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ABSTRACT: Calcium phosphate glasses (CPGs) are acquiring great importance in the biomedical field because of their
thermomechanical and bioresorbable properties. In this study, optically transparent copper (1 mol %)-doped calcium phosphate
glasses (CPGs_Cu) were prepared through the melt-quenching method, and their biocompatibility and antibacterial and antiviral
properties were evaluated and compared with undoped CPGs. Biocompatibility was evaluated on murine fibroblast NIH-3T3 cells as
a preliminary study of cytocompatibility. The in vitro tests were performed through indirect and direct cytotoxicity analyses by MTT
and Alamar Blue assays and supported by electron microscopy observations. Microbiological analyses were performed against the
most common Gram-negative and Gram-positive pathogens that cause nosocomial infections: Escherichia coli, Pseudomonas
aeruginosa, Klebsiella pneumoniae, Staphylococcus aureus, and the methicillin-resistant Staphylococcus aureus strain. In addition, the
bioglass samples were exposed to SARS-CoV-2 to assess their effects on viral survival. The obtained results assessed the
biocompatibility of both bioglass types and their ability to reduce the viral load and trap the virus. In addition, Cu**-doped bioglass
was found to be antibacterial despite its low content (1 mol %) of copper, making this a promising candidate material for biomedical
applications, e.g., surgery probes, drug delivery, and photodynamic therapy.

1. INTRODUCTION bioresorbable applications, it is acknowledged that as they
The presence of microorganisms on the surface of biomedical degrade and break down, they may generzte potentially toxic
devices or on clothing or tools which are used for medical care crystalline fragments within the body.” Phosphate-based
may be a cause of nosocomial infections." Such infections glasses, on the other hand, are free of this issue and show a
generally involve different types of bacterial pathogens™ and high degree of resorbability when compared with other glasses
viruses® that expose hospitalized patients to a high risk of such as silicate and have, in the last decades,”® been

pneumonia or osteomyelitis or several kinds of infections
which may affect the lower respiratory tract, urinary tract, or
bloodstream.” The misuse or overuse of antibiotics has, at the
same time, itself increased bacterial resistance, constituting a
global challenge to the efficacy of antibiotics. In the face of this
challenge, there has been considerable research interest in the
use of bioresorbable materials with antimicrobial agents for
implantable medical devices. Although polymers (e.g.,
polylactic acid - PLA and poly(lactic-co-glycolic) acid -
PLGA) have been the most commonly used materials for

increasingly recognized as a promising class of bioactive
. . . . : 9 .
materials for tissue regeneration applications.” Suitable
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compositions of phosphate-based glasses have also been
proven to be optically transparent and are capable of being
processed, with different techniques, into microstructured
scaffolds, optical fibers, or capillaries.'~"* This allows for their
use in several applications (including in vivo sensing, imaging
techniques,'’ and photodynamic therapy),'” thanks to their
bioresorbability already proven in vitro and in vivo.”'> Among
the different metal ions that have been proposed as
antimicrobial agents in biomaterial science,""> the medical
value of copper was recognized in antiquity and is acknowl-
edged with the more recent discovery of its role in promotin
tissue regrowth and angiogenesis.”'® The antibacterial”'®"'
and virucidal properties' " of copper are due to Cu®" ions
that as they enter bacterial cells, they are able to disrupt the
membrane causing cytoplasm loss, can degrade the genome
and the proteins, and can generate reactive oxygen species
(ROS) that cause oxidative stress in cells.”’ The same effect is
observed against viruses.””> These properties have been
reviewed again in the context research following the COVID-
19 pandemic caused by the SARS-CoV-2 virus in 2020, with
notable contributions by the National Institute of Health
(NIH)** and other scientists”’ who have demonstrated that
the SARS-CoV-2 virus cannot survive for long periods on
copper or copper alloys surfaces”' ~*° as reported above. The
antibacterial and virucidal efficacy was exerted after contact
with a surface/scaffold containing a minimum of 2 mol % of
Cu,"****” and this effect increased with higher amounts of
copper.”® Although interesting research has been published,
the antibacterial activity of metal ions and copper in particular
has not been explored at concentrations lower than a few
percent. The effectiveness of these metal ions, in sufficient high
levels of concentration, against microorganisms is clear, but the
side effects are significant, damaging the viability of eukaryotic
cells.”” This is a particular concern in the context of this study
given that we are proposing to target the antibacterial
properties of Cu-doped phosphate glasses in tissue engineering
and regenerative medicine. However, as reported above,
phosphate glasses can be transparent and be drawn as a fiber
optics guiding light, allowing to realize imglantable devices for
diagnostics and photodynamic therapy.””*° This fact can
represent a major advance for bioresorbable and implantable
fiber optic devices for personalized medicine. The objective of
the present study is to synthesize and characterize low-
concentration copper-doped glasses (CPGs_Cu) with 1 mol %
CuO and undoped glasses (CPGs), starting from a calcium
phosphate formulation that is transparent and drawable in fiber
forms. One mol % copper was added to avoid altering the
transparency but maintaining the antimicrobial properties,
although the minimum antimicrobial effect known in the
literature was observed using 2 mol % copper.'#2%%7
Subsequently they are biologically analyzed for assessing
their biocompatibility and antimicrobial properties against
reference infective bacterial strains. Furthermore, they are
tested against the SARS-CoV-2 virus.

