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ARTICLE INFO ABSTRACT

Keywords: Acute respiratory infections are the most common cause of acute illness globally and have a severe impact on
Antimicrobial human health and productivity. There is robust evidence of airborne transmission of many respiratory viruses via
Antiviral

direct or indirect contact with droplets and aerosol produced by infected individuals, and this transmission route
becomes crucial in crowded indoor spaces. Heating, ventilating and air conditioning (HVAC) systems filters can
reduce the concentration of virus-carrying droplets, but HVAC systems able to directly inactivate bacteria and
viruses are highly desirable to preserve safe indoor air.

The aim of the present work was to assess the antibacterial and antiviral properties of silver nanoclusters/silica
or zirconia composite coatings deposited onto polymeric air filters against Staphylococcus epidermidis, Staphylo-
coccus aureus and a panel of representative members of human respiratory viruses, such as human coronavirus
0C43 (HCoV-0C43), human rhinovirus A1 (HRV-A1), influenza virus type A (IFVA-H3N2) and adenovirus type
—5 (AdV-5) according to standard protocols ISO.

Results evidenced that both coatings showed a significant antimicrobial and antiviral activity at variable
extent and a good cytocompatibility on all the examined cell lines, demonstrating a broad-spectrum action
against selected bacteria and respiratory viruses.

Composite coatings
Air filtration system

1. Introduction

Respiratory tract infections remain a leading cause of morbidity and
mortality worldwide, particularly in densely populated indoor envi-
ronments where airborne transmission is facilitated. Bioaerosols,
airborne particles containing microorganisms such as bacteria, fungi,
and viruses, pose a significant threat to public health, especially when
ventilation is inadequate [1]. The most prevalent respiratory pathogens
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are human coronavirus OC43 (HCoV-OC43), human rhinovirus Al
(HRV-A1), influenza virus A (IFV-A H3N2), and adenovirus type 5
(AdV-5), which can cause a range of illnesses from mild colds to severe
pneumonia. HCoV-OC43 primarily infects the upper respiratory tract,
causing sore throat, cough and rhinorrhoea, and accounts for roughly
the 15% of cases of common cold, but can evolve into more severe
manifestations such as bronchitis and pneumonia, especially in children
and elderly adults with underlying diseases [2]. HRV-Al is the main
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etiologic agent of common cold (causing from 30% to 50% of all cases)
[3], however, in the last two decades, HRV has been reported as one of
the main viral causes for severe lower respiratory tract respiratory ill-
nesses that may require hospitalization. Moreover, HRV can be associ-
ated with exacerbations of chronic respiratory illnesses such as asthma
and chronic obstructive pulmonary disease (COPD) [4]. IFV-A alone
causes 3 to 5 million severe cases and 290000 to 650000 deaths every
year due to respiratory disease [5]. In particular, IFV-A H3N2 occurred
for the first time in 1968 and has continually circulated in the human
population, currently being the major cause of seasonal influenza
morbidity and mortality [6]. AdV-5 is a common cause of respiratory
illness and pneumonia in children and can also be responsible for
nosocomial outbreaks in paediatric respiratory units, with a mortality
rate among such children, who often have coexistent respiratory disease,
ranging from 20% to 39% [7].

The majority of exhaled aerosols is smaller than 5 pym and may
contain infectious viruses that are transported in the air according to
environmental factors as temperature, humidity, airflow and ventila-
tion, and cause several infectious diseases reaching the respiratory tract
[8]. In fact, there is robust evidence of airborne transmission of many
respiratory viruses through droplets and aerosols, which can be gener-
ated by infected individuals during various activities such as breathing,
talking and coughing [9,10].

While conventional air filtration systems such as HEPA and HVAC
filters can physically trap airborne pathogens, they lack intrinsic anti-
microbial properties [11]. This limitation allows microorganisms to
survive and potentially proliferate on filter surfaces, posing a risk of
secondary contamination [12,13]. Consequently, recent advances in
antimicrobial and antiviral filtration have shifted the focus toward
active neutralization through sophisticated nanostructures and photo-
biocidal mechanisms. A significant breakthrough in this field involves
the use of dual-action nanoblades integrated into PPE masks, which, as
demonstrated by Park et al. [14], can rapidly inactivate airborne path-
ogens via combined mechanical puncturing and localized photothermal
heating, obtaining achieved >99% kill of S. epidermidis. In parallel,
light-driven strategies have shown great promise; for instance, the
generation of reactive oxygen species (ROS) via visible light has been
successfully harnessed through both transparent electrospun nanofibers
embedded with crystal violet [15] and TiOs/reduced graphene oxide
(rGO) composites [16]. These latter materials are particularly effective
as the rGO additive enables ROS production even from the minimal UV
component of white light, leading to significant log reductions in both
bacterial and viral loads.

The integration of multifunctionality is also a key trend, with recent
developments in silica-alumina coatings that combine photosensitizers
with triboelectric charging to enhance particle capture and maintain
high inactivation rates even after washing [17]. They showed more than
99% inactivation of both S. epidermidis and E. coli bacteria, and MS2
bacteriophage under illumination.

The current frontier of research emphasizes the synergy between
biocide activity and surface morphology. For instance, the development
of petal-like nanostructures (PNSs) has enabled the creation of multi-
functional fabrics that combine visible-light-activated antimicrobial
properties with superhydrophobic-based antifouling activities [18].

