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Antimicrobial Multi-Assay Evaluation of (Al-Doped ZnO)-Ag
and TiO,-Ag Nanocoatings: Impact of Direct and Indirect

Mechanisms

Damiano Squitieri, Roberta Vitali, Cecilia Bartoleschi, Giulia Lombardini,
Margherita Cacaci, Lorenzo Degli Esposti, Camilla Fusacchia, Skerxho Osmani,

Luca Gavioli,* Francesca Bugli,* and Daniele Valerini*

Infectious diseases caused by pathogenic bacteria, fungi, and viruses pose a
global health threat, aggravated by antimicrobial resistance (AMR). This study
explores the antimicrobial efficacy of two nanostructured composite coatings
—aluminum-doped zinc oxide with silver (AZO-Ag) and titanium dioxide with
silver (TiO,-Ag)— on polyester substrates, against high-priority pathogens:
susceptible and resistant Klebsiella pneumoniae and Staphylococcus aureus
bacterial strains, Candida albicans clinical fungal strain, and HIN1 influenza
virus. A multimodal analytical approach, encompassing SEM, live/dead
fluorescence assays, CFU counts, RT-qPCR, and immunofluorescence,
supported by ROS quantification, is adopted to evaluate antimicrobial activity
and contribution of indirect and direct-contact mechanisms. Both coatings
exhibit robust antimicrobial effects especially through indirect mechanisms,
with TiO,-Ag generally more effective than AZO-Ag through indirect
interactions while AZO-Ag more effective in some direct-contact scenarios.
Bacterial reduction up to £99% and viral inactivation of 98% are observed.
Cytotoxicity assays reveal some decline in fibroblast viability, underscoring the
coatings’ potential mainly for non-clinical applications, like packaging or
high-touch surfaces. Moreover, the study emphasizes limitations in using
single antimicrobial tests and necessity of combining diverse methodologies
to comprehensively assess performance and mechanisms of action, finally
proposing strategic guidelines for selecting appropriate antimicrobial
materials and evaluation techniques tailored to specific application contexts.

1. Introduction

Transmission of infections and diseases
associated with pathogenic agents (bacte-
ria, fungi, and viruses) is a crucial threat
for worldwide public health, represent-
ing one of the major causes of health loss
and global deaths, and correspondingly
generating enormous economic impact
on healthcare costs. About 57% of the
worldwide infection-related deceases in
2019 were connected to =30 bacterial
species susceptible and resistant to
antimicrobials, and 5 bacterial species
only (including Staphylococcus aureus
and Klebsiella pneumoniae) caused more
than a half of these deaths.[!] The antimi-
crobial resistance (AMR) of pathogenic
bacteria is one of the key reasons for
such high death rate.[?! The death toll
due to AMR in 2021 reached almost 5
million globally, with a number of yearly
deceases about doubled from 1990 to
2021 for methicillin-resistant Staphylo-
coccus aureus (MRSA) and carbapenems-
resistant bacteria, and with a forecasted
further increase in the next decades.l’
Indeed, antimicrobial-resistant
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Enterobacterales  (including carbapenem-resistant  Klebsiella
pneumoniae) and MRSA are included in the critical and high
priority pathogens of the Bacterial Priority Pathogens List of
the World Health Organization.[*l Besides bacteria, fungi also
significantly contribute to mortality and show a growing resis-
tance against antifungal agents.l®! In particular, Candida albicans
is included in the four most critical fungi of the WHO Fungal
Priority Pathogens List®] as it is one of the major responsi-
ble pathogens for nosocomial infections, commonly forming
biofilms on several implantable medical devices.[”! Finally, viral
infections also represent a major responsible for human health
loss. For example, seasonal influenza viruses are responsible for
3 to 5 million annual cases of severe illness in the world with
consequent several hundred thousand deaths.[®]

A major path of human infection diffusion is cross-
contamination, i.e. the pathogen transfer from a contaminated
surface to another and eventually to human beings, taking
place in many situations: frequently-touched objects in ev-
eryday life (handles, seats, public transports, touch screens,
clothes, etc.), clinical environments, surgery rooms and tools,
biomedical implants, water/air filtration systems, food & bev-
erage packaging, etc.[' Surface cleaning treatments by chem-
ical disinfectants can result aggressive for the treated sur-
faces and potentially harmful for humans, but also repre-
sent only a short-term solution since they must be repeated
periodically.'"]

An excellent strategy to respond to such threats is the use of
effective, safe, and green antimicrobial surface treatments, act-
ing through different mechanisms of actions and being alterna-
tive or complementary to common antibiotics and to frequent
chemical disinfection. In this regard, inorganic thin films and
nanostructured coatings based on metals and metal oxides, as
well as on the combination of multiple materials together, are
extensively studied as active antimicrobial agents thanks to their
efficacy, resistance, and stability.">""* In such research field, ad-
ditional methodologies like combinatorial synthesis approaches
or use of machine-learning algorithms can also represent further
supporting tools.['>1¢] In previous works, we have already tested
nanostructured metal and metal oxide coatings, like Ag,[7-1%] Al-
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doped ZnO (briefly denoted as AZO)!2*21] and TiO,-Agl?>?3] as
antibacterial surface treatments against various bacterial species.
Those studies employed two different deposition techniques,
magnetron sputtering (MS) and supersonic cluster beam deposi-
tion (SCBD), capable of tailoring the nanoparticle size and sur-
face morphology of the coatings. Besides a few works report-
ing some antibacterial tests on Al-doped ZnO films deposited
on glass substrates,!?##] we were the first to report the appli-
cation of AZO as antibacterial nanostructured coating on flexi-
ble bioplastic films (specifically, polylactide),!??!] followed by a
study of antibacterial and antifungal properties of Zn—Al com-
posite oxide films on flexible polyethylene terephthalate,?® thus
representing interesting models for possible usages in food pack-
aging, biomedical tools, flexible electronics, as well as plastic-
based objects/surfaces in general. Concerning the combination
of metal and metal oxide nanomaterials together, TiO,-Ag has
shown great potential as antibacterial, antifungal and antiviral
agent.[”2! In this regard, we have also already tested the effect of
the coating composition against multiple bacterial strains of such
metal/metal oxide combination in TiO,-Ag films**?*] as well
as, for the first time, in antibacterial AZO-Ag nanocoatings, "’
in order to exploit their synergistic action to enhance the an-
tibacterial efficacy and widen the spectrum of action against
multiple bacterial species at the same time. However, the influ-
ence of direct-contact and non-direct-contact mechanisms of ac-
tion (hereafter briefly denotes as “direct” and “indirect” mecha-
nisms, respectively) was not unveiled by those works and it is still
debated.