2. MATERIALS AND METHODS

2.1. Bioglass Synthesis. The undoped and Cu-doped
CPGs used in this work (composition (in mol %) [(S0 P,O5 —
25 CaO — 8 MgO — 11.5 Na,0 — 2.5 B,O; — 3 SiO,)x —
(CuO)y, with x = 1 when y = 0 and x = 0.99 when y = 1]) were
prepared with a conventional melt-quenching technique using
high-purity (99+%) biocompatible chemicals as previously
reported.”’ The chemicals were weighed and mixed within a

dry box to minimize the hydroxyl ion (OH™) content in the
glass. The batched chemicals were melted in a quartz crucible
at a temperature of 1200 °C for 1 h under a controlled
atmosphere; the melt was cast into a preheated 8 mm diameter
steel mold, then annealed at 440 °C for S h to relieve internal
stresses, and finally cooled slowly to room temperature (RT).

2.2. Bioglass Characterization. The glass density was
measured at RT with the Archimedes method using distilled
water (dH,0) as the immersion fluid, with an estimated error
of 0.005 g/cm’. Differential thermal analysis (DTA) was
performed using a Netzsch DTA 404 PC Eos differential
thermal analyzer at up to 1200 °C with a heating rate of 5 °C/
min in sealed Pt/Rh pans to measure the glass transition
temperature (Tg) and the onset crystallization temperature
(T,). An error of +3 °C was observed in the measurement of
these characteristic temperatures. X-ray diffraction (XRD)
analysis was carried out with an Empyrean Panalytical
(Malvern) diffractometer with Cu Ka X-ray radiation (4 =
1.5418 A) to confirm the amorphous nature of the synthesized
glasses. Data were collected in a —20 configuration having 26
values ranging from 10 up to 70° with a step size of 0.01°. The
ultraviolet—visible-near-infrared (UV—vis—NIR) transmittance
spectra were measured at RT for wavelengths ranging from 200
to 900 nm using a double-beam scanning spectrophotometer
(Shimadzu UV-2600, USA) to define the transparency and the
UV edge of the glass samples. The thickness of the samples
polished with 1 ym diamond paste on both sides was 1.00 +
0.03 mm. The refractive index (n) was measured at five
different wavelengths (633, 855, 1061, 1312, and 1533 nm)
through a Metricon 2010 prism coupler. Ten scans were
performed for each measurement, and the estimated error of
the measurement was +0.001. The surface roughness of both
types of bioglass was measured using a stylus surface
profilometer (Intra Touch, Taylor Hobson, UK). The data
were processed using ProfilmOnline analysis software. The
contact angle was measured with a KSV CAM200 instrument
(KSV Instrument Ltd., Finland) with the water sessile drop
method.” The measurements were acquired with distilled
water and cell medium.

2.3. Energy-Dispersive X-ray Spectrometry. High-
resolution images of the bioglasses and the map of atomic
elements composing the scaffolds were acquired through
energy-dispersive X-ray spectrometry (EDS) (Oxford Scien-
tificc, OXFORD INCA Energy 350 X-Max 50, UK) and
scanning electron microscopy (SEM) (Zeiss, EVO MA10-HR
“dual gun”, Germany) at 20 kV.

2.4. lon Release Study. To evaluate the release of the
ions, the bioglass samples were immersed in a 6-well plate with
4 mL of double-distilled water (ddH,0), and the plate was
incubated at 37 °C, 5% CO,. After 3 h, the solution was
recovered and acidified with HNO;. 4 mL were then added,
and the procedure was repeated after 6, 9, 24, 48, 72, and 168
h. The obtained solutions were analyzed for the presence of
Ca, P, SiO,, B, Mg, Na, and Cu, considering 4 mL of ddH,0 +
40 pL HNO; as the control. Analysis was performed using
inductively coupled plasma — optical emission spectroscopy
(ICP-OES, Optima 3300 DV PerkinElmer).

2.5. Fibroblast, Bacterial, and Viral Culture’s Con-
ditions on Bioglasses. 2.5.1. NIH-3T3 Cells and Culture
Conditions. NIH-3T3 (ATCC CRL-1658), from the mouse
embryonic fibroblast cell line, was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and
used for biocompatibility studies. Cells were cultured at 37 °C
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with 5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM) with 4.5 ¢ L™" glucose (Invitrogen), supplemented
with 10% bovine calf serum (Sigma-Aldrich, USA) and 1% p/v
L-glutamine (Lonza, USA). Cells were routinely trypsinized
after confluence and then counted and seeded either in wells or
on bioglasses.

2.5.2. Bacterial Strains and Culture Conditions. The
microorganisms used in this study were Escherichia coli
ATCC 25922 (E. coli), Staphylococcus aureus ATCC 25923
(S. aureus), methicillin-resistant Staphylococcus aureus (S.
aureus MRSA), Pseudomonas aeruginosa PAO1 (P. aeruginosa),
and Klebsiella pneumoniae (clinical isolate) (K. pneumoniae)
kindly provided by Roberta Migliavacca (Department of
Clinical Surgical, Diagnostic and Pediatric Sciences, University
of Pavia, Italy). Bacteria were grown in the appropriate
medium overnight and under aerobic conditions at 37 °C
using a shaker incubator (VDRL Stirrer 711/CT, Asal Sil,
Italy). E. coli bacteria were grown in Luria—Bertani (LB) broth
(ForMedium, UK), S. aureus in brain heart infusion (Sigma-
Aldrich, USA), and P. aeruginosa and K. pneumoniae in Mueller
Hinton broth (Sigma-Aldrich, USA).