Despite the potential of these emerging light-driven and structural
strategies, silver (Ag) remains a cornerstone in antimicrobial research
due to its unparalleled broad-spectrum efficacy and long-standing reli-
ability. However, the challenge has evolved from simply using silver to
optimizing its integration into filter media to ensure stability and sus-
tained activity. To address this, recent efforts have focused on incor-
porating silver nanoparticles (AgNPs) directly into filter materials to
achieve a dual functionality of physical filtration and active pathogen
inactivation [19]. Various forms of silver, from thin coating to nano-
particles, have been widely used as antimicrobial and antiviral agents,
for their strong efficacy [20-23]. Park et al. [24] developed an
AgNPs-doped coating for air filters used in subway filtration systems.
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The filters resulted effective against aerosolized MS2 bacteriophage
particles and its filtration performance was not affected by the presence
of the nanoparticles. In addition, a method based on recoating the
antiviral material through an aerosol process, was proposed, for regen-
erating the antiviral activity of the filters, resulting simply applicable
[24]. The use of composite systems, embedding silver nanoparticles into
a matrix, let to avoid dispersion and agglomeration of them, thus
improving chemical stability and mechanical behavior. Several studies
have shown that AgNPs-doped silica systems exhibit strong antibacterial
activity, in some cases even superior to the use of AgNPs alone, mainly
due to the controlled and prolonged release of Ag* ions from the silica
matrix. In addition, when applied in air filtration systems, Ag-silica
nanocomposites provided effective antimicrobial and antiviral proper-
ties, with efficiencies above 90%, without significantly compromising
the overall filtration performance [25].

Moreover, great attention is given to the production methods of these
systems, with a strong focus on eco-friendly and sustainable methods,
aiming to minimize environmental impact and the use of hazardous
chemicals [26,27]. Among the green processes, the magnetron sputter-
ing technique allows the production of very thin films suitable for
various materials, imparting specific properties, including antibacterial
and antiviral ones [28-30]. AgCu nanometric films have been deposited
onto thin polypropylene filters via magnetron sputtering, demonstrating
strong antiviral efficacy against the SARS-CoV-2 virus and antibacterial
activity against pathogens, without being cytotoxic to humans [31]. The
coating has been tested against bioaerosols loaded with aerobic and
anaerobic bacteria, oral pathogens, and surrogate models of respiratory
viruses, and showed a high inhibition rate within 8 h for SARS-CoV-2
(95.6%) and near-complete inactivation of the surrogate virus (almost
100%), and excellent antimicrobial properties against pathogenic bac-
teria, making coating effective in improving the protective capabilities
of devices, such as protective equipment [31]. The high-vacuum roll--
to-roll magnetron sputtering technique has also been used to coat
non-woven fabrics for face masks with ultra-thin Ag and Cu films [32],
showing high efficiency in inhibiting and inactivating E. coli and
S. aureus, and influenza A HIN1 virus. Furthermore, by studying the
color change of the masks worn by patients with rhinitis for 2 h, caused
by NOx in the breath that oxidize the Ag in the masks, the coating shows
potential in monitoring the conditions of respiratory diseases.

In this context, the present study aims to systematically evaluate the
antiviral and antibacterial performance of polymeric air filters coated
with silver nanoclusters embedded in silica (SiO5) or zirconia (ZrO,)
matrices. SiO5 and ZrO, were selected as oxide matrices because of their
chemical stability and their capability to stabilize Ag nanoclusters
within nanocomposite coatings, while providing different structural
environments that may influence antimicrobial performance. Moreover,
both oxides can be efficiently deposited by magnetron sputtering on
polymeric substrates such as polyethylene terephthalate (PET), which is
widely used in air filtration media. This makes them particularly suit-
able for the fabrication of antimicrobial coatings directly on filter
materials.

While Ag-based nanocomposite coatings have been previously
investigated [33-36], comprehensive studies assessing their antiviral
activity against multiple respiratory viruses under standardized ISO
protocols remain limited. In this work, the coatings were therefore
tested against a panel of representative respiratory viruses belonging to
different viral families, including both enveloped and non-enveloped
viruses (HCoV-OC43, HRV-A1l, IFVA-H3N2 and AdV-5) and bacteria
(S. epidermidis, S. aureus), in order to provide a robust and standardized
validation of their broad-spectrum antiviral potential for air filtration
applications.
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Fig. 1. Illustration of the methodology used to evaluate the viability of S. aureus in contact with the reference and treated filters following ISO 20743 and 22196
guidelines (a) PET-treated testing filter facing upwards on aluminium sheet placed on stainless-steel cylinders to provide stability and over wet Kimberly Clark
precision wipes to avoid dryness, (b) S. aureus inoculum on testing filter, (c) parafilm placed over the inoculum to guarantee surface contact.

2. Materials and Methods
2.1. Coating deposition

Silica or zirconia composite coatings containing silver nanoclusters
were deposited on polyethylene terephthalate air filter (PET, supplied
by GV Filtri) through radio-frequency co-sputtering equipment (Keno-
sistec™). Two targets operated simultaneously, one used for the matrix
deposition, in silica, SiO2 (99.99% SiO2, Nanovision™) or zirconia ZrO,
(99.98% ZrO,, Nanovision™), and the second one for silver deposition
(9.99% Ag, 5 Pa™). The process, conducted following a patented pro-
cedure [37], lasted 1 h in a controlled argon (Ar) atmosphere. Specif-
ically, RF power of 200 W and 250 W was applied for silica and zirconia
matrices, respectively, while 4 W of DC power was applied to the silver
target.

2.2. Compositional and morphological analysis

The elemental composition of the obtained coatings was verified
using Energy Dispersive X-ray Spectrometry (EDS), which quantified the
atomic percentage (at.%) of Ag, as well as Si and Zr, the elements
constituting the oxide matrix. For each coating, three areas were eval-
uated at a magnification of 150x to ensure statistical reliability.