Here, we tackle the open issues by studying the antimicro-
bial effects of AZO-Ag and TiO,-Ag surface coatings against
various critical and high priority pathogens mentioned above,
including antibiotic-susceptible and antibiotic-resistant bacterial
strains, as well as yeast and virus. Apart from a recent work test-
ing Al-Ag co-doped ZnO in the form of colloidal nanopowders
against some bacterial species and C. albicans yeast through the
zone of inhibition (ZOI) method,*!) to the best of our knowl-
edge, our present work represents the first report about AZO-
Ag in the form of nanocoating against antimicrobial resistant
(AMR) bacteria and against fungi, and the first examination
of AZO or AZO-Ag materials as antiviral agents. Both the ex-
amined coatings compositions (AZO-Ag and TiO,-Ag) are here
deposited on polyester plastic, which is normally used in tex-
tiles/fabrics, common objects, packaging, biomedical applica-
tions, etc. The potential human toxicity of the deposited coat-
ings is also evaluated as a possible discriminating factor to iden-
tify their possible fields of application. Additionally, since there
exist a multitude of various methods to estimate the antibac-
terial and antiviral effect of antimicrobial agents,?234 here we
employ a “multi-assay” approach comparing the results com-
ing from a set of different antimicrobial tests —colony-forming
unit (CFU) counting assays, scanning electron microscopy (SEM)
observations, and live/dead staining, further supported by the
measurement of reactive oxygen species (ROS)— allowing us to
put an insight into the antimicrobial mechanisms of action of
our coatings and to derive indications about the influence of di-
rect and indirect modes. Only a limited number of studies em-
ployed a similar multifaceted approach to evaluate the antimi-
crobial activity by combining the above-mentioned tests together
on coated surfaces. Such studies were typically focused on a
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Figure 1. SEM micrographs of AZO-Ag (left column) and TiO,-Ag (right column) coatings. (a) and (b): lower magnification. (c) and (d): higher magni-

fication.

single bacterial strain or biofilm. To the best of our knowledge,
a few works applied this kind of methodology to multiple bac-
terial species (but not including both susceptible and resistant
Gram+ and Gram-— bacterial strains in the same analysis),!*3¢]
or even extending this approach to include fungal pathogens.*”]
Hence, here we applied such multi-testing approach on Gram+
and Gram- susceptible and resistant strains and clinical fungal
pathogen in the same study, and additionally we analyzed two
different metal/metal-oxide coatings (AZO-Ag deposited by MS
and TiO,-Ag deposited by SCBD). As a consequence of the dif-
ferent material and chemico-physical properties of the two coat-
ings, the various antimicrobial mechanisms can have different
prominence in the resulting antimicrobial response of the two
coatings, which then can be exploited to evidence how the multi-
assay approach can give useful indications about the predom-
inance of the different types of mechanisms acting in the two
coatings. On such bases, this work strives to provide a critical vi-
sion about the suitable materials and proper antimicrobial tests
to be preferred depending on the predominant mechanisms of

Adv. Mater. Interfaces 2025, 12, e00622 e00622 (3 0f15)

action and on the expected final applications of the coatings,
thus offering some general guidelines and advice to their correct
selection.

2. Results and Discussion

2.1. Surface Morphology and Composition of As-Deposited
Coatings

Field emission-gun scanning electron microscopy (FEG-SEM)
analyses (Figure 1) evidence that both coatings (AZO-Ag and
TiO,-Ag) present a fine nanostructured surface with high homo-
geneity, constituted by the mixing and superimposition of Ag and
oxide nanoparticles, resulting in grains with a diameter ranging
from 10 to 50 nm. In particular, the AZO-Ag surface is charac-
terized by slightly larger grains with respect to the TiO,-Ag and
by the presence of some bigger clusters, as expected by the in-
trinsic differences of the two deposition processes, as thoroughly
explained earlier.3%!
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Table 1. Elemental content (weight percentage) in the coatings as evalu-
ated from EDS analyses.

Cwt.% O wt.% Zn wt.% Ti wt.% Ag wt.%
AZO-Ag 585+ 1.0 285+ 15 10.6 + 0.7 / 23+03
TiO,-Ag 68.5+ 1.0 285+ 1.0 / 1.3+02 14+03

The content of metal elements in the coatings as obtained by
energy-dispersive X-ray spectroscopy (EDS) analyses is reported
in Table 1.

2.2. Antimicrobial Tests
2.2.1. CFU Test for Bacteria and Yeast

Figure 2 reports the antimicrobial activity of coated disks (AZO-
Ag and TiO,-Ag) in comparison to uncoated disks, evaluated
through the CFUs count method.

On susceptible strains (Figure 2a,c), the results indicate that
both coatings induce a significant reduction of the growth rate
for K. pneumoniae after 3 h with ~0.6 Log decrease on AZO-Ag
and ~2 Log decrease on TiO,-Ag in comparison to the uncoated
disk (6.6 x 108 CFU mL™" on uncoated disk versus 1.7 x 10®
CFU mL™! on AZO-Ag and 5.2 x 10° CFU mL! on TiO,-Ag),
while S. aureus is significantly reduced after already 1.5 h (2.2
x 107 CFU mL! on uncoated disk versus 4.6 X 10° CFU mL™!