2.5.3. SARS-CoV-2 Isolation and Titration. The SARS-
CoV-2 wild-type European strain was isolated from 200 uL of
nasopharyngeal swab seeded on confluent VERO E6 cells
[VERO C1008 (Vero 76, cloneE6, Vero E6); ATCC CRL-
1586] in a 24-well flat-bottom microplate (COSTAR, Corning
Incorporated, Corning, NY, USA) that was decontaminated
and incubated at 33 °C with 5% CO, for 1 h. After inoculum
removal, fresh Minimum Essential Medium (MEM) eagle
(Lonza Group Ltd., Basel, Switzerland) was added and
supplemented with 1% v/v penicillin, streptomycin, glutamine
(Euroclone SpA), and 0.1% v/v trypsin. The sample was
observed under an inverted microscope, 10X magnification,
every other day until cytopathic effect (CPE) development.
CPE was characterized by cell enlargement and syncytia
formation. After first isolation, the sample was sequenced‘q’2 and
propagated in a VERO E6 25 cm? cell culture flask (Corning,
NY14831, USA) to increase virus titer and to prepare virus
stock for bioglass testing. The titer of SARS-CoV-2 was
measured as 50% of the tissue culture infectious dose
(TCIDSO0) in six replicas in a 96-well flat-bottom tissue-
culture microtiter plate. 10-fold serial dilutions from 107" to
107% of the virus, in the presence of 3 X 10* VERO E6, were
incubated for 72 h at 33 °C in 5% CO,. The cells were
observed under a microscope for CPE appearance and stained
with Gram’s crystal violet solution (Merck KGaA, Darmstadt,
Germany) plus 5% v/v formaldehyde and 40% m/v form-
aldehyde (Carlo Erba SpA, Arese, Italy). The value of TCIDS0
mL™! was calculated with the Reed—Muench method.>

2.6. Viability Assays. 2.6.1. NIH-3T3 Cell Viability Assays.
A drop of cell suspension was added on top of the scaffolds,
and after 20 min, 0.4 mL of culture medium was added to
cover the sterile scaffolds. After the desired incubation time,
cell viability, morphology and quantitative extracellular protein
expression were evaluated.”* Cell viability was evaluated
through indirect and direct contact experiments.

2.6.1.1. Cell Viability by Indirect Contact. DMEM was
incubated at 37 °C and 5% CO, on bioglasses for 24 and 48 h
to evaluate if the scaffolds released cytotoxic compounds. At
the end of the incubation time, 2-fold serial dilutions of
overnight solutions were performed in a 96-well plate and
incubated with NTH-3T3 cells (2 X 10*/well) for 24 h at 37 °C
+ 5% CO,. After incubation, the cells were washed with sterile

phosphate-buffered saline (PBS) 1X and incubated with a base
medium supplemented by 10% of 3-(4,5-dimethylthiazole-2-
y1)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma-Aldrich,
USA) for 3 h at 37 °C + 5% CO,. The reaction was blocked as
described'* and analyzed with a CLARIOstar (BMG Labtech,
Germany) plate reader at 595 nm wavelength with the
reference wavelength of 655 nm. Titration curve interpolation
was used to express the number of cells in each sample. The
results were normalized to a tissue culture plate (TCP) which
was used as a control, represented by cells grown in a medium.

2.6.1.2. Cell Viability by Direct Contact. 5 x 10* cells/well
were seeded on bioglasses. Viability was evaluated with Alamar
Blue, a resazurin-based assay (TOX8—1KT Sigma-Aldrich,
USA), after 24, 48, 72, and 168 h. Briefly, at each time point,
the culture medium was replaced by the same volume of fresh
medium with 10% Alamar Blue.”*® The absorbance was read
with a CLARIOstar (BMG Labtech, Germany) plate reader at
600 nm with 690 nm as the reference wavelength.’”**
Titration curve interpolation was used to express the number
of cells for each sample.

2.6.2. Bacterial Viability Assays. 200 uL of 1 X 10° bacteria
were incubated for 24 h at 37 °C on CPG, CPG_Cu
bioglasses, and in TCP wells. Two analyses of bacterial viability
were performed through MTT:'* on the supernatant
previously removed from the scaffolds (analysis 1) and on
the bacteria adherent to the scaffold’s surfaces (analysis 2).
Analysis 1: the supernatant, composed of planktonic bacteria,
was transferred into another TCP well and incubated with 10%
of MTT. Analysis 2: after the removal of planktonic bacteria,
the scaffolds were washed with PBS 1X and transferred into
another TCP well. 200 uL of PBS 1X was added with 10% of
MTT, and the viability was determined as previously
described. Results were normalized to the TCP used as the
control, represented by bacteria grown in the medium.