The morphological aspect of the coatings and the uncoated filter was
analyzed using a Field Emission Scanning Electron Microscope (FESEM,
Quanta Inspect 200, Zeiss Supra 40™). Analysis at different magnifi-
cations allowed for the assessment of potential differences between the
two studied matrices and the dispersion of silver nanoclusters within
them. Scanning Transmission Electron Microscopy (STEM) analysis was
conducted on both coatings, which were deposited onto TEM-specific
support, using a FEI HeliosNanoLab dual-beam focused ion beam (FIB)
microscope. The microstructure and elemental distribution of the sam-
ples were examined at the atomic level through high-angle annular dark-
field (HAADF) STEM imaging, energy-dispersive X-ray spectroscopy
(EDX) and electron energy-loss spectroscopy (EELS) mapping. These
investigations were conducted using the Linkoping FEI Titan3 60-300
microscope, operating at 300 kV, and fitted with a Super-X EDX sys-
tem and a Gatan GIF Quantum ERS post-column imaging filter, and
allowed the evaluation of the size of the silver nanoclusters and their
distribution within the matrix.

2.3. Antibacterial analysis

2.3.1. Inhibition halo test

The antibacterial effect of the coated filter was evaluated using the
inhibition halo test, a qualitative and rapid assay performed according
to the NCCLS M2-A9 standard [38]. The test was conducted against the

non-pathogenic Gram-positive bacterium Staphylococcus epidermidis
(ATCC 14990).

A standardized bacterial solution containing 1 x 10 CFU/mL, cor-
responding to 0.5 on the McFarland scale, assessed by an optical
photometer (Phoenix Spec BD McFarland was evenly spread onto the
surface of a nutrient agar plate, and both uncoated and coated mem-
brane samples (1 x 1 em?) were placed in direct contact with the agar,
ensuring that the coated surface faced the bacterial solution.

Bacterial growth or inhibition was assessed after 24 h of incubation
at 35 °C, analyzing the presence and the size of the halo.

2.3.2. Bacterial viability test

The antibacterial activity of the coated filters was also evaluated
using a quantitative test based on ISO 20743 [39] guidelines for textile
materials. Given the high absorption capacity of the PET filter material,
the absorption method was utilized. This approach was critical to ensure
proper sample incubation while preventing dryness, which was
managed using Kimberly Clark precision wipes. Bacterial recovery from
both uncoated and coated filters followed standard procedures, utilizing
10 mL of Soybean-Casein Digest Lecithin Polysorbate broth (SCDLP)
solution and sterile bags to prevent bacterial retention within the filter.
The procedure also incorporated aspects of ISO 22196 [40], a standard
recognized for antimicrobial surface coatings, to maximize bacterial
recovery. In summary, a bacterial suspension of Gram-positive bacteria
Staphylococcus aureus (ATCC 6538) was prepared and inoculated (0.2
mL) onto the filter surface (1134 mm?) at approximately 1-3 x 10°
CFU/mL. A cover film was applied on the top of the inoculum to
distribute it evenly, and the sample was incubated for 20 h at 35 °C +
2 °C with 95% relative humidity. These steps are outlined in Fig. 1.

After incubation, the cover film was removed, and the samples were
washed in 10 mL of SCDLP solution for bacterial recovery. The sus-
pension was then plated onto agar PCA plates and incubated for 20 h at
35 °C £ 2 °C. Colony growth was assessed to determine the bacterial
load on the surfaces. The number of viable bacteria on the uncoated and
coated filters was used to calculate antibacterial activity in terms of the
R value and inhibition percentage. The R value represents bacterial
reduction by comparing the number of bacteria recovered from un-
treated filters to those recovered from treated filters on a logarithmic
scale, and, if the test has a positive effect, this value is calculated ac-
cording to the following formula:

R={log(A/B) —log(C/A)] = [log(B/ C)] (€]

Equation (1). Calculation of antibacterial activity (R value) based on
the logarithmic reduction of viable bacteria on treated versus untreated
samples.

Where.
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Table 1 e A = average of the number of viable bacteria cells counted immediately
Atomic percentage of Si, Zr and Ag of the uncoated and silver/silica or zirconia after inoculation on the untreated test piece;
coated PET air filter. e B = average of the number of viable bacteria cells on the untreated test
Sample Si (% at.) Zr (% at.) Ag (% at.) piece after 20 £ 2 h;
e P P ; e C = average of the number of viable bacteria cells on the antimicrobial test
Si0-Ag 43+01 / 3.6 +0.5 piece after 20 £+ 2 h.
ZrOz-Ag / 1.5+0.1 1.5+0.1

Before testing, both sides of the filters and cover films were sterilized
by UV radiation in a laminar airflow chamber for 10 min.

Fig. 2. FESEM images of (a) uncoated PET filter, (b) PET filter with SiO,-Ag coating and (c) ZrO,-Ag coating.

b

Fig. 3. HAADF-STEM micrograph of (a) SiO,-Ag coating and (c) ZrO,-Ag coating and (b, d) corresponding EDX maps.
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Fig. 5. Antibacterial test representative results of (a) PET filter control for SiO2-Ag testing, (b) SiO»-Ag coated filter, (c) PET filter control for ZrO,-Ag testing and (d)

ZrO,-Ag coated filters.

Table 2
Results of the antibacterial activity of SiO»-Ag and ZrO,-Ag coatings against
S. aureus bacteria expressed in R value and inhibition %.

Sample CFU/cm2 R value Inhibition %
20h incubation

uc 1.49 x 10* 3.19 99.94

Si0,-Ag 9.58 x 10°

uc 1.26 x 10* 3.15 99.93

ZrO,-Ag 8.82 x 10°

UC: uncoated.