www.advmatinterfaces.de

on AZO-Ag and 3.9 X 10° CFU mL! on TiO,-Ag) and is subject
to a decrease of ~1 Log on AZO-Ag and 1.7 Log on TiO,-Ag af-
ter 3 h (5.7 X 10’ CFU mL™! on uncoated disk versus 4.2 x 10°
CFU mL™! on AZO-Ag and 1.1 X 10° CFU mL"! on TiO,-Ag).
Furthermore, both AZO-Ag and TiO,-Ag coatings demon-
strate good decrease of the growth rate for both S. aureus and
K. pneumoniae resistant strains (Figure 2b,d). At 4.5 h, for resis-
tant S. aureus, AZO-Ag induces a 2.5 Log reduction (1.8 x 10°
CFU mL™! on uncoated versus 5.6 x 10° CFU mL™! on AZO-
Ag), while TiO,-Ag achieves almost 2 Log reduction (1.8 x 10°
CFU mL! on uncoated versus 2.7 x 10’ CFU mL™! on TiO,-Ag).
For resistant K. pneumoniae, AZO-Ag shows a 0.3 Log reduction
(2.6 X 10° CFU mL! on uncoated versus 1.2 x 10° CFU mL™!
on AZO-Ag), whereas TiO,-Ag demonstrates a 1.4 Log reduction
(2.6 X 10° CFU mL™! on uncoated versus 1.1 x 108 CFU mL™!
on TiO,-Ag,). Finally, tests conducted on C. albicans (Figure 2e)
demonstrate antifungal activity for both coatings at 4 and 6 h
intervals, with the latter showing greater statistical significance.
Specifically, after 6 h the measured counts are as follows: 1.8 x 108
CFU mL™! on uncoated disk, 2.6 x 10’ CFU mL™! on AZO-Ag,
and 1.0 X 107 CFU mL™! on TiO,-Ag, corresponding to ~1 Log
reduction on both coatings (i.e. 0.8 and 1.2 Log, respectively).

2.2.2. SEM Antimicrobial Evaluation

SEM inspection of the sample surfaces after 4 h contact with mi-
croorganisms (bacteria and fungi) reported in Figure 3 clearly
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Figure 2. Antibacterial and antifungal effect of AZO-Ag and TiO,-Ag coatings, evaluated by CFU mL™" count on a) K. pneumoniae ATCC 700603 suscep-

tible strain, b) K. pneumoniae clinical strain resistant to Carbapenems, c) S.

aureus ATCC 29213 susceptible strain, d) S. aureus clinical strain resistant to

Methicillin, and e) C. albicans clinical strain. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Control TiO,-Ag

S

pneumoniae
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R
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Figure 3. SEM images of sample surfaces (untreated polyester disk controls, AZO-Ag coated disks, and TiO,-Ag coated disks) after 4 h contact with
the tested microorganisms: K. pneumoniae susceptible strain (K. pneumoniae S), K. pneumoniae resistant strain (K. pneumoniae R), S. aureus susceptible
strain (M.S.S.A.), S. aureus resistant strain (M.R.S.A.), and Candida albicans (C. albicans). Scale bars are equal to 2 um for bacteria and 5 um for C.
albicans.
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Ti02-Ag

Figure 4. High-magnification SEM micrographs of AZO-Ag coated surface after 4 h contact with K. pneumoniae susceptible strain (left), and TiO,-Ag
coated surface after 4 h contact with S. aureus resistant strain (center) and C. albicans (right). Scale bars are in the bottom right of each micrograph and

are equal to 300 nm for bacteria and 3 um for C. albicans.

reveals the occurrence of damages of the microbial cells after con-
tact with both coated surfaces, like cell deformation and cell wall
collapse, which are not observed on the adherent cells on the bare
plastic surface as visible in the images taken on the untreated
control substrates.

Cell damages induced on the coated surfaces are further evi-
denced in Figure 4, showing a representative high-magnification
micrograph for each tested species.

The antibiotic-susceptible strain of K. pneumoniae in con-
tact with AZO-Ag coated surface (Figure 3b and Figure 4a)
shows intensive cell-wall alteration characterized by a wrin-
kling effect. Methicillin-resistant and susceptible S. aureus strains
(Figure 3g-1) seem to be generally more resilient to contact-based
effects of the coated surfaces than K. pneumoniae, with milder
cell wall and membrane alterations clearly noticeable in the high
magnification images (Figure 4b). These heterogeneous alter-
ations between Gram-negative and Gram-positive bacteria are ev-
ident in Figure 4a,b, and they are possibly due to the increased
mechanical resistance of Gram-positive cell wall. This behavior is
not dependent on the surface coating but seems to be attributable
to intrinsic resistance of Staphyloccocus cells. Figure 4c also shows
evident deformation of budding cells of Candida albicans on the
coated surfaces, not noticed on the control surface.

In addition to cell deformation and rupture phenomena de-
scribed above, multicellular agglomeration occurring for S. au-
reusand C. albicans on the untreated control surfaces is prevented
on the coated surfaces, as visible in Figure 3. These observations
are evidence of the antimicrobial actions of the deposited coat-
ings, killing the microbial cells and hindering their reproduction
and agglomeration.

2.2.3. Live/Dead Fluorescence Assay for Bacteria and Yeast
Fluorescence micrographs acquired for the different microorgan-

isms on the control polyester disks and on the two coatings are
shown in Figure 5a—e together with the corresponding quantita-

Adv. Mater. Interfaces 2025, 12, e00622 e00622 (6 0f15)

tive estimation of fluorescence emission from the live/dead as-
say, plotted in the bottom right panel (Figure 5f—j). This assay is
composed of two fluorescent dyes: Syto 9 that can enter viable
microbial cells and emits green fluorescence, and Propidium Io-
dide that can enter only in damaged and dead cells and emits red
fluorescent light.

These analyses demonstrate that both coatings conferred good
microbiocide action to the plastic surface against all the exam-
ined species. The highest effect is observed against K. pneumo-
nige susceptible strain (Figure 5f), where AZO-Ag and TiO,-Ag
coatings induced a cell mortality of (87.61 + 5.59)% and (78.24
+ 3.26)%, respectively. A similar killing rate (85.45% + 18.36%)
is also observed for the AZO-Ag coating against S. aureus sus-
ceptible strain (Figure 5h), while TiO,-Ag shows only a limited
action (37.82% =+ 9.74%) with a non-significant difference in
comparison to growth control (16.15% =+ 8.17%). A good an-
timicrobial action is also noticed against both resistant bacte-
rial species (Figure 5g,i), with a measured percentage of dead
cells ~60-75% (range 58.91-74.19%). Finally, good antifungal ac-
tion against C. albicans (Figure 5j) is detected on TiO,-Ag coating
(killing rate of 78.00% =+ 22.43%), whereas AZO-Ag reveals lower
action (39.63% + 2.54%) with a non-significant difference with
respect to the uncoated disk.

2.2.4. Quantification of Reactive Oxygen Species (ROS)

After 24 h of contact with the nanostructured surfaces, the pro-
duction of reactive oxygen species (ROS) was found to be strongly
species-dependent compared to the uncoated plastic control sur-
face, as visible in Figure 6. K. pneumoniae (Figure 6a,b) exhibited
amarked increase in oxidative stress when exposed to both AZO-
Ag and TiO,-Ag. Although the increase was slightly higher with
TiO,-Ag, both susceptible and resistant strains showed statisti-
cally significant ROS production with both surfaces.