2.6.3. SARS-CoV-2 Viability Assays. The biomaterials were
placed in a 36-well plate, covered with 300 yL of SARS-CoV-2
(B.1, D614G) at 10* TCIDS0, and incubated at 33 °C + 5%
CO, for 1 or 4 h. At the same time, 300 uL of virus at 10*
TCIDS0 was dispensed on confocal glasses as the control.
After incubation, viral activity was assessed through titration on
VERO E6 cells as previously described. The samples were
washed three times with trypsin EDTA 1X to remove the viral
particles attached to their surfaces. The viral activity after
washing was assessed, as before, by titration on VERO E6.
Each experiment was performed in triplicate.

2.7. Enzyme-Linked Immunosorbent Assay on NIH-
3T3 Cells. 5 x 10* cells/samples were seeded on scaffolds.
After 7 days, the scaffolds were gently washed with PBS 1X and
incubated on ice for 20 min with 300 uL of a solution
containing a radio-immunoprecipitation assay 1X lysis buffer, 1
mM sodium orthovanadate, and 1 mM protease inhibitor
(Sigma-Aldrich, USA).>” The detached cells were then
sonicated for S min at RT and centrifuged for 10 min at
15,000 rpm, at 4 °C.** The total protein concentration was
evaluated with a bicinchoninic acid protein assay kit (Pierce
Biotechnology, Inc, USA) according to the manufacturer’s
instructions. To measure the produced extracellular matrix
(ECM) collagen type I and fibronectin, an enzyme-linked
immunosorbent assay (ELISA) was performed on the
extracted ECM proteins as described by Saino et al.*' The
absorbances of each sample were plotted against a calibration
curve containing known amounts of each protein. The amount
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of ECM constituents in the different samples was expressed as
ug/scaffold.

2.8. Confocal Laser Scanning Microscopy Studies.
2.8.1. NIH-3T3 and Bacterial Cell Viability. NIH-3T3 were
incubated on scaffolds for 48 h and bacteria for 24 h, as
previously described. Both eukaryotic and prokaryotic
adherent cells were evaluated with the LIVE/DEAD BacLight
viability kit (Molecular Probes, USA) as reported by Sprio et
al."* The cells were observed using confocal laser scanning
microscopy (CLSM) (Leica, model TCS SP8 DLS, Leica,
Germany). NIH-3T3 cells were observed using a 20 and 40X
objective, whereas bacteria were observed using a 63X oil
immersion objective. Three-dimensional (3D) projections of
NIH-3T3 cells were obtained using the software LAS X (Leica
Microsystems, Wetzlar, Germany).

2.8.2. NIH-3T3 Cell Morphology. 7 x 10* cells/samples
were seeded on the bioglasses and incubated for 24 h at 37 °C
+ 5% CO,. After the removal of the medium and PBS 1X
washes, the cells were fixed and treated as described.*>*? After
PBS washes and coating with BSA 1% for 1 h at RT, the
cytoskeletal f-tubulin was stained with an Alexa-Fluor 488
anti-f-tubulin antibody (1:25 dilution) (Sigma-Aldrich, USA)
for 1 h at RT. Nuclei were stained with 2 ,ué/mL Hoechst
33342 (Sigma-Aldrich, USA) for 10 min at RT."* At the end of
incubation, the scaffolds were washed in PBS 1X, and images
were taken at 20 and 63X magnifications.

2.9. Scanning Electron Microscopy Observations.
Cells and viruses were incubated on the scaffolds, and then
the samples were washed with PBS 1X and treated as
described.”** Fibroblasts images were acquired at 1 and 3
kX magnifications. Bacterial images were acquired at S and 10
kX and SARS-CoV-2 at 25 and 80 kX.

2.10. Statistical Analysis. All statistical calculations were
carried out by considering the mean of the results (in
triplicate) obtained from two separate experiments. The
analysis was carried out using GraphPad Prism 9 (GraphPad
Inc,, USA). Statistical analysis was performed using Student’s
unpaired, two-sided t test (significance level of p < 0.05) with
respect to TCP control. Two-way analysis of variance, followed
by Bonferroni’s multiple comparisons test, was also
performed.*

3. RESULTS

3.1. Characterization of Bioglasses and lon Release
Analysis. The scaffolds used in this work were CPG and
CPG_Cu (Figure 1A,B). The macroscopic images were
acquired from the authors. The bioglasses microstructure
(Figure 1C,D) was investigated by SEM.

The XRD analysis of the bioglasses is reported in
Supplementary Figure S1. Both CPG glasses present the
characteristic shape of an amorphous glass. Compositional
analysis carried out using an Inca Oxford Instrument (EDS)
allowed mapping (Supplementary Figure S2A,B) of the relative
position of Ca, P, Mg, Na, Si, and Cu on the surface of (A)
CPG and (B) CPG_Cu and determination of their
Unfortunately, copper was not detected in the CPG_Cu
sample because of the very low concentration level. Within the
experimental error, EDS analysis showed that the quantity of
the elements (Supporting Information Figure S2iii) was quite
similar in both bioglass samples and that their distribution on
the surfaces of bioglasses is homogeneous. The surface
roughnesses of both samples showed comparable surface

Figure 1. CPG macroscopic and microscopic images. (A, B)
Macroscopic images of (A) undoped CPG and (B) CPG_Cu were
acquired by the authors. Bioglass dimensions: 8 mm diameter and 0.9
mm thickness. (C, D) Microscopic images of (C) CPG and (D)
CPG_Cu surfaces obtained through SEM at 1 kX magnification (100
um bar).

roughness values of 1.21 and 1.73 pm, respectively. Table 1
reports the thermal properties and density of the undoped and
Cu?*-doped CPGs, while the DTA thermogram of the Cu*'-
doped CPG is shown in Supporting Information Figure S3.

