layer of powder in
carbon tape, followed by metallization in osmium gas for 15 s. Images and spectrum were
collected at 15 keV. Structural differences were detected using Fourier-transformed infrared
- attenuated total reflectance (FTIR-ATR; Jasco FT/IR-4600) between 400 — 2000 cm™1
wavenumber directly on the dried powder.

2.5 Invivo bone regeneration

All experiments were conducted under the oversight of the University of Michigan animal
care and use committee and following the National Institute of Health guide for the care and
use of laboratory animals (NIH Publications No. 8023, revised 1978). Twenty 6-month old
mice on a C57B/L6 background were randomly assigned to four groups, each containing
five mice (two females and three males). Mice were anesthetized in isoflurane and defect
sites aseptically prepared. Bilateral 3 mm defects on the parietal bones of each mouse were
created using a Mectron Piezosurgery drill with an OT11 osteotomy bit under saline
irrigation [57]. These defects were filled with collagen sponges (Pfizer Gelfoam), sectioned
to a 3 mm diameter size, loaded with a suspension of 10.5 mg Ag-BG microparticles in
either 40 pl phosphate buffer solution (PBS) or natural extracellular matrix (ECM) hydrogel
(from urinary bladder matrix) [58], hereafter Ag-BG/PBS and Ag-BG/ECM, respectively.
As negative controls, defects were filled with collagen sponge loaded with 40 pl of ECM or
PBS. The loading was performed by pipetting the slurry solution (Ag-BG/PBS, Ag-BG/
ECM, PBS or ECM) into the sponge before clinical implantation. The skin was closed using
3M Vetbond surgical adhesive and, after 30 days, mice were euthanized by CO,
asphyxiation, and tissues were collected for analysis. Skulls were scanned in a GE
Healthcare eXplore Locus specimen MicroCT and analyzed in Parallax Microview using a
2.9 mm diameter x 2 mm high cylindrical region of interest centered within each defect. The
formation of new bone in cranial defects was assessed by microCT analysis (1200 HU as the
threshold). Following microCT, calvaria were demineralized, embedded, and cross-
sectioned. The new bone area in the defect was determined using ImageJ.

2.6 Statistical analysis

All the above-mentioned /n vitro experiments were repeated three times containing
triplicates of each sample. The data was recorded as the representative mean + one SD. The
significant difference among /n vitro sets was performed using the two-tailed Student’s t-test
and significance reported when p < 0.05. One-way ANOVA followed by the Two-stage step-
up method of Benjamini, Krieger, and Yekutieli was used to analyze microCT and histology

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pajares et al.

Page 8

data using GraphPad Prism 8.2.1 (GraphPad Software, San Diego, California USA,
www.graphpad.com).

3 Results

3.1 Reactivation of vancomycin at different concentrations of Ag-BG against MRSA.

One of the most well-studied characteristics of Ag-BG microparticles is the antibacterial
activity that was observed against several oral bacteria such as Escherichia coli,
Enterococcus faecalis, Lactobacillus casel, and Streptococcus mutans [47]. The capability of
Ag-BG to synergize with cell-wall targeting antibiotics, such as vancomycin, under growth-
arrested conditions against MRSA was previously shown for a single combination of 0.5
mg/ml vancomycin with 2.5 mg/mL of Ag-BG [55]. Here, the concentration dependence of
the synergy was studied for different combinations of Ag-BG and vancomycin to identify
the minimum concentrations required to observe a synergistic antibacterial effect. The
inhibition of MRSA by increasing concentration of vancomycin and Ag-BG is presented in
Figure 1 a and Figure 1 b, respectively [55]. Under growth-arrested conditions, MRSA
resists vancomycin, demonstrating no reduction of CFU/mL after 24 h treatment. However,
MRSA is highly sensitive to Ag-BG microparticles treatment with MIC and MBC of 2.5 and
6.25 mg/mL, respectively.