In contrast, S. aureus (Figure 6¢,d) appeared to be less affected
by oxidative stress induced by these surfaces. The measured ROS
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Figure 5. a—e) Images of live/dead fluorescent assays at 20x magnification taken on the uncoated polyester control disks, AZO-Ag coated disks, and
TiO,-Ag coated disks. Fluorescence micrographs, divided by channels in columns, after 4 h contact Images of live/dead fluorescent assays at 20X
magnification taken on the uncoated polyester control disks of a) K. pneumoniae ATCC 700603 susceptible strain, b) K. pneumoniae clinical strain
resistant to Carbapenems, c) S. aureus ATCC 29213 susceptible strain, d) S. aureus clinical strain resistant to Methicillin, and e) C. albicans clinical strain.
Green (Syto 9) and red (Propidium iodide) fluorescence are associated with live and dead cells, respectively. Scale bar, in the bottom-right corner of each
micrograph, is equal to 200 um. Bottom panel: Quantitative measurements of live and dead cell percentages resulting from fluorescence intensity of f)
K. pneumoniae susceptible strain, g) K. pneumoniae resistant strain, h) S. aureus susceptible strain, i) S. aureus resistant strain, j) C. albicans. Green (Syto
9) and red (Propidium iodide) fluorescence are associated with live and dead cells, respectively. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

levels showed only minor, random fluctuations, none of which Finally, C. albicans (Figure 6e) demonstrated extreme suscepti-
reached statistical significance. This suggests that the antimicro-  bility to surface-mediated oxidative stress. AZO-Ag exposure led
bial effect observed against S. aureus is likely driven by mecha-  to a fivefold increase in ROS production, while TiO,-Ag caused
nisms other than ROS induction. an even more pronounced tenfold increase. Both effects were

Adv. Mater. Interfaces 2025, 12, €00622 €00622 (7 of 15) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOWILLIOD A1) 3ot [dde 8y Aq peusenob aJe sooile O ‘8sN JO Sa|nJ o} Akeld18UIIUO 3|1 UO (SUOPUOO-PUE-SWLBIAL00" A8 | M Aed| Ul UO//SdnLy) SUORIPUOD pue swie 1 8y} 89S *[9202/20/20] U0 Arldiauluo A8|IM Bl BURIL0D A] 229005202 IWPR/Z00T 0T/I0p/Lod A8 | Im Aeiq 1 Ul |UO"pBOURARe//:ScNY WOJ) pepeojumod ‘€2 ‘5202 ‘0SEL96TZ



ADVANCED

SCIENCE NEWS

www.advancedsciencenews.com

(a)

ADVANCED
MATERIALS
INTERFACES

Open Access,

(b)

www.advmatinterfaces.de

10000+ s 10000+ ek
*kk I 1
8000 T 8000+
o o l
8 60004 3 60004
o o
o o
S S
i 4000+ T 4000
o o 25000+ (e) ek deok
Kk ¥k T
2000+ 2000- T
20000+
o4 . _ 0- _ y S
& o R & X x> 51909
o(\ O _oq« 0(\ (e _oq/ o
() ?/.l/ 'S () ?/.‘/ A 194 ]\
2 10000
10000+ : 10000+ o
(c) (d)
5000-
8000+ ] 8000+ j
8 | 8 \ & ;
@ 60001 @ 60001 i & © ©
S S T Sg & <8
-}
4000 I 4000-
o [
2000- 2000-
o0 0- - :
AN N
(‘\\SO O’Y‘Q, q;v.o.) O&SO ORS) O"},’Y\Q’
oy & <O o & oS

Figure 6. Quantification of reactive oxygen species (ROS) through DCFDA/H2DCFDA on uncoated polyester control disks, AZO-Ag coated disks, and
TiO,-Ag coated disks for a) K. pneumoniae ATCC 700603 susceptible strain, b) K. pneumoniae clinical strain resistant to Carbapenems, c) S. aureus ATCC
29213 susceptible strain, d) S. aureus clinical strain resistant to Methicillin, and e) C. albicans clinical strain.

statistically significant, confirming the strong oxidative impact of
the nanostructured surfaces on this fungal species.

2.2.5. Real-Time PCR and Immunofluorescence for Virus

To assess the antiviral activity of the coated surfaces in prevent-
ing the viral infection of MDCK-STAT1 cell line, a real-time poly-
merase chain reaction (PCR) was conducted.

As evidenced in Figure 7a, both coated surfaces signifi-
cantly reduce the viral load (comparable to matrix gene ex-
pression) when compared to bare plastic surfaces, as the val-
ues measured for the coated surfaces are ~2-3% with re-
spect to the uncoated surface, i.e. almost 2 Log,, of viral
reduction. This result highlights an important antiviral fea-
ture of the two coatings: the effectiveness of slowing down
the potential spreading of respiratory viruses toward abiotic
surfaces.

Figure 7b shows the immunofluorescent assay conducted with
a primary antibody directed toward type-1 hemagglutinin (H)
protein of the viral envelope. Secondary antibody is linked to
FITC fluorescent dye, and a nuclear counterstaining with DAPI
was performed. The obtained micrographs show a lower total
green fluorescence emission for both AZO-Ag and TiO,-Ag sur-
faces, with higher viral inhibition on AZO-Ag coated surfaces
compared to TiO,-Ag and uncoated polyester, and the cellular
morphologies in infected monolayers seem to be altered for all
tested samples. Both surfaces are not able to completely inhibit

Adv. Mater. Interfaces 2025, 12, e00622 00622 (8 0f15)

the viral capabilities to infect MDCK-STAT1 cells and to avoid
monolayer’s morphology alterations.

2.3. Discussion on Antimicrobial Mechanisms and Different
Experimental Methods

The values of microbial reduction R(% ) calculated through Equa-
tion (1) and antimicrobial activity A calculated through Equa-
tion (2), resulting from the different antimicrobial methods as
detailed in the Experimental Section (paragraph Antimicrobial
Tests - Assessment of Microbial Reduction and Antimicrobial Activ-
ity), are reported in Table 2.