The transmittance (T%) spectra of the undoped and Cu?*-
doped CPGs in the wavelength range of 200—900 nm are
shown in Figure 2A. Panel B of Figure 2 shows the dependence
of the refractive index on the incident wavelength in the
absence or in the presence of Cu*" ion doping.

The CPG and CPG_Cu glass samples were immersed in
ddH,0 to measure the release of different elements through
ICP-OES at different times (3, 6, 9, 24, 48, 72, and 168 h). To
emphasize the results, Figure 3 shows the release rate of the
different samples, i.e., the amount of each released element
normalized with time. In this way, it is possible to see that after
a settling time of about 24 h, the release rate of all of the
elements becomes nearly constant.

The CPG and CPG_Cu samples were immersed in ddH,0O
for several days, and the concentration of different elements
was measured at regular times. Supplementary Table S1
reports only the initial and the released quantities after 168 h.
In addition, to determine the wettability of bioglass surfaces,
the contact angle was measured not only with ddH,O but also
with a eukaryotic cell medium. The values reported in
Supporting Information Table S2 demonstrate that both
surfaces are hydrophilic, particularly CPGs. The obtained
results show that the contact angle of surfaces decreased** to a
greater extent with the cellular medium when compared with
water. This indicates a major hydrophilicity and thus a high
wettability of the surfaces.

3.2. Evaluation of NIH-3T3 Fibroblast Viability and
Morphology. The biocompatibility of bioglasses was
evaluated by investigating the viability of NIH-3T3 cells
derived from mouse embryonic fibroblast cell lines. First, the
content released from CPG and CPG_Cu was diluted, and the
viability of NIH-3T3 cells was evaluated through an indirect
contact cytotoxicity experiment after 24 and 48 h. The results
reported in Figure S4 show that neither of the bioglasses
released any toxic substances. Furthermore, the evaluation of
cell viability and morphology (Figure 4) on the bioglasses was
performed by direct contact.

NIH-3T3 cells were seeded onto bioglasses, and their
viability (Figure 4A) was evaluated at different incubation
times using Alamar Blue.”® The viability was represented as
folding increase, i.e., the number of viable cells grown at 24, 48,
72, and 168 h compared to the number of seeded cells. Figure
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Table 1. Thermal and Physical Properties of CPG and CPG_Cu

glass name T, +3 (cc)“ T, +3 (°c)®
CPG 438 631
CPG_Cu 456 670

AT=T,-T,+6 (°C)© p + 0.05 (g/cmS)d
193 2.60
214 2.61

“Glass transition temperature T, ®Onset crystallization temperature T,. “Glass stability parameter AT. dDensity p-
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Figure 2. Optical properties. (A) UV—vis—NIR transmittance spectra and (B) refractive index values of undoped and Cu**-doped CPGs as a

function of the wavelength.
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Figure 3. Elements release. Rate of release of different elements against time (3, 6, 9, 24, 48, 72, and 168 h) upon immersion in ddH,0. (A)

Samples without Cu; (B) samples with Cu.

4A shows that cells exponentially grew over time on both types
of bioglass, demonstrating that the addition of copper did not
reduce the adhesion and growth of cells. In addition,
quantitative cell viability data were supported by CLSM
analyses (Figure 4B) which showed viable cells after 48 h of
growth on the bioglasses, as already reported in the
literature.”**> Moreover, Figure 4C also shows the biocompat-
ibility of the scaffolds. It is possible to notice that after 24 h of
adhesion, cells had a classic fibroblast shape due to the
cytoskeleton marked in green and well-formed nuclei in blue.
SEM images in Figure 4D acquired after 7 days of cell
incubation on scaffolds demonstrate a well-formed layer of
cells. To evaluate the amount of ECM components from
fibroblasts grown on CPG and CPG_Cu bioglasses, proteins
such as collagen type I and fibronectin were extracted after 7
days and quantified (Table 2).

The results showed a higher deposition of the ECM on CPG
than on CPG_Cu. This is supported by hydrophilicity shown
by both surfaces, reporting a contact angle (Supporting
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Information Table S2) of CPG lower than that of CPG_Cu,
ca. 12.0° and ca. 22.5°, respectively.