To determine how the concentration of Ag-BG affects the bactericidal activity of Ag-BG/
vanc, we increased the Ag-BG concentration, but exposed cells to a constant concentration
of vancomycin, 0.5 mg/mL. Results revealed that increasing the concentration of Ag-BG
(1.25 - 6.25 mg/mL) leads to an elevated bacteriocidal effect when MRSA was exposed to a
to 0.5 mg/mL vancomycin (Figure 1 ¢). A combination of 0.5 mg/mL of vancomycin with
1.25 mg/mL of Ag-BG did not reduce bacterial viability to a statistically significant
difference. However, increasing the concentration of Ag-BG to 2.5 mg/mL in Ag-BG/vanc
inhibits MRSA CFUs to those similar to those observed when MRSA is exposed to 3.75
mg/mL of Ag-BG alone.

To determine how the concentration of vancomycin affects Ag-BG/vanc, MRSA was
exposed to increasing concentrations of vancomycin, while the Ag-BG concentration
remained constant at 2.5 mg/mL. These experiments revealed that elevating the
concentrations of vancomycin (from 0.1 to 1 mg/mL) when combined with 2.5 mg/mL Ag-
BG reduces bacterial viability and that complete sterility was achieved when 1 mg/mL of
vancomycin is combined with 2.5 mg/mL of Ag-BG (Figure 1 d). Reducing the
concentration of vancomycin to 0.1 mg/mL did not reduce bacterial CFUs beyond that
provided by 2.5 mg/mL of Ag-BG alone. However, 0.3 mg/mL of vancomycin was
identified as the minimum concentration required to observe synergy between both
antibacterial agents.

3.2 Cell viability and proliferation

Experiments were done to test the viability and proliferation of hBMSC cells in a growth
medium. Different concentrations of Ag-BG (2.5, 5, 7.5, and 12.5 mg) were co-cultured with
cells, and proliferation was assessed by OD measurements of dissolved formazan layers.
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Figure 2 a presents similar cell viability and proliferation for untreated and Ag-BG treated
cells at each time point. After 2 days of co-culture cell viability is statistically lower for Ag-
BG treated cells, slightly decreasing viability as the concentration of Ag-BG increases from
2.5t0 12.5 mg. However, for longer time points there is no significant difference between
the treated groups and control. This result shows primary human osteoblast progenitor cells
can continue to grow in the presence of increasing concentrations of Ag-BG microparticles.
The proliferation rates were also observed by linear fitting the OD values of each group from
day 2 to 6 (Figure 2 b) and calculating the slope of the trend for R2>0.9. The proliferation
rate of Ag-BG treated cells is double that of untreated cells. The proliferation rate did not
significantly change by increasing the concentration of Ag-BG.

3.3 Cell differentiation.

Moreover, the capability of Ag-BG microparticles to induce cell differentiation was
observed under both growth and osteogenic conditions. RT-PCR for the detection of gene
markers was performed after 10 days of co-culture (Figure 3). Bone sialoprotein (BSP) is a
significant component of the bone extracellular matrix [59] and was significantly
upregulated after treatment with Ag-BG. The expression of osteocalcin (OCN) increases
with bone mineral density [60]. In our experiments, it was determined that the OCN gene
expression also increased after treatment with elevated concentrations of Ag-BG (7.5 and
12.5 mg).

Bone tissue is characterized by its high content of the mineral phase. The differentiation of
hBMSC should be also correlated with the secretion of Ca containing minerals by the cells.
The mineralization of the cells before and after Ag-BG treatment was studied via Alizarin
Red Staining (ARS). It was observed that in the growth medium, the presence of Ag-BG
microparticles provided a slight increase in the mineral formation compared to untreated
cells (Figure 4 a-b). A higher mineral formation was detected for a higher concentration of
Ag-BG treatment. Under osteogenic media, there is a notable mineral phase difference
between the untreated and the Ag-BG treated cells with a 400 % increase (Figure 4 c—d). In
this case, different amounts of Ag-BG did not reveal any difference among sets. Optical
microscope images of the hBMSC (Figure 4 b and d) showed that after 10 days of culture,
cells had almost reached confluence. Acellular wells (containing only Ag-BG with media)
were also analyzed to confirm that the formation of the observed minerals is not due to
depositions from the microparticles. The lack of red stain in these wells proved that the
mineral phase measured in Ag-BG treated cells belonged solely to the differentiation of
hBMSC.