The different responses observed against the various tested mi-
croorganisms are connected to the specific characteristics of each
strain,[?! like e.g.: the essential cell structure (bacterial prokary-
otic cell, fungal eukaryotic cell, or virions with a protein shell
(capsid) and sometimes an additional lipid envelope); different
cell wall features (composition, thickness, presence of multiple
layers) between fungi and bacteria, as well as between Gram-
positive and Gram-negative bacteria; tendency to form multicel-
lular aggregates in some bacterial and fungal species. Conse-
quently, the same antimicrobial agent can act differently in strik-
ing and inactivating or destroying the pathogenic microorgan-
isms depending on each strain considered. Despite that, both
coatings (AZO-Ag and TiO,-Ag) demonstrated a significant effi-
cacy against all the tested pathogens, with an overall microbial re-
duction ranging from ~75% up to practically 100% in most cases,
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Figure 7. a) Viral load of HIN1 on infected MDCK-SIAT1 cells after direct contact with coated and uncoated surfaces (infected control). An uninfected
control was carried out to assess absence of viral RNA in used medium. The viral load is expressed as 2722t expression of retrotranscribed RNA of

M matrix protein of HINT virus.

< 0.0007. b) Immunofluorescence images of MDCK-STAT1 cells infected with Influenza HIN1, taken at 20x

magnification. Cell monolayers were infected with pre-treated virus incubated for 2 h on coated (AZO-Ag, TiO,-Ag) and uncoated (polyester control
disks) surfaces. Scale bar, in the bottom-right corner of each micrograph, is equal to 200 um.

reaching a very good antimicrobial activity value A of ~2 in the
best situations. The activity here observed for TiO,-Ag coating
on the plastic surface agrees with the known antimicrobial effi-
cacy against sensitive and resistant bacterial strains, fungi, and
viruses, widely reported in the literature for TiO,-Ag nanocom-
posite coatings on various other kinds of substrates like glass,
steel, etc.[222327-29] Looking at the less-explored AZO-Ag coating,
the data acquired in the present work confirm the antibacterial ef-
fect already observed for AZO-Ag coated plastic surfaces against
sensitive strains!3°) and further demonstrate its good efficacy also

against antibiotic-resistant bacterial strains. Additionally, while
antifungal action against C. albicans was observed for colloidal
Al-Ag co-doped ZnO nanoparticles,*! here we demonstrate good
antifungal effect through CFU tests for AZO-Ag as surface coat-
ings too, together with strong antiviral action.

The experimental data evidenced some differences depend-
ing on the strain examined and on the method used to quan-
tify the antimicrobial activity, whose discussion requires an in-
sight into the antimicrobial mechanisms prevailing in each ex-
perimental method. It is known that the biocidal effects caused

Table 2. Coating efficiency against sensitive (S) and resistant (R) bacterial strains, yeast (C. albicans), and virus (H1N1influenza) resulting from live/dead
fluorescence assays, CFU tests and real-time PCR measurements. R(%) represents the microbial reduction detected on coatings versus control calculated
using Equation (1), while A represents the antimicrobial activity of the coatings calculated using Equation (2).

AZO-Ag TiO,-Ag
R(%) A R(%) A

Live/dead fluorescence assay K. pneumoniae S (87 +6)% 0.89 (77 £9)% 0.65
S. aureus S (81+8)% 0.73 (26 + 16)% 0.13

K. pneumoniae R (54 + 13)% 0.34 (55+9)% 0.35

S. aureus R (56 +21)% 0.36 (73 £ 13)% 0.56

C. albicans (20+11)% 0.10 (71+£15)% 0.54

CFU test K. pneumoniae S (75 £ 20)% 0.60 (99 + 1)% 2.11
S. aureus S (93 +4)% 1.13 (98 +2)% 1.71

K. pneumoniae R (82 + 15)% 0.74 99+ 1)% 2.02

S. aureus R (98 + 1)% 1.68 (96 + 5)% 1.40

C. albicans (75 £ 10)% 0.61 (87 £10)% 0.90

Real-time PCR Influenza virus HIN1 (97 £ 1)% 1.60 (98 + 1)% 1.81
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by inorganic nanostructured materials are generated by several
concurrent mechanisms(!*3#] that we can group into two main
categories:

1) Direct mechanisms: mechanical abrasion of the microbes with
the nanometric features of the coating surfaces, direct trans-
fer of ions and nanoparticles between the coating and the
microbes touching the surface, generation of reactive oxygen
species (ROS) at the contact points of microbes and coatings.
These mechanisms can prevail against the sessile microbial
population formed on the sample surfaces.

2) Indirect mechanisms: transfer of nanoparticles, ions, or ROS
from the coating to the microbes through the surrounding
medium. These mechanisms are predominant against the
planktonic microbial population floating in the medium.

Such processes induce a series of combined effects on the bac-
terial, fungal or viral constituent units, like damage and rupture
of the cell wall or virus shell/envelope, leakage of cellular con-
tent, disruption of cell metabolism, damage of the microbial ge-
netic material (DNA, RNA), etc., thus leading to the inhibition of
microbial growth/reproduction and eventually death of the mi-
crobial units.[1338]