2.4. Antiviral properties evaluation

2.4.1. Cell lines and viruses

Human lung fibroblasts (MRC-5) (ATCC® CCL-171™) were utilized
for the production of human beta-coronavirus, type OC43 (HCoV-OC43,
ATCC® VR-1558™), Human cervix adenocarcinoma cells (HeLa)
(ATCC® CCL-2™) were used for the cultivation of human rhinovirus,
type Al (HRV-A1l, ATCC® VR-1559™) and adenovirus, type 5 (AdV-5,
ATCC® VR-5™). Madine-Darby canine kidney epithelial cells (MDCK)
(ATCC® CCL-34™) were used for the production of Influenza virus, type
A (IFVA-H3N2, A/ChristChurch/28/03, Italian National Institute of
Health). Cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM,; Sigma Aldrich) supplemented with heat-inactivated, 10% (v/v)
fetal bovine serum (FBS; Sigma Aldrich) in a humidified 5% CO; incu-
bator. Culture medium was supplemented with 1% (v/v) antibiotic-
antimycotic solution (Zell Shield, Minerva Biolabs, Berlin, Germany).

2.4.2. Virus production

HCoV-0C43, HRV-Al, and AdV-5 were produced using DMEM,
supplemented with heat-inactivated, 2% (v/v) FBS, in a humidified 5%
CO; incubator. IFVA-H3N2 was produced using DMEM, supplemented
with 1 pg/mL of trypsin (Sigma Aldrich), in a humidified 5% CO2

incubator. Briefly, cells were seeded in tissue culture flasks at the
optimal 80% sub-confluency. The following day, HCoV-OC43, HRV-A1,
AdV-5, IFVA-H3N2 were inoculated at multiplicity of infection (MOI)
0.1 on the appropriate cell line, and flasks were incubated at 34 °C
(HCoV-0C43, HRV-A1) or 37 °C (IFVA-H3N2, AdV-5). When complete
cytopathic effect (CPE) occurred, supernatants and cells were harvested,
pooled, frozen-thawed three times, then clarified and aliquoted. IFVA-
H3N2 and AdV-5 were concentrated by centrifugation (19,000g for
3h) before being aliquoted. Viral stocks were stored at —80 °C.

2.4.3. Virus titration

Viral titers were determined by standard focus assay (HCoV-OC43,
HRV-A1, IFVA-H3N2) or standard plaque assay (AdV-5). Briefly, cells
were seeded in 96-well plates, and then infected with serially diluted
virus suspensions. For AdV-5, virus inoculum was removed after 2h at
37 °C, and monolayers of cells were overlaid with SeaPlaque® Agarose
(Lonza) and incubated for 96h at 37 °C. AdV-5 plaques were visualised
by fixing with formaldehyde 7.5% and staining with 0.1% of crystal
violet in 20% ethanol. For HCoV-OC43, HRV-A1 and IFVA-H3N2, virus
inoculum was removed after 16h at 34 °C, 24h at 34 °C or 16h at 37 °C,
respectively. Single infected cells were detected by indirect immuno-
peroxidase staining procedure as reported in Baroni et al. [41]. Specific
primary antibodies were incubated for 1h at room temperature. The
primary antibody for HRV-Al was purchased from QED Bioscience
(18758; SanDiego, CA), the primary antibody for HCoV-OC43 was
purchased from Merck (MAB9013; Darmstadt, Germany), the primary
antibody for IFVA-H3N2 was purchased from Abcam (ab20343; Boston,
MA). The secondary antibody was incubated for 1h 20min at 37°. For all
the viruses the secondary antibody peroxidase-conjugated AffiniPure F
(ab’)2 Fragment goat anti-mouse IgG (H + L) was purchased from
Jackson ImmunoResearch Laboratories Inc. (West Grove, PA). Infected
cells or viral plaques were microscopically counted, and viral titers were
expressed as focus-forming unit (FFU) per mL (HCoV-OC43, HRV-Al,
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Fig. 6. SiO»-Ag and ZrO,-Ag coatings showed a good cytocompatibility profile on different cell lines. Cytotoxicity assessment was performed on MRC-5 for (a, e)
HCoV-0C43, (b, f) HeLa 24h for HRV-A1,(c, g) HeLa 96h for AdV-5 and (d, h) MDCK for IFV-A H3N2. (a-d) Cytotoxic effect of coated filters on host cells was
qualitatively analyzed under microscope observation as reported in ISO guideline. Magnification, 400x. DMEM, culture medium; DMEM 2%, culture medium
supplemented with 2% of serum; pure, pure wash-out solution; 1:10, 1:10 diluted wash-out solution. (e-h) Cellular viability was quantified by MTS assay. Viability is
reported on Y-axis and expressed as a percentage (cell viability %). Sample type is reported on X-axis. NC, negative control; UC, uncoated. The obtained results are
the mean of two biological replicates. Additional details of the assays protocol are reported in the Materials and Methods section.

IFVA-H3N2) or plaque-forming unit (PFU) per mL (AdV-5).

2.4.4. Control test for the verification of cytotoxic effect of coatings on host
cells

To determine the potential cytotoxic effect of the two coatings on
host cells experiments were performed according to the ISO 21702:2019
(E) [42]. In detail, four washes with 10 mL of soybean casein digest
broth with lecithin and polyoxyethylene sorbitan monooleate (SCDLP
broth) diluted 1:200 in DMEM 2% FBS (or DMEM in case of MDCK) were
performed on materials with SiO3-Ag or ZrO,-Ag coatings and on the
uncoated material. 10 mL of diluted broth that did not contact any
material were used as negative control. Cells were seeded in 96-well

plates and treated with pure or 1:10 diluted wash-out solutions for 1h
at 34 °C (MRC-5, HeLa for HRV-A1), 1h at 37 °C (MDCK) or 2h at 37 °C
(HeLa for AdV-5). After a wash with culture medium, DMEM 2% FBS
(MRC-5, HeLa for HRV-A1l), DMEM (MDCK), or Sea Plaque (HeLa for
AdV-5) was added to cells, which were then incubated for 16h or 24h at
34 °C (MRC-5, HeLa for HRV-A1),16h or 96h at 37 °C (MDCK, HeLa for
AdV-5). Cell viability was observed with an optical microscope in order
to evaluate alterations of treated cell monolayers.