3.4 Bioactive response by a calcium-phosphate phase formation on Ag-BG
microparticles after immersion in cell culture media

The apatite-forming ability of Ag-BG microparticles has been studied in acellular /n vitro
cultures in SBF in our previous work [47]. Here, we present the deposition of an apatite-like
phase at the surface of Ag-BG after 10 days of co-culture with hBMSC cells in the
osteogenic medium by using SEM-EDS and FTIR. As synthesized Ag-BG microparticles
present a relatively smooth surface (Figure 5 a—b) with the presence of smaller size particles
on the surface of the bigger particles. After co-culture, the surface of Ag-BG microparticles
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presents the formation of cauliflower deposits with a composition rich in Ca and P with Ca/P
ratio close to 1.8, indicating the development of an apatite-like phase, as observed by the
EDS spectrums (Figure 5 c—d).

The formation of mineral apatite in the surface of Ag-BG also modified the intensity and
features of structural vibration in IR spectra (Figure 5 e). As synthesized Ag-BG presented a
glass-ceramic structure with a weak presence of a calcium-phosphate phase as revealed by
the double broad peak of P-O at 575 and 620 cm™L. After cell exposure, the intensity of
these bands increases proving the increase in the crystallinity and size of this calcium-
phosphate phase at the surface as observed in Figure 5 c—d. The region at 900-1200 cm™1
also presents slightly different features for Ag-BG as-synthesized and after cell culture. The
bands at 900 and 1200 cm™1 form stronger and better-defined shoulders after exposure to
cells. These features are attributed to a stronger P-O bending vibration in the structure as a
consequence of the apatite-like phase deposition. The nature of the deposits was further
confirmed with XRD (Figure S3), where the main crystalline contributions appeared at 26°
and 32°, confirming the presence of carbonated hydroxyapatite according to ICCD standards
(PDF No. 9003552). These results demonstrate that the bioactive behavior of Ag-BG yielded
to the well-established deposition of minerals at their surface while simultaneously
triggering the secretion of minerals in the exposed cells.

3.5 Bone regenerative properties of Ag-BG in vivo

Collagen scaffolds were loaded successfully with Ag-BG microparticles as it is presented in
Figure 6 a. SEM images show that the sponges were fully infiltrated by microparticles
(Figure 6 a). The microCT analysis on the harvested calvarial bone tissue (Figure 6 c)
showed a significantly higher fraction of newly formed bone in defects treated with Ag-BG
microparticles in comparison with Ag-BG free defects. This effect is also obvious in Figure
6 b, with the Ag-BG treated defects being partially filled. However, there was a less new
bone formation in the Ag-BG-free treated defects. New bone was quantified and
characterized histologically. While the 2D analysis did not show statistical significance for
the Ag-BG/ECM relative to the ECM alone, the Ag-BG/PBS showed 3-fold greater bone
area than the PBS control. The treatments with Ag-BG microparticles show new bone
formation across the entire 3 mm gap for Ag-BG/PBS (Figure 6 d and 6 €). The treatments
with PBS showed only a whip of potential new bone (Figure 6 d and 6 e).

4. Discussion

In keeping with previous reports, Ag-BG microparticles demonstrated bactericidal activity
against MRSA [55]. Ag-BG antibacterial activity is based on a multi-functional mechanism
consisting of a simultaneous physicochemical degradation. Degradation is related to the
release of ions as well as nano-sized debris in solution. The nano-sized debris penetrates the
cell-wall by creating nano-pores and, subsequently, accumulating in the cytoplasm [55]. lon
release from the bioactive glass network results from its interaction with the surrounding
medium and maintains neutral pH values (7.5-7.7) when Ag-BG is immersed in Tris buffer
for almost up to a month [45]. Although the release of Si, P, Ca, Na, and K ions, that make
up the glass structure in bioglass, has been reported to contribute to a bactericidal osmotic
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effect [61,62], most ionic-based inhibition is probably caused by the presence of the nano-
sized debris and the Ag* ions. Heavy metal ions, such as Ag*, demonstrate potent
antibacterial activity since they provide inhibition through multiple mechanisms, reducing
the capability of bacteria to resist the attack [63—-67]. The concentration of Ag* ions released
from Ag-BG after 24h of immersion in an aqueous solution was previously observed to be
approximately 0.4 ppm [45], which is sufficient to damage the bacterial cell envelope [55].
A similar ion release profile is expected for the concentrations used in our study, with an
increase in the concentration of the released Ag* ions that correlates with elevating the
concentration of Ag-BG. This mechanism explains the relationship between the observed
reduction in bacterial CFUs and increasing the concentration of Ag-BG (Figure 1 b).