Due to the experimental peculiarities of each antimicrobial
test, it is evident how different testing methods can be influenced
to different extents by the combination of the multiple direct
and indirect processes occurring during the interaction between
the coatings and the pathogens. As a consequence, extended in-
formation should be derived by gathering results coming from
multiple tests. Direct mechanisms are expected to play a more
significant role in live/dead assay technique with respect to the
CFU count method. Indeed, in live/dead tests the microbes are
placed in a non-nutrient solution so that they are forced to ad-
here to the specimen surface, where then they undergo damages
through direct contact with the surface. These effects were clearly
noticed in SEM images acquired after the tests (Figures 3 and 4),
where microbial cell deformation and breakage is evident. On the
contrary, during the CFU count experiments the microbes are
placed in a nutrient culture medium where they can grow in their
planktonic state, hence indirect mechanisms conveyed through
the medium can prevail. Consequently, the higher microbial re-
duction (i.e. better antimicrobial activity) usually detected by the
CFU method versus the live/dead test on both coatings can in-
dicate that indirect mechanisms are predominant over the direct
contact ones for both our coatings. Additionally, the higher an-
timicrobial effect observed for AZO-Ag versus TiO,-Ag on sus-
ceptible strains in live/dead fluorescence tests and for TiO,-Ag
in CFU experiments suggest that direct-contact mechanisms are
more effective in AZO-Ag against the tested susceptible strains
while indirect mechanisms are generally more effective in TiO,-
Ag than in AZO-Ag. Analogously, antifungal effect against C. al-
bicans through indirect action in CFU tests looks slightly better
in TiO,-Ag than in AZO-Ag, in conjunction with direct-contact
damage effects already evidenced in SEM inspections (Figures 3
and 4). In this regard, it is also important to note that a method
capable of detecting primarily the antimicrobial action on the ses-
sile form, like the live/dead assay, could be particularly useful
when dealing with biofilms too.
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Additional understanding about the antibacterial/antifungal
mechanisms can be derived from the analysis of ROS measure-
ments. Our results demonstrate that the induction of oxidative
stress by nanostructured AZO-Ag and TiO,-Ag coated surfaces
is highly species-dependent. K. pneumoniae and C. albicans both
displayed significant increases in ROS production, while S. au-
reus showed no statistically significant changes. The strong ox-
idative response in K. pneumoniae suggests that Gram-negative
bacteria are more vulnerable to redox imbalance, possibly due to
their outer membrane facilitating ion interactions and their rel-
atively weaker antioxidant defenses. Conversely, the lack of ROS
increase in S. aureus points to its efficient oxidative stress man-
agement, likely supported by its thick peptidoglycan layer and ro-
bust enzymatic detoxification systems.?*!] This indicates that
the antimicrobial activity observed against S. aureus may rely on
alternative, non-oxidative mechanisms such as membrane dis-
ruption or toxicity induced by nanoparticles and metal ions re-
leased by the coating surfaces. The most striking effect was ob-
served in C. albicans, which exhibited extreme susceptibility to
ROS, particularly with TiO,-Ag surfaces. The fungal cell’s exten-
sive membrane system and limited antioxidant defenses likely
account for this pronounced vulnerability.

Finally, dealing with the antiviral action of the coatings, it must
be noticed that this aspect is more complex and less explored than
their antibacterial action, also due to higher complexity of the
experimental procedures and greater safety precautions needed.
For these reasons, it is somehow harder to carefully differenti-
ate about the influence of direct and indirect mechanisms of ac-
tions in this case. However, it is important to evidence the great
virucide action against the HIN1 influenza virus observed for
both coatings, being capable to induce a 97-98% viral load re-
duction (antiviral activity value A close to 2) with respect to the
uncoated plastic surface, as visible in Figure 7a and Table 2. Nev-
ertheless, such ability to drastically cut down the virus presence
on the treated surfaces cannot exclude completely the possibil-
ity for the residual virus to provoke some infection of the mam-
malian cells, as derived from the immunofluorescence analyses
reported in Figure 7b.

Considering the observations above, some fundamental re-
marks can be drawn:

1) Since the different experimental methods for evaluating the
antimicrobial activity of a material can be influenced to a more
extent by an antimicrobial mechanism rather than another, it
is important to be aware that the use of a single method can
provide only a partial indication of the efficacy of a material,
giving rise to results that are dependent on the main mecha-
nisms involved in the method. Therefore, whenever possible,
a combination of multiple methods should be recommended
to obtain a more comprehensive view of the coating efficacy
by cross-checking the results achieved through each method.

2) The choice of a specific antimicrobial test rather than another
should be also made in view of the expected final application
of the examined materials. For example, if the material is in-
tended to act mainly by direct contact with a contaminated sur-
face (e.g., frequently-touched surfaces/objects, textiles, pack-
aging at direct contact with food, etc.) then a test method in-
fluenced predominantly by direct contact mechanisms is ad-
visable. On the contrary, a test method affected principally by
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indirect (non-contact) action should be recommended when
the antimicrobial surface is intended to act mostly at non-
direct-contact with the microbes (e.g., food & beverage pack-
aging with liquid content, water filtration/purification sys-
tems, etc.). Finally, the use of multiple test methods and the
cross-check of their results could be pivotal when the mate-
rial has to be used on components where both mechanisms
(direct-contact and indirect action) can be relevant, like med-
ical devices for human body, such as cannulas, dental im-
plants, prosthesis, pacemakers, other implantable devices,
wound healing systems, etc.

3) At the same time, the choice of a suitable material should
be also made depending on its most effective antimicrobial
mechanisms in view of the intended final application. If the
surface is expected to act significantly by both direct and in-
direct modes, then the choice should be focused to a coat-
ing with adequate effectiveness through both routes, or to the
combination of multiple materials and adjustment of the sur-
face morphology to optimize both effects.

4) Finally, since each microbial species (Gram+ or Gram- bacte-
rial strains, susceptible or resistant strains, fungi, and viruses)
can be affected to different extents by direct or indirect antimi-
crobial action, a suitable coating material should be chosen
depending on the microbial typologies expected to be involved
in the final use. Otherwise, a combination of selected multiple
materials acting through different predominant mechanisms
should be adopted to increase the antimicrobial action and to
widen the spectrum of action against different microbe types.

2.4. Cytotoxicity on Mammalian Cells

Potential cytotoxic effect of AZO-Ag and TiO,-Ag was assayed on
murine embryonic fibroblasts (MEFs). Exposing MEFs to coated
disks for 24 h reduces cell viability on both coated surfaces with
respect to the uncoated polyester control disk. In particular, AZO-
Ag treatment induces a cell loss of 95%, and TiO,-Ag a reduction
of 70% (Figure 8).

The possible toxicity of metal and metal oxide materials, es-
pecially in their nanoparticle form, to humans, animals and the
environment is an extremely debated and controversial aspect,
with results that are often conflicting, since they are strongly
dependent on the combination of a multitude of physicochem-
ical factors, like materials composition, size, shape, crystallinity,
surface morphology, surface chemical reactivity, surface charge,
particle agglomeration, dose, solubility, catalytic activity, etc.,
as well as external/environmental factors, like the considered
cell types/lines and the way of contact (inhalation, ingestion,
skin absorption).***] In particular, nano-silver toxicity is a great
concern,[* and sometimes Ag nanoparticles have been found
more toxic than metal oxide ones.l*>#] In a previous work,!*!] we
have already found negligible toxicity of the single AZO oxide
coating (i.e. without the addition of Ag) toward certain human
cell lines, as also confirmed in other works,!*’*® hence we as-
sume that the high toxicity observed here can be mainly ascribed
to the presence of Ag in the mixed coating composition. This as-
sumption is also supported by the higher content of Ag detected
in EDS measurements on the AZO-Ag coating (Table 1), which
is indeed resulting in higher cytotoxicity compared to TiO,-Ag.
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Figure 8. Cytotoxic effect of AZO-Ag and TiO,-Ag coated surfaces on
murine embryonic fibroblasts (MEFs) cells with respect to the uncoated
surface. Cell viability performed by MTT assay on MEF at 24 h post treat-
ment. ****p < 0.0001.