2.4.5. Cell viability assay
Cell viability was measured using the MTS [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]
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Table 3
Numerical results of the second control test required by the ISO 21702:2019(E)
guidelines.

Virus Sample Titer (FFU/mL or PFU/mL) Log (Titer)
HCoV-0C43 NC 3.03 x 10° 5.48
uc 3.41 x 10° 5.53
$i0,-Ag 2.08 x 10° 5.32
ZrO,-Ag 2.09 x 10° 5.32
HRV-Al NC 6.44 x 10° 5.81
uc 5.49 x 10° 5.74
Si0,-Ag 6.58 x 10° 5.82
ZrOy-Ag 6.01 x 10° 5.78
AdV-5 NC 3.00 x 10° 6.48
uc 3.37 x 10° 6.53
Si0y-Ag 2.61 x 10° 6.42
ZrO,-Ag 2.07 x 10° 6.32
IFV-A H3N2 NC 3.45 x 10* 4.54
uc 2.87 x 10* 4.46
Si0y-Ag 2.39 x 10* 4.38
ZrO,-Ag 1.91 x 10* 4.28

NC: negative control; UC: uncoated.

assay. Four washes with 10 mL of SCDLP broth diluted 1:200 in DMEM
2% FBS (or DMEM in case of MDCK) were performed on materials with
SiO2-Ag or ZrO,-Ag coatings and on the uncoated material, 10 mL of
diluted broth that did not contact any material were used as negative
control. Cells were seeded in 96-well plates and incubated with pure or
1:10 diluted wash-out solutions, under the same experimental condi-
tions used for the control test for the verification of cytotoxic effect of
coatings on host cells. Cell viability was determined as reported in
Francese et al. [43]. The effect on cell viability at different concentra-
tions of the compound was expressed as a percentage, by comparing
absorbances of cells incubated with the wash-out solutions with those of
cells incubated with culture medium alone.

2.4.6. Control test for the verification of cell sensitivity to virus and the
inactivation of antiviral activity by SCDLP broth

To verify the cell sensitivity to the virus and the inactivation of
antiviral activity, experiments were performed according to the ISO
21702:2019(E). Four washes with 10 mL SCDLP broth diluted 1:200 in
DMEM 2% FBS (or DMEM in case of IFVA-H3N2) were performed on the
materials with SiO3-Ag or ZrO»-Ag coatings and on the uncoated
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material. 10 mL of diluted broth that did not contact any material was
used as a negative control. 50 pL of pure virus was added to 5 mL of each
wash-out solution. Test and control conditions were incubated for 30" at
25 °C. Next, virus suspensions were titrated, and viral titers were
calculated as previously described. The viral titers were calculated by
the mean of 8 technical replicates.

2.4.7. Antiviral assays

The protocol of antiviral assays complies with what is reported in the
ISO 21702:2019(E) [37]. In detail, 400 pL of the viral stock (titer of 108
FFU or PFU/mL) were deposited on a 5 x 5cm square of material with
the coating or on the uncoated material. The viral suspension was
covered by a stomacher bag (cut in a square of 4 x 4cm), creating a thin
film to maximize the contact with the material and to avoid virus
evaporation. Four washes with 10 mL of SCDLP broth diluted 1:200 in
DMEM 2% FBS (or DMEM in case of IFVA-H3N2) were performed to
collect the virus at different time-points: immediately (only for the un-
coated material) or after 24h at 25 °C (for coated and uncoated material)
in a humidified 5% CO2 incubator (humidity >90%). Next, virus sus-
pensions were titrated, and viral titers were calculated as previously
described.

The viral titer on cm? of surface (FFU/cm? or PFU/cm?) was calcu-
lated using the following formula:

Tsurface = [Tsusp* V] / A 2

Equation (2). Calculation of viral titer per surface area (T_surface)
based on the viral concentration in the wash-out solution, the elution
volume, and the sample surface area.

Where.

® Tsyface = Viral titer recovered per cm? of material [FFU cm ™2 or PFU
cm™?];

o Ty = viral titer recovered per mL of wash-out solution[FFU mL~! or

PFU mL™];

V = volume of diluted SCDLP broth added to the specimen [mL];

e A is the surface area of the cover film [cm?].

The viral titers were calculated by the mean of 8 technical replicates.
Antiviral activity was expressed as R value:

R= [10810 Tcoated.24h - lOg 10 Tuncuated‘Oh }
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Fig. 7. SCDLP broth inactivated the potential antiviral activity of the coated materials, and cell sensitivity to virus infection was not modified. Control tests were
conducted against (a) HCoV-OC43, (b) HRV-A1, (c) AdV-5, (d) IFV-A H3N2. Viral titer retrieved by wash-out solutions after 30 min at 25 °C of incubation is reported
on the Y-axis and expressed as focus-forming unit or plaque-forming unit per mL (FFU or PFU/mL). Sample type is reported on the X-axis. NC, negative control; UC,
uncoated. The obtained results are the mean of two biological replicates. Additional details of the assay protocol are reported in the Materials and Methods section.
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Table 4
Numerical results of antiviral assays conducted following the ISO 21702:2019
(E) guidelines.