3.3. Evaluation of Antibacterial Activity. Bacterial
viability was evaluated through MTT on planktonic cultures
represented by bacteria floating in the medium incubated on
bioglasses (planktonic supernatant) and bacteria that adhered
on the surfaces. Figure 5 shows the viability of bacterial
supernatant (analysis 1) — composed of planktonic bacteria,
which was in contact with the bioglasses. This analysis is
important to determine whether copper and other ions
released from the bioglasses have an antibacterial effect.
From the data, it is possible to notice that Gram-positive
bacteria (Figure SA) were alive after 24 h of contact with both
CPG and CPG_Cu samples, suggesting that the ions released
from the scaffolds were not able to kill the bacteria. However,
the interesting result was that the addition of a low quantity of
copper (1 mol %) was sufficient to significantly reduce, by
about 60 and 80%, the viability of Gram-negative bacteria
(Figure SB) with respect to CPG. Statistical analyses were
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Figure 4. NIH-3T3 adherence and viability on bioglasses. NIH-3T3 fibroblasts were seeded on the scaffolds. (A) Viability was tested with Alamar
Blue assay after 24, 48, 72, and 168 h and was expressed as fold increase with respect to the number of seeded cells. (B) CLSM analysis of cells on
CPG and CPG_Cu after 48 h of adhesion. Live cells (green) were stained with Syto 9 dye, whereas dead cells (red) were stained with propidium
iodide. Orthogonal projections of NIH-3T3 cells at 20X , scale bars (see CPG) = 20 ym. 3D projections at 40X , scale bars (see CPG) = 100 m.
(C) Morphology of cells. After 24 h of adhesion, nuclei were stained with Hoechst 33342 (blue) and cytoskeletal f-tubulin with an antibody anti-f-
tubulin (green). Distribution of cells on the surface at 20X , scale bar (see CPG) = 200 um. Fibroblasts magnified images at 63X (electron zoom
2.5), scale bar (see CPG) = 20 um. (D) SEM images acquired after 7 days of growth on bioglasses. Images acquired at 1 kX magnification, scale
bars (see CPG) = 40 pum and 3 kX (scale bars = 20 um).

Table 2. Quantification of Collagen and Fibronectin
Deposited on Bioglass

performed in comparison to the TCP control, represented by
bacteria grown in the medium in the well and set as 100% of

bacterial viability (red line).

scaffold” collagen T (ug/scaffold)” fibronectin (ug/scaffold)”
CPG 255 4 0,08 049 4 0.03 After the removal of planktonic cultures from bioglasses, the
CPG Cu 1.93 + 006 038 + 0.02 viability was assessed on bacteria remaining adherent on

“NIH-3T3 were seeded on the scaffolds. After 7 days, collagen type I
and fibronectin contents were extracted and quantified through an
ELISA assay. "Data report extracellular matrix proteins as ug + SD.

surfaces (analysis 2) (Figure 6A,B). This analysis is relevant to
evaluate if the surface itself retains antiadhesive properties.
Viable and dead bacteria were observed by CLSM (Figure
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Figure S. Bacterial viability of planktonic cultures seeded on bioglasses. (A) Gram-positive and (B) Gram-negative bacteria were incubated through
direct contact with scaffolds for 24 h at 37 °C. The viability of bacteria was assessed with MTT as described in the Materials and Methods section.
The supernatant composed of planktonic bacteria was transferred to another well and evaluated with MTT. The data were represented as
percentage of bacterial viability with respect to the TCP control, represented by bacteria grown in LB medium and set as 100% (red line). Error
bars indicate the standard deviation (SD) of the mean values of the replicates (n = 3). *, # Statistical analysis. (*) represents the analysis with
respect to TCP: p value <0.01 (**); p < 0.0001 (****). Multiple comparison between CPG and CPG_Cu (#) was performed (p < 0.0001).
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Figure 6. Bacterial adhesion on bioglasses. (A—E) Gram-positive and (B—F) Gram-negative bacteria were incubated through direct contact with
scaffolds for 24 h at 37 °C. (A—D) After the removal of planktonic bacteria, the viability of attached cells was evaluated. (A, B) Viability was
assessed with MTT as described inSection 2. The data were represented as percentage of bacterial viability with respect to the TCP control,
represented by bacteria that adhered in the well and set as 100% (red line). Error bars indicate the SD of the mean values of the replicates (n = 3).
*, # Statistical analysis. (*) represents the analysis with respect to TCP: p value <0.05 (*), p < 0.001 (***), and p < 0.0001 (****). Multiple
comparison between CPG and CPG_Cu (#) was performed (p < 0.0001). (C, D) CLSM analyses of (C) Gram-positive and (D) Gram-negative
bacteria on bioglass scaffolds showed live cells (green) stained with Syto 9 dye and dead cells (red) stained with propidium iodide. All images were
acquired at 63X. Scale bars (see S. aureus, C panel) = 20 ym. (E, F) SEM images of (E) Gram-positive and (F) Gram-negative bacteria were

acquired for all bacteria at 5 kX magnification, insets 10 kX. Scale bars (see E) = 10 ym; insets: 2 pm.

6C,D). In addition, bacterial distribution (Figure 6E,F) on
surfaces was acquired with SEM. Panels A and B of Figure 6
show that undoped CPG surfaces killed ca. 20% of S. aureus
and MRSA strain (Figure 6A). The viability of Gram-negative
bacteria (Figure 6B), on the other hand, was significantly
reduced by 70—80%, with respect to the TCP control (red
line). The presence of 1 mol % copper in CPG_Cu, however,
reduced the viability of adherent S. aureus and MRSA strains
(Figure 6A) by ca. 80 and 60%, respectively. In addition, the
CPG_Cu surfaces significantly reduced the viability of
adherent Gram-negative bacteria (Figure 6B). In particular,
the E. coli viability was reduced by 90%, whereas those of P.
aeruginosa and K. pneumoniae were reduced by ca. 95%. The
results were confirmed by CLSM images (Figure 6C,D).
Panels E and F of Figure 6 show SEM images of bacterial
adhesion on bioglasses. The images acquired on the glass
control are in Supporting Information Figure SS5. In the SEM
image, the presence of bacteria is noted, but it is evident that
some of them were located inside clefts and could not be
detected by the instrument (Figure 6F).
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3.4. Evaluation of Bioglass Effect against SARS-CoV-
2. The impact of bioglasses on SARS-CoV-2 survival and their
capacity to act as molecular traps for viral particles, was
evaluated. The SARS-CoV-2 strain (B.1, D614G) was
incubated on CPG, CPG_Cu, and on a confocal glass (as a
control) for 1 and 4 h at 33 °C + 5% CO,. After incubation,
the inoculum was titrated on VERO E6 (pre-treatment). The
samples were washed with trypsin to detach the trapped viral
particles (post-treatment), and SARS-CoV-2 titer was deter-
mined (Figure S6). The results are reported in Table 3 with
the percentage of virus retained on the bioglass samples.