Anyhow, such toxicity detected on the tested eukaryotic cell
line indicates the possible occurrence of secondary effects/side
effects of the coatings, i.e., an undesired potential hazard for
human cells besides the intended antimicrobial effects. For this
reason, in a precautionary view, AZO-Ag and TiO,-Ag coatings
here deposited could be preferably recommended for applica-
tions where the possible impact on the human organism is less
critical, like for treatment of objects and surfaces in general rather
than for biomedical implants. On the other hand, it must be un-
derlined that in the MTT assays used for cytotoxic evaluation the
mammalian cells are growing in contact with the coatings, which
is not the real situation usually happening in most of the final
usages of the treated surfaces. Therefore, the toxicity resulting
from these analyses can be considered as an overestimation of
real toxicity in the common practical applications of such surface
treatments. Indeed, as an example of a possible practical usage
in food packaging applications, from a rough estimation of the
amount of coating material deposited on the plastic surface we
have a load of Ag, AZO or TiO, ranging from a few pg cm= up
to ~20 pg cm~? at the most, that is lower than the safety maxi-
mum migration limits indicated in regulations for food contact
materials,[*! thus they can be reasonably assumed as safe for
such application. Nevertheless, further optimization of the coat-
ings could be still pursued with the aim of decreasing their poten-
tial eukaryotic cytotoxicity while keeping strong and broad-range
antimicrobial efficacy.

3. Conclusion

Contrasting the massive spread of infections, diseases, and
deaths connected with pathogenic bacteria, fungi, and viruses
is a paramount challenge for global health nowadays. The
ever-increasing antimicrobial resistance and the extremely com-
mon pathway for transmission of pathogens through contami-
nated surfaces call for novel antimicrobial agents and effective
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surface treatments. To this aim, here we have developed
two nanostructured coatings (AZO-Ag and TiO,-Ag) deposited
on plastic surfaces and tested them against various critical
pathogens, including high-priority Gram+ and Gram- bacteria
(susceptible and resistant strains), C. albicans yeast, and HIN1
influenza virus. Specifically, to our knowledge, here for the first
time the AZO-Ag material has been tested as antiviral agent
and as surface coating against fungi and antimicrobial resis-
tant bacterial strains. Both coatings demonstrated good antimi-
crobial activity, with a reduction of the bacterial population on
the coated surfaces up to 99% for some strains and of the vi-
ral load up to ~98% with respect to the uncoated control sur-
faces, indicating a great potential for their use on commonly
touched surfaces. On the other hand, significant cytotoxicity to
a tested mammalian cell line has been detected, likely due to the
Ag content, recommending some caution for the use in medi-
cal applications and suggesting further optimization of the coat-
ing properties and a more extended evaluation of their potential
toxicity.

The multi-assay approach here employed for evaluating the an-
timicrobial efficacy allowed us to derive information on the in-
fluence of direct-contact versus indirect modes of action of the
tested coatings, so that indirect mechanisms resulted very rele-
vant in both coatings, especially in TiO,-Ag. Direct-contact ones
seemed to have higher effect in AZO-Ag with respect to TiO,-Ag
against sensitive bacterial strains. Among the different possible
mechanisms, ROS-mediated killing resulted as a dominant an-
timicrobial pathway for K. pneumoniae and C. albicans, whereas
S. aureus appeared to evade oxidative stress, requiring different
mechanisms of inactivation like membrane disruption or toxi-
city induced by nanoparticles and/or metal ions released from
the coatings, for which additional analyses should be conducted.
This species-dependent response should be considered when
designing antimicrobial nanostructured surfaces for different
applications.

As another important result, apart from inspecting the ef-
fectiveness of the coatings themselves, the comparison of the
results coming from the different antimicrobial tests demon-
strated the criticality in using one method rather than another,
since different methods can produce different values of the ef-
ficacy for the same coating, depending on the prevalence of di-
rect or indirect mechanisms of action. As consequence, it is
important to be aware that the use of a single method to es-
timate the effectiveness of a coating could provide only a par-
tial evaluation of the antimicrobial action. Finally, the analysis
of the differences found in the multiple antimicrobial tests and
the consequent considerations allow this study to draw some
general guidelines for the proper selection of the coatings and
of the antimicrobial tests, which can be shortly summarized as
follows:

1) Whether possible, use multiple types of antimicrobial tests
with prominence of direct-contact modes (e.g., live/dead fluo-
rescence assay and SEM inspection) and indirect modes (e.g.,
CFU test) for a correct assessment of the coating efficacy, so
to avoid deriving incomplete information.

2) Ifnot possible, then preferably choose a test that is capable to
achieve information related to the main mode of action (direct
or indirect) expected in the final application.
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3) Select a material (or a combination of materials) whose main
mechanisms of action (direct or indirect) are congruent with
the expected final use.

4. Experimental Section

Coating Deposition:  All AZO-Ag and TiO,-Ag coatings were deposited
on 13mm-diameter polyester disks (Thermo Scientific Nunc Thermanox
coverslips). AZO-Ag nanostructured films with an AZO thickness of 30
nm and a Ag nominal thickness of ~6 nm (corresponding to Ag load of
~5 ug cm~2) were grown at room temperature by RF magnetron sput-
tering of a ZnO:Al,O; target (composition 98:2 wt.%, purity 99.999%)
and a Ag target (purity 99.99%), with similar experimental details previ-
ously reported.l'33% The TiO,-Ag films were obtained by supersonic clus-
ter beam deposition (SCBD), a bottom-up physical approach to NP syn-
thesis which relies on the plasma ablation of a target rod of the desired ma-
terial to produce nanostructured films.[2223] Here, a 99.99% purity Ag/Ti
rod with a 50-50 Ag-Ti wt.% (HMW Hauner GmbH) was employed as the
starting material to obtain 50 nm thick films at room temperature. It is im-
portant to stress that these SCBD-grown films have a porosity (presence
of voids inside the film) up to 30%,[°°! thus leading to an equivalent film
thickness of 35 nm. Moreover, the Ag fraction in the film is ~#15% of the
content of a pure Ag film with the same thickness,[*°] thus corresponding
to an Ag load of 5.5 pg cm™2, comparable to that of the AZO-Ag film.