Virus Sample Titer (FFU/mL Titer (FFU/cm? R Inhibition
or PFU/mL) or PFU/cm?) value %
HCoV- uc 4.51 x 10° 2.82 x 10°
0C43 Imm.

uc 3.37 x 10° 2.11 x 10° - -
$i0,- 8.13 x 10° 5.08 x 10° 4.26 99.99
Ag
ZrO,- 1.88 x 10° 1.17 x 10° 5.26 99.99
Ag

HRV-A1  UC 1.52 x 10° 9.49 x 10°
Imm.
uc 5.63 x 10° 3.52 x 10° - -
$i0,- 8.74 x 102 5.46 x 102 2.81 99.84
Ag
ZrOy- 9.22 x 10% 5.76 x 107 2.79 99.84
Ag

AdV-5 uc 4.21 x 10° 2.63 x 10°
Imm.
uc 4.32 x 10° 2.70 x 10° - -
$i0,- 4.97 x 10° 3.11 x 10° 0.94 88.48
Ag
ZrOy- 7.05 x 10° 4.40 x 10° 0.79 83.68
Ag

IFV-A uc 1.45 x 10° 9.07 x 10*

H3N2 Imm.

uc 1.80 x 10° 1.17 x 10° - -
$i0,- 2.50 x 10° 1.56 x 10° 2.88 99.87
Ag
ZrOy- 1.13 x 10! 7.04 x 10° 2.22 99.40
Ag

UC Imm.: uncoated immediately collected; UC: uncoated.

Table 5
Summary of the antiviral activity of SiO,-Ag and ZrO,-Ag coatings against res-
piratory viruses expressed in R value and inhibition %.

Coating Virus R value Inhibition %
Si0,-Ag HCoV-0C43 4.26 99.99
HRV-A1 2.81 99.84
AdV-5 0.94 88.48
IFV-A H3N2 2.88 99.87
ZrO,-Ag HCoV-0C43 5.26 99.99
HRV-A1 2.79 99.84
AdV-5 0.79 83.68
IFV-A H3N2 2.22 99.40

Equation (3). Calculation of antiviral activity (R value) and inhibi-
tion percentage based on the logarithmic reduction of viral titers on
coated versus uncoated materials.

Where.

o Tioated, 24n = Viral titer collected from coated material after 24 h at 25 °C
[FFU cm™2 or PFU cm™2J;

® Tuncoated, on = Viral titer immediately collected from uncoated material
(time 0) [FFU cm~2 or PFU cm’2];

® Tuncoated, 24h = viral titer collected from uncoated material after 24 h at
25 °C [FFU cm ™2 or PFU cm™2];

and inhibition percentage

Inhibition (0/0) =100 — (Tcoated‘24h /Tunmated.24h X 100) (4)

Equation (4). Calculation of viral inhibition percentage based on the
ratio of viral titers on coated and uncoated materials after 24 h of
contact.

Where.
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® Teoated, 24n = Viral titer collected from coated material after 24 h at 25 °C
[FFU cm 2 or PFU cm_2];

® Tuncoated, 24h = Viral titer collected from uncoated material after 24 h at
25 °C [FFU cm~2 or PFU cm’z];

2.4.8. Statistical analyses

Statistical analyses were performed using GraphPad PRISM 10.2.2
(GraphPad Software, San Diego, CA, USA). Ordinary one-way ANOVA
test was used to assess the statistical significance of the differences be-
tween the viral titers of virus incubated with coated and uncoated ma-
terials. Significance was set at the 95 % level.

3. Results and discussion
3.1. Compositional and morphological analysis

The sputtering deposition process was successfully carried out for
both silica-based and zirconia-based coatings on PET air filters. The
results of the compositional analysis by EDS are shown in Table 1.

For the uncoated filter, which was primarily composed of carbon (C)
and oxygen (O), no traces of silicon (Si), zirconium (Zr), or silver (Ag)
were detected. In contrast, the silicon content in the silver/silica coat-
ings was 4.3 + 0.1 at.%, while the zirconium content in the silver/zir-
conia coatings was around 1.5 + 0.1 at.%. Silver content was 3.6 + 0.5
at.% in the silica coatings and 1.5 + 0.1 at.% in the zirconia coatings.
Fig. 2 shows the morphology of the air filters before and after the coating
deposition. The uncoated sample exhibits a smooth surface, which is
distinctly different from the coated ones. The matrices of both coatings
display a globular and porous structure, typical of the co-sputtering
technique, and are homogeneously distributed across the entire sur-
face of the filter.

Fig. 3 shows STEM images and the corresponding EDS maps of both
the coatings.

TEM images clearly reveal the morphology of the coatings, where
silver nanoclusters are well visible and uniformly distributed within the
silica- and zirconia-based matrices. Compared to the previous SEM ob-
servations, here the nanoclusters can be identified with higher resolu-
tion, showing very small dimensions, typically in the few-nanometer
range, and a spherical shape well embedded in the matrix. In addition to
these nanoclusters, some larger silver aggregates are also detected, with
sizes ranging approximately from 20 to 100 nm, as confirmed by the
scale markers. This morphological evidence definitively confirms the
presence of metallic silver nanoclusters in both coatings, further sup-
ported by previous XRD and UV-Vis analyses that had already indicated
their formation and stabilization within the matrix [33,34].

3.2. Antibacterial test

3.2.1. Inhibition halo test

The antibacterial property of the coatings was preliminarily evalu-
ated by assessing the formation of an inhibition zone around the coated
samples towards S. epidermidis, as shown in Fig. 4.