Vancomycin inhibits cell-wall synthesis in actively dividing bacterial cells, but it is inactive
in growth-arrested conditions such as those tested in this work (Figure 1 a)[68,69].
Supplementing Ag-BG microparticles with increasing concentrations of vancomycin (0.3 —
1 mg/mL) resulted in a synergistic antibacterial effect that increased with elevated
concentrations of vancomycin. We hypothesize that Ag-BG restores vancomycin’s
antibacterial activity by activating cell-wall synthesis due to the nano-tunnels created by the
Ag-BG nanoproducts. We surmise that bacteria attempt to repair damage caused by the
released Ag-BG nano-size debris and Ag™ ions by cell-wall biosynthesis [55]. However,
vancomycin binds to the D-Ala-D-Ala dipeptide terminus of bacterial peptidoglycans
preventing the creation of new cell-wall [70,71], leading to reduced bacterial viability

The current model predicts that the first step of inhibition depends on Ag-BG degradation.
The finding that Ag-BG/vanc is bactericidal only in conditions where Ag-BG concentrations
are greater than or equal to its MIC (1.25 mg/mL of Ag-BG with 0.5 mg/mL vancomycin)
(Figure 1 c) supports the hypothesis that Ag-BG damage to the cell wall is the first step
towards the bactericidal activity. Thus, the initial damage caused by Ag-BG is the driving
force for vancomycin reactivation under growth-arrested conditions. Additionally, we predict
that increasing the Ag-BG concentration (2.5 — 6.25 mg/mL) while keeping vancomycin
constant (0.5 mg/mL) elevated bactericidal because of the concentration of the by-products
from physicochemical degradation of Ag-BG microparticles also increases (Figure 1 c).

Vancomycin concentration in the Ag-BG/vanc system is also critical for synergy. For
example, a concentration of 0.1 mg/mL of vancomycin in Ag-BG/vanc was not sufficient to
reduce bacterial viability beyond what was observed with 2.5 mg/ml of Ag-BG alone
(Figure 1 d). We surmise that synthesis of new cell-wall is considerably low with the
treatment of 2.5 mg/mL of Ag-BG alone and conclude 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 the concentration of vancomycin 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 the concentration of Ag-BG also elevates Ag-BG/vanc synergy (Figure 1 c).
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Therefore, we hypothesize that Ag-BG-dependent cell wall damage triggers additional cell-
wall synthesis, increasing D-Ala-D-Ala dipeptide.

The antibacterial behavior of Ag-BG did not compromise its bioactive and biological
properties when co-cultured with hBMSCs. In particular, Ag-BG was not cytotoxic at any of
the tested concentrations (Figure 2 a), similarly to the behavior previously observed in
cultures with pulp cells [45,72]. The release of Si, Ca, P, Na, and K ions from the bioactive
glass network enhanced the rate of cell proliferation, while the concentration of the released
Ag™ ions is expected to remain constantly below the 1.6 ppm that is nontoxic to eukaryotic
cells [45,73-75]. The co-cultures of h(BMSCs with Ag-BG microparticles led to an increase
in the proliferation rate of the cells compared to untreated cells (Figure 2 b).

Measuring the expression level of specific osteogenic markers, we observed enhanced
osteogenic gene expression in hBMSCs when co-cultured with Ag-BG (Figure 3). Bone
sialoprotein (BSP) is a significant component of the bone extracellular matrix [59].
Osteocalcin (OCN) is a key hormone involved in the binding of calcium to the extracellular
matrix and thus, is related to bone mineral density [60]. The upregulation of the expression
levels of both genes when the concentration of Ag-BG increases in the co-treatment shows
the differentiation properties of the Ag-BG microparticles. BSP and OCN are non-
collagenous ECM proteins that play a key role in the mineralization of bone and dentin [76].
Both of these genes appear at high levels in mature osteoblasts, but not in their immature
precursors [77]. Thus, the expression of both BSP and OCN serves as an indicator of
terminal osteoblastic differentiation of hBMSC.