For both times assayed (1 and 4 h), the CPG bioglass
samples retained the higher concentration of SARS-CoV-2.
The longer the exposure time, the greater the concentration of
retained viral particles on the surface. The control glass did not
have any sticky surface characteristics and thus was not able to
retain SARS-CoV-2. Moreover, SEM images (Figure 7) of
viruses on the bioglasses were acquired after 1 and 4 h.
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Table 3. Titration of SARS-CoV-2 on Bioglasses

viral titer (ITCIDSO

mL™)
time of pre- post- retained virus

exposition sample treatment treatment (%)
1h Glass 422 S 1.18
CPG 208 56 26.92

CPG_Cu 396 23 5.81

4h Glass 215 9 4.19
CPG 198 104 52.53
CPG_Cu 196 45 22.96

“SARS-CoV-2 was incubated for 1 and 4 h onto CPG, CPG_Cu, and
a control confocal glass. After the incubation time, the inoculum was
titrated on VERO E6 (pre-treatment); then the glasses were washed
with trypsin (post-treatment) and titrated to assess the percentage of
viable SARS-CoV-2 retained on bioglasses.

Figure 7. SEM images of SARS-CoV-2. Virus on bioglasses in pre-
treatment condition after 1 and 4 h of incubation. All images acquired
at 25 kX magnification, insets at 80 kX. Scale bar (see CPG) = 400
nm; insets 2 pym.

4. DISCUSSION

In this study, optically transparent CPGs were synthesized
through the traditional melt-quenching method and produced
with and without 1 mol % of CuO (CPGs_Cu) which was
added to confer antimicrobial properties but in a concentration
that would not affect glass transparency. The morphological,
physical, thermal, optical, and biological properties of both
types of bioglasses were thoroughly analyzed. Biological
analyses were performed to investigate their cytocompatibility
and antimicrobial activity. In terms of thermal properties, the
Cu**-doped CPG exhibited higher T, and T, than the undoped
CPG. A glass stability parameter of around AT =200 + 6 °C
for both glasses suggests that they are stable against
devitrification and suitable for crystal-free fiber drawing. It
was also demonstrated that the addition of Cu** ions did not
negatively impact CPG density. Moreover, both the CPG and
CPG_Cu formulations showed a T% value of around 90% in
the wavelength ranges of ca. 350—900 and 400—540 nm,
respectively. After 540 nm, the transmittance of the CPG_Cu
experienced a rapid decrease with a final value of 20% at 900
nm. Moreover, the doping of the CPG with 1 mol % CuO led
to a red shift in the UV absorption edge of around 30 nm.
Interestingly, the addition of Cu** metal ions led to an increase
in the refractive index values of CPG at all wavelengths.
Copper is an important element and is essential for many