No inhibition halo was observed around the uncoated sample
(Fig. 4a), indicating that bacteria proliferated uniformly around and in
direct contact with the filter. In contrast, filters coated with SiO,-Ag or
ZrOy-Ag coatings (Fig. 4b—c) exhibited a clearly visible zone free of
bacterial colonies, demonstrating the antibacterial effect of the studied
coatings. Although both matrices showed antibacterial performance,
slight differences in the halo size are visible. This behaviour could be
related to differences in the physicochemical properties of the oxide
matrices. Silica matrices are known to provide a relatively porous
structure that may facilitate the diffusion and gradual release of Ag™*
ions, while zirconia matrices generally exhibit higher chemical stability
and density, as already described in Refs. [33-36]. These differences
may influence the availability of silver ions at the coating surface and
therefore the interaction with bacteria strain.
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Fig. 8. SiO,-Ag and ZrO,-Ag coatings exhibited a broad-spectrum antiviral activity against a panel of respiratory viruses. Antiviral activity of SiO»-Ag and ZrO,-Ag coatings
was tested against (a) HCoV-OC43, (b) HRV-A1, (c) AdV-5, (d) IFV-A H3N2. Viral titer recovered after 24h at 25 °C of virus incubation with coated or uncoated
polymeric air filters is reported on the Y-axis and expressed as focus forming unit or plaque forming unit per cm? (FFU or PFU/cm?). Sample type is reported on X-
axis. UC, uncoated. *** pANOVA <0.001; **** pANOVA <0.0001. The obtained results are the mean of two biological replicates. Additional details of the assay protocol

are described in the Materials and Methods section.

3.2.2. Bacterial viability test

The antibacterial efficacy of the filters was evaluated also by
measuring the number of viable S. aureus bacteria after contact with the
coated SiOy-Ag and ZrO,-Ag coated surfaces, as illustrated in Fig. 5.
Bacteria were successfully recovered alive from uncoated PET filters,
while significantly lower bacterial counts were obtained from SiO5 and
ZrO, coated filters, indicating their antibacterial activity (Table 2).

The results demonstrate that the SiO2-Ag and ZrO,-Ag coated filters
exhibit significant antibacterial activity, exceeding 99%, as evidenced
by the negligible number of viable S. aureus bacteria recovered from
their surfaces compared to uncoated PET filters.

The antibacterial effect observed with SiO2-Ag and ZrOs-Ag coated
filters against S. aureus can be attributed to the antimicrobial properties
of silver (Ag) embedded in the coatings. Silver ions are known to exert a
broad-spectrum antimicrobial effect by different mechanisms such as
disrupting bacterial cell membranes, interfering with DNA replication,
and generating reactive oxygen species that cause cellular damage
[44-46]. The incorporation of SiO5 and ZrO, seems to provide a stable
matrix for silver, supporting the release of silver ions over time and
ensuring sustained antibacterial activity. This interaction leads to the
effective killing of S. aureus upon contact with the coated filters, pre-
venting bacterial survival on the surface. In contrast, uncoated PET fil-
ters lack such antimicrobial properties due to the absence of silver,
allowing bacteria to remain viable and to proliferate. These results are in
good agreement with several studies that have previously documented
the antibacterial effect of silver-containing coatings against S. aureus
bacteria [47-49].

3.3. Antiviral tests

The investigation of the potential antiviral activity of SiO,-Ag and
ZrOy-Ag coatings deposited onto polymeric air filters was conducted
against a panel of four respiratory viruses: three RNA viruses, such as
HCoV-0C43, IFV-A H3N2 and HRV-Al and one DNA virus, AdV-5,
following the ISO guideline.

Firstly, control tests, required by the ISO 21702:2019(E), were per-
formed before proceeding with the evaluation of the antiviral action of
the two coated materials.

The first control test complies the assessment of any cytotoxic effect
of coatings on host cells, evaluating potential alterations of the treated
cell monolayers. Coated filters were washed with soybean casein digest

broth with lecithin and polyoxyethylene sorbitan monooleate (SCDLP
broth) diluted in culture medium. In parallel experiments were per-
formed on the uncoated substrate, as control sample.

SCDLP broth is a typical neutralizer used to inactivate antimicrobial
and antiviral agents. Wash-out solutions were incubated on different cell
lines at the same experimental conditions as the antiviral assays, and
cellular toxicity was investigated. As shown in Fig. 6a—d, 16h incubation
of pure wash-out solutions of SiOy-Ag coating on MRC-5 (for HCoV-
0C43) showed only mild toxicity, while ZrO2-Ag coating presented no
cytotoxic effect. HeLa cells were incubated with wash-out solutions for
24h (for HRV-A1) or 96h (for AdV-5). No cytotoxicity was observed on
HeLa cells incubated with pure wash-out solutions of both coatings. Pure
wash-out solutions incubated on MDCK for 16h (for IFV-A H3N2) did not
show any toxic effect. Moreover, 1:10 diluted wash-out solutions
exhibited good cytocompatibility on all cell lines.

In addition, we quantified cell viability via MTS assay, to evaluate
cytotoxicity effect of coatings on cells. Viability percentages of all
treated cells, per each tested condition, were reported to be >90%,
confirming the promising cytocompatibility profile of both SiO5-Ag and
ZrOy-Ag coatings (Fig. 6e-h).

According to the ISO standard, the second control test regards the
verification of the cell sensitivity to virus and the inactivation of anti-
viral activity by SCDLP broth. Again, coated and uncoated materials
were washed with diluted SCDLP broth and the control test was per-
formed as reported in the Materials and Methods section. Next, all
samples were titrated and viral titers were compared. Results are re-
ported in Table 3 and Fig. 7.

The logarithmic difference between viral titers of wash-out solutions
from SiO9-Ag, ZrO»-Ag, or UC, and that from NC always resulted lower
than 0.5. Since the condition for the verification of the test was satisfied
for all the tested viruses, the inhibitory activity of both coatings against
four respiratory viruses was evaluated.