Besides the upregulation of these biomarkers, distinct cell mineralization was identified with
ARS (Figure 4). The presence of Ag-BG triggered an enhanced formation of the mineral
phase within 10 days of co-treatment. Interestingly, cell mineralization occurs not only in
osteogenic medium but also in growth medium without osteogenic supplements. This effect
may occur due to the super-saturation of the solution that triggers cell secretion and mineral
formation [78]. Because of that, under osteogenic culture conditions, the mineral content
was higher than in growth conditions. This super-saturation in the culture medium is also
expected to trigger the surface reactivity of Ag-BG microparticles, which is evidenced by the
deposition of calcium-reach phases. The release of ions yielded to the formation of
hydroxyapatite both in /in vitro acellular test in SBF [47], as well as in the cellular test in
DMEM (Figure 5 and Figure S3). The high concentration of HCO3™ in DMEM did not favor
the formation of calcite at the surface of Ag-BG, in disagreement with other works presented
in the literature [79,80]. This was evidenced by the increase in intensity in P-O vibrations in
FTIR, which could only be explained by an apatite-like phase deposit since calcite lacks
phosphorous in its composition, as well as the identified peaks in XRD. We hypothesize that
the initial presence of hydroxyapatite in the glass-ceramic structure before immersion is
responsible for this phenomenon since the growth of a pre-existing phase is more
energetically appealing than the formation of a new calcite phase. The formation of
hydroxyapatite is also supported by its lower enthalpy of formation (-13,314 kJ/mol [81])
compared to calcite’s (-=1,207 kJ/mol [82]).
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Ag-BG had a remarkable effect on increasing bone regeneration in this critical-sized
calvarial defect. The /n vivo regenerative properties of Ag-BG microparticles are attributed
to their physicochemical and microstructural characteristics. Previous /n vivo studies showed
the capability of these microparticles to significantly induce pulp dentin regeneration [45].
This is the first time that sol-gel derived silicate-based Ag-BG microparticles have been
tested for bone regeneration. The Si and Ca ions that are released from Ag-BG have the most
significant role in intracellular and extracellular pathways for osteogenesis [83]. In
particular, intracellular Ca ions may trigger various mitogen-activated protein kinases for
cell differentiation [84]. The release of Si ions at certain concentrations has also been proven
to increase cell proliferation [85]. Extracellular Ca and Si are involved in the upregulation of
OCN [84,86]. Both Si and Ca synergize affecting the metabolism of osteoblastic cells
[83,87]. The effect of these two ions is also evidenced in this work since increasing the
concentration of Ag-BG microparticles, and consequently, the concentration of the released
ions yielded to a significant upregulation of OCN and higher mineral secretion.

Additionally, the uptake process by cell phagocytosis of the nano-sized debris, that are
created during the physicochemical degradation of Ag-BG microparticles is expected to
contribute to the biological response. The intracellular dissolution of the nano-size debris
could result in an increased Si and Ca ion content inside the cell, inducing specific signaling
for their proliferation and differentiation. This effect has previously been observed after
exposing mammalian cells to bioactive glass nanoparticles [88].