enzymes and important cofactors of the human body.'®*

Notwithstanding the acknowledged usefulness of copper for
cells,"” it is necessary to strictly control quantities, either to
introduce or release, as high doses of Cu?" ions increase ROS
production and consequently decreases cell viability.”****** A
fibroblast cell line was used to assess bioglass cytocompati-
bility. The obtained results confirmed the cytocompatibility of
both scaffolds: both formulations presented a roughness lower
than 2 um and possessed sufficient levels of surface
hydrophilicity and, as such, were demonstrated to support
the adhesion and growth of eukaryotic cells.”"** Indeed, it is
known in the literature that a high level of hydrophilicity allows
the adhesion of both prokaryotic and eukaryotic cells to
surfaces.*”® Eukaryotic cells when adhered on scaffolds could
spread on the surface by depositing ECM proteins, """
thanks to the prehydration of surfaces that ameliorate the
initial chance for cells to adhere on surfaces.** It is important
to highlight that the status, instead of the number of deposited
ECM proteins, can be important in cell adhesion on surfaces**
because when the proteins are adsorbed by hydrophobic
surfaces, they are in a denatured state and their %eometry does
not allow them to promote cell adhesion.***”*" It is notable
that the presence of copper ions did not decrease cell adhesion
and growth. This ion is reported in the literature™ to be
involved in promoting cell differentiation, osteogenic-related
gene expression, and also ECM protein deposition such as
fibronectin and collagen type L**7>° To assess the impact of
the addition of the broad-spectrum antimicrobial copper ion,
the bioglasses were tested against five of the most infective
bacterial pathogens and against the SARS-CoV-2 virus. This
was to evaluate whether the presence of a very low
concentration of copper (1 mol %) would be effective, given
that the current agreed position in the literature is that the
minimum concentration rec7[uired for antibacterial and virucidal
activities is 2 mol %.'%***” The analyses were performed on
planktonic cultures removed from the scaffolds and on
planktonic bacteria that remained attached to the surface.
The results, interestingly, demonstrated that the presence of
only 1 mol % copper was in fact sufficient to generate an
antibacterial effect in the CPG_ Cu bioglass. Copper was more
effective against Gram-negative than Gram-positive bacteria as
already reported in the literature,'®***" with the variations in
effectiveness against different bacterial strains being due to
differences in the cell wall structure.”” Gram-negative bacteria
are characterized by thin cell wall peptidoglycan levels and by
the presence of an outer membrane, whereas Gram-positive
bacteria present negative teichoic and lipoteichoic acids on the
surface that attract positively charged particles.””> Copper-
doped bioglass surfaces are more effective against bacteria that
are attached on the surfaces because the ions released from the
surfaces are easily attracted from adherent bacterial cells. The
ions enter and damage the cell, disrupt the cell membrane, and
induce the loss of cytoplasmic content, degradation of the
genome and generation of ROS which cause oxidative
stress.”'® It is known, however, that bacteria are able to resist
the toxic effect of copper through mechanisms such as the
impermeability of their outer and inner membranes to copper
ions, the active extrusion mechanism of copper from the cell,
and the extracellular sequestration of copper.”® These
resistance mechanisms, along with the low concentration of
Cu®* ions (1 mol %), could explain why the CPG_Cu
formulation was less effective against S. aureus and MRSA
bacteria. The low concentration of Cu** ions released may also
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explain the inability of CPG_Cu to neutralize SARS-CoV-2
(data not shown). This is in accordance with what was
observed in a recent study where the authors demonstrated
that a higher delamination and dissolution of the CuO coating
enhances the virucidal effect against human coronavirus
229E.>* However, even though the levels of Cu*" released
were not high enough to have a complete neutralizing effect,
the surface structures of these bioglasses were able to act as a
trap for SARS-CoV-2 viral particles. Indeed, an indented,
porous surface provides a greater area compared to a same size
smooth surface. A higher area leads to a faster drying of liquid
and niches in which the virus can be retained.”” Both the
drying and trapping of viral particles can reduce the possible
transmission of a viable virus. The undoped CPGs were
observed to retain high levels of virions on their surface in a
time-dependent manner, leading to a reduced viral load in the
medium. This trapping effect, observed in both types of
bioglass, was due to the electrostatic interactions between the
virus and phosphate glasses, and the effect increases with time.
The charge of SARS-CoV-2, as is well-known, is not
homogeneous: the spike proteins are positively charged™*
and the lower parts are negatively charged.”>*°

Our results demonstrated that the virions are highly
attracted to the negatively charged surface of CPGs: this
allows them to act as a trap for viruses, and the effect only
increases with time. The lower levels of ability for copper-
doped CPGs to attract viruses, when compared with undoped
formulations, can be explained by the fact that positively
charged copper ions (Cu**) which may be present on the
surface serve to repel SARS-CoV-2 spike proteins. Implement-
ing the release of Cu®* ions, in association with the ability of
these bioglasses to rapidly act as traps for viral particles, may
further reduce SARS-CoV-2 survival and dissemination rates
further. Bioglasses have been found useful in a plethora of
different applications, such as soft and bone tissue engineering,
as nanoparticles for drug delivery and even in dentistry.”” Once
their virucidal activity is fully implemented, these bioglasses
could be used to directly target SARS-CoV-2 by trapping
virions onto their surfaces and releasing the correct levels of
ions, successfully neutralizing the virus. They could also be
used as a protective measure by coating communal surfaces,
such as door handles, effectively reducing the pathogen
transmission between subsequent users. Our results demon-
strate that the presence of copper does not impact the growth
of eukaryotic cells in both indirect and direct cytotoxicity
analyses and confirm, for the first time, that the presence of
very low copper concentrations is in fact sufficient to generate
an antibacterial effect. Our final, significant, finding is that
these bioglasses are able to trap SARS-CoV-2 on their surfaces,
potentially arresting or impeding transmission through the

body.

5. CONCLUSIONS

The aim of this study was to investigate the thermomechanical
properties of an optically transparent biodegradable glass and
to assess the biocompatibility and antibacterial properties,
resulting from the presence of 1 mol % CuO concentration, as
well as the effect against SARS-CoV-2. Optically transparent,
thermally stable glasses were successfully prepared by conven-
tional melt-quenching method and characterized. All samples
were demonstrated to be cytocompatible, and the CPG_Cu
sample was shown to be effective against bacteria, although the
concentration of copper was only at 1 mol %. It is also notable
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that both bioglass surfaces functioned as a trap for SARS-CoV-
2, effectively decreasing the viral survival. Exploring the
geometry of the substrates was out of the scope of the present
work, although optimized microstructures in the form of fibers
or planar substrates are a very promising research direction to
explore, possibly leading to a potential improvement in all
effects here described. Based on these results, CPG_Cu is not
only an interesting material for scaffolds for tissue engineering,
regenerative medicine, photodynamic therapy, and drug
delivery but also something that could be used in medical
applications as surgical probes or coatings for medical devices
because of its biocompatibility and efficacy against bacteria.
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