As reported in the Materials and Methods section, high-titer virus
was deposited onto uncoated or coated filters and incubated for 24h at
25 °C in high-humidity conditions. After incubation, the viral titer was
assessed. As additional control to determinate the recovery rate (UC
Imm., non-incubated virus), 400 pL of virus were deposited onto an
uncoated material and immediately collected. As reported in Table 4, a
slight reduction of 1 logarithm was evidenced for HCoV-OC43 and HRV-
A1, recovered from the uncoated material (UC) after the incubation,
compared to non-incubated virus (UC Imm).
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No variation of viral titer was observed for AdV-5 with or without
incubation; instead, a reduction of 2 logarithms was evidenced for IFV-A
H3N2 after incubation. The variable titer of the recovered virus after
24h deposition on the uncoated material could be ascribable to two
events: firstly, a weak inhibitory activity exerted by the uncoated ma-
terial or a time-dependent variable persistence of viruses at 25 °C. In this
context, it's well known that naked viruses, such as AdV-5 and HRV-A1,
are less susceptible to environmental factors, such as desiccation, de-
tergents, pH and temperature [50].

The strongest antiviral action was observed against HCoV-OC43:
both SiOy-Ag and ZrOs-Ag coatings exerted a nearly complete inacti-
vation of HCoV-OC43 with an R value of 4.26 for SiO,-Ag (inhibition %:
99.99) and 5.26 for ZrO,-Ag (inhibition %: 99.99). Similarly, both
coatings displayed an almost total inhibition of IFV-A H3N2 with an R
value of 2.88 for SiO,-Ag (inhibition %: 99.87) and 2.22 for ZrO2-Ag
(inhibition %: 99.40). A statistically significant antiviral activity of
both coatings was evidenced also against HRV-A1 with an R value of
2.81 for SiO,-Ag (inhibition %: 99.84) and 2.79 for ZrO,-Ag (inhibition
%: 99.84). Lastly, a partial, albeit significant, inhibition of AdV-5
infectivity was observed with an R value of 0.94 for SiO3-Ag (inhibi-
tion %: 88.48) and 0.79 for ZrO,-Ag (inhibition %: 83.68). Overall, these
data demonstrated that both SiOy-Ag and ZrO,-Ag coatings deposited
onto polymeric air filters are endowed with broad-spectrum antiviral
action against four respiratory viruses that belong to different viral
families: HCoV-OC43 to the Coronaviridae family, HRV-Al to the
Picornaviridae family, AdV-5 to the Adenoviridae family and IFV-A H3N2
to the Orthomyxoviridae family. In detail, the two coatings exerted a
comparable inhibitory activity with similar R values and inhibition
percentages per each tested virus (Table 4).

A summary of the antiviral activity of SiO3-Ag and ZrO»-Ag against
the four tested respiratory viruses is reported in Table 5. Notably,
coatings were able to reduce the infection of both enveloped viruses
(HCoV-0C43 and IFV-A H3N2) and naked viruses (HRV-A1l and AdV-5).
This last activity is particularly relevant, given the known high resis-
tance of non-enveloped viruses to environmental conditions and thereby
it highlights the potentiality of the present coatings.

Fig. 8 reported the antiviral activity exerted by coated samples
compared to the uncoated ones after incubation.

The reliability of our data is confirmed by previous studies that
demonstrated the potential antibacterial and antiviral activity of silver
nanoclusters/silica composite coating deposited onto multiple mate-
rials, such as glass fiber, metallic, or polymeric ones and cotton textiles
[34,36]. In particular, Luceri et al. demonstrated that the
anti-coronavirus action of SiOj-Ag coating was partially due to its
virucidal effect and to the release of silver ions from the coating [34].
The relevance of this work lies in the systematic assessment and
demonstration of antiviral activity of Ag-nanocluster composite coatings
applied to air filtration media, evaluated against both enveloped and
non-enveloped viruses, following the ISO 21702:2019(E) guideline
protocols, together with a favourable cytocompatibility profile on tested
cells.

Additionally, these results are particularly relevant in light of their
potential practical application. Specifically, the use of antibacterial and
antiviral coatings in air filtration systems offers a promising and scalable
approach to reduce the airborne transmission of respiratory viruses from
different families in crowded indoor settings.

Due to these interesting ad promising results, further studies are
ongoing to clarify the mechanism of action of SiOj-Ag and ZrOs-Ag
coatings. In particular, shorter incubation times will be tested to
determine whether the antiviral activity is maintained even with a brief
contact of the virus onto the material. Moreover, assays will be carried
out to discriminate if the observed antiviral action is mediated by an
indirect activity due to ions potentially released from the coatings, or
rather by a direct mechanism involving morphological damage or
physical trapping of the viral particle upon contact with the coated
surfaces.
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4. Conclusions

In the present work, composite coatings in silica or zirconia matrix,
embedding silver nanoclusters, SiO2-Ag and ZrOj-Ag coatings, were
developed and deposited through the PVD co-sputtering method on PET
materials, intended for air filtration systems. Morphological and
compositional analysis revealed the formation of silver nanoclusters
homogeneously distributed in the two matrices. Antibacterial tests
demonstrate the antibacterial effectiveness of silver-based coatings on
silica (SiO2-Ag) and zirconia (ZrO,-Ag) matrices against S. epidermidis
and S. aureus. Unlike the uncoated PET filters, which allowed bacterial
proliferation, the coated filters exhibited strong bactericidal activity,
achieving over 99% reduction in bacterial viability, as confirmed by
both viability assays and the presence of inhibition halos. These findings
highlight the potential of such coatings for applications requiring
effective antimicrobial surfaces. Antiviral tests demonstrate that both
SiO2-Ag and ZrO,-Ag coatings exhibited an effect against a broad-
spectrum of viruses, both enveloped and naked. The strongest effect
was achieved by both coatings against HCoV-OC43, (inhibition %:
99.99); an almost total inhibition was exhibited against of IFV-A H3N2
and HRV-A1; AdV-5 infectivity was partially inhibited, reaching anyway
significant results.
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