5. Conclusions

Ag-BG microparticles demonstrate antibacterial activity against MRSA. Our findings show
that the reactivation of vancomycin in Ag-BG/vanc occurs in conditions where Ag-BG
causes sufficient damage to the bacterial cell envelope. Moreover, results demonstrate that
the concentration of vancomycin is also critical for observing synergy. Understanding the
synergistic mechanism of action underlying the antibacterial activity of Ag-BG and
vancomycin will significantly impact current therapeutic approaches employed in combating
bacteria in biofilm which evade immune and therapeutic response by decreasing bacterial
replication [89]. Additionally, the bioactive and regenerative properties of Ag-BG
microparticles were for the first time demonstrated /n vitro in co-culture with hBMSCs and
in vivoin a calvarial defect model. Ag-BG not only enhanced cell proliferation rate and
osteoblastic differentiation in hBMSCs but also promoted bone formation /n vivo. These
properties, combined with the unique antibacterial activity even under growth-arrested
conditions, provide evidence that Ag-BG microparticles are an excellent regenerative
material for the treatment of bone defects, minimizing the risk of subsequent MRSA
infections.
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Highlights
. Ag-BG is antibacterial against MRSA in a biofilm-simulated environment.
. Ag-BG synergizes with vancomycin, inhibiting significantly planktonic

MRSA at very low concentrations of the two agents. The critical
concentrations were identified for optimum combinatorial therapy.

. Ag-BG enhances cell proliferation and differentiation.

. Ag-BG induces bone regeneration in /7 vivo mouse calvarial model.
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Figure 1:

Ag-BG synergizes with vancomycin against MRSA in PBS. The minimum inhibitory
concentration of vancomycin (a) and Ag-BG (b), reproduced from [55]. Statistical
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significance (p<0.05) between Ag-BG and untreated marked with (*). (¢) MRSA exposed to

0.5 mg/mL vancomycin with increasing concentration of Ag-BG, where (#) indicates

statistical significance (p<0.05) between 0.5 mg/mL of vancomycin and Ag-BG/vanc. (d)
MRSA exposed to 2.5 mg/mL Ag-BG with increasing concentration of vancomycin where

() indicates statistical significance between 2.5 mg/mL of Ag-BG and Ag-BG/vanc.
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Proliferation rate of hBMSC cells when co-cultured with different concentrations of Ag-BG.
The significant difference (p< 0.05) between untreated and Ag-BG treated cells is indicated

with (*).
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Figure 3:
Expression level for bone sialoprotein (BSP) and osteocalcin (OCN) gene markers after 10

days in osteogenic media with 5, 7.5, and 12.5 mg of Ag-BG. Gene expression level of
untreated cells was normalized to 1 (dashed line). The significant difference (p< 0.05)
between untreated and Ag-BG treated cells is indicated with (*).
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Figure 4:
hBMSC differentiation with Alizarin Red Staining (ARS) in growth (a-b) and osteogenic

medium (c-d). Optical density (a and ¢) was normalized utilizing untreated cells as 100 %.
Fibroblast optical images (b and d) with ARS wells as inserts. (*) Statistical difference
between untreated and Ag-BG treated cell for p<0.05.
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Figure 5:
Apatite forming ability of Ag-BG. The surface of the microparticles as-synthesized and after

10 days in cell culture (a-d). EDS spectrum of Ag-BG surface as-synthesized and after cell-
culture appear as inserts in b and d, respectively. FTIR spectra of Ag-BG microparticles
before (black line) and after (red line) exposure to cells (e).
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Figure 6:
SEM image from the cross-section of a representative collagen sponge loaded with Ag-BG

microparticles (a) where inset shows the optical top view of the implant. Representative
microCT images of the calvaria, where white scale bar represents 3 mm (b). Bone volume
fraction of the new bone formed (c), and 2D assessment of bone area (d) in the defect area
under different treatments for n=5 animals with 2 defects/animal. @ identifies statistical
significance p<0.05 between marked groups. Coronal cross-sections of calvaria are divided
in half along the sagittal crest (e) where * indicates the presence of significant soft-tissue as
well as bone. Edges of the defect are indicated by yellow arrows, the circle indicates retained
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Ag-BG, and black arrows point to collage sponge. Note that PBS treated defect shows little
overall regenerative response.
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Table I:

List of Primer used for gRT-PCR analyses

Primer Name  Sequence (5’-3")

hGAPDH_S TGGTATCGTGGAAGGACTCATGAC
hGAPDH_AS ATGCCAGTGAGCTTCCCGTTCAGC
hBSP_S ACAACACTGGGCTATGGAGA
hBSP_AS CCTTGTTCGTTTTCATCCAC
hOCN_S CACCGAGACACCATGAGAGC
hOCN_AS CGGATTGAGCTCACACACCT
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