Morphological and Compositional Analyses: Field emission-gun scan-
ning electron microscopy (FEG-SEM) and energy-dispersive X-ray spec-
troscopy (EDS) analyses of the samples were conducted using a XIGMA
FEG-SEM microscope (ZEISS NTS Gmbh, Oberkochen, Germany). FEG-
SEM micrographs were captured in secondary electrons mode at an accel-
eration voltage of 8 kV. For each sample the micrographs were acquired at
magnifications ranging from 50.000x to 200.000x.

EDS surface compositional analysis was performed with an accelera-
tion voltage of 15 kV. Immediately before sample analysis, the EDS instru-
ment was calibrated by measuring the spectrum of a standard sample of
metallic cobalt as suggested by the instrument manufacturer. Four ran-
domly selected fields were acquired at 10.000x magnification in full-frame
mode using an acquisition time of 40 s. Each field represented an interac-
tion volume from an area of 15 um X 15 um and a depth of ~1 um. The
composition and relative stoichiometry of the TiO,-Ag films were also de-
termined by XPS in refs. [22,50].

Antimicrobial Tests: The antimicrobial action of the AZO-Ag and TiO,-
Ag coatings on polyester disks was assessed against 6 pathogenic species,
briefly: 4 bacterial strains (Gram-negative and Gram-positive, each with a
susceptible and an antibiotic-resistant strain), 1 yeast, 1 virus. Further-
more, to evaluate the influence of direct-contact and non-contact antimi-
crobial mechanisms against the sessile and planktonic bacterial forms,
two different methods were employed for measuring the antimicrobial
response against the bacterial strains, namely the Colony Forming Unit
(CFU) test and the LIVE/DEAD fluorescent assay, supported by SEM in-
spections of the specimen surfaces after the antibacterial tests.

Bacterial, Fungal, and Viral Pathogens Species: Two bacterial species
were included as representative of gram-negative and gram-positive bac-
terial pathogens: Klebsiella pneumoniae and Staphylococcus aureus.[>"] Two
strains per species were included to represent both wild-type (susceptible)
and AMR phenotypes. The selected wild-type strains were K. pneumoniae
ATCC 700603 and S. aureus ATCC 29213, susceptible to Carbapenems and
Methicillin, respectively. The AMR strains were derived from clinical pos-
itive blood cultures and were identified through Bruker biotyper MALDI-
TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). To assess
antibiotic susceptibility, semi-automated microbroth dilutions were per-
formed via VITEK2 instrument (bioMérieux, Marcy I'Etoile, France). The
two resistant strains resulted as a Carbapenem-resistant K. pneumoniae
and a Methicillin-resistant S. aureus (MRSA), according to EUCAST break-
pointv14.0.152] As representative of fungal opportunistic pathogens, a clin-
ical strain of Candida albicans was selected. The yeast strain was isolated
from a positive blood culture and was identified via MALDI-TOF. Finally,
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the Influenza H1N1 strain was derived from a bronchoalveolar lavage, was
identified through BIOFIRE FilmArray Respiratory Panel (bioMérieux), and
was used to assess antiviral action of coatings.

Colony Forming Unit (CFU) Test: K. pneumoniae strains were grown
on Luria—Bertani (LB) Broth (25 g L™") (Condalab cat.1551 Laboratories
CONDA, Espana) at 37 °C, S. aureus strains were grown on Nutrient Broth
(NB) (8 gL™") (Panreac Applichem, Germany, cat. 413793.1210) at 37 °C,
and C. albicans was grown on Sabouraud Broth (Sigma—Aldrich, Italy, cat.
1.08339) at 35 °C. CFU tests were performed on broth/Agar (LPOO11 Ox-
oid) 15 g L™ plates. To set up the best interval times showing an expo-
nential growth phase, growth curve experiments were performed for all
bacterial and yeast strains. Colony forming unit test was performed as
follows: O/N cultures of bacteria were diluted 1:200 in appropriate broth
and grown until reaching an absorbance value of 0.02 at 4 = 600 nm, in-
dicating a bacterial concentration of ~2 x 10° colony forming units/mL
(CFU mL’1), and tested at TO, 1.5 h, 3 h and, only for the resistant strains,
also at4.5 h. C. albicans O/N culture, showing a slower growth, was diluted
1:10 in Sabouraud broth and directly tested at 0, 4, and 6 h. Briefly, 0.5 mL
of suspension were poured in a 24-well plate in the presence of i) uncoated
disk, ij) AZO-Ag coated and iii) TiO,-Ag coated disks, and incubated un-
der constant agitation at 150 rpm. At the indicated time points, spots of
10 pl of scalar dilutions from 1078 to 1072 of the bacterial suspensions,
were poured on broth/Agar plates in triplicate, and further 100 pl of diluted
bacterial suspensions (10~ and 10°) were plated on 100 mm diameter
plates for more accurate colonies count. Plates were incubated O/N for
CFU count. The experiment was repeated three times for each strain, and
the concentration of CFU mL~" was quantified for each condition.

SEM Antimicrobial Evaluation: Bacterial and fungal inocula, adjusted to
a turbidity equivalent to the 1 McFarland standard (=3 x 108 CFU mL™")
in 0.9% sodium chloride saline solution, were prepared using the Den-
sicheck Plus (bioMérieux). One milliliter of each inoculum was applied to
tested surfaces in a 24-well plate (Corning Incorporated, NY, USA), which
was then incubated at 37 °C with 5% CO, for 4 h. After incubation, the
samples were dehydrated via immersion in an increasing ethanol concen-
tration, from 30% to 100%, with a multi-step procedure of 10 min each.
Successively, they were gold-metallized using a High Resolution Sputter
Coater AGB7234 (Agar Scientific, Stansted, UK). The morphology of the
microbe cells on the sample surfaces was observed with Supra25 SEM
microscope (Zeiss, Oberkochen, Germany). Representative micrographs
were acquired in secondary electrons mode at an acceleration voltage of
15 kV. For each sample at least four randomly selected fields were acquired
at magnification of 15.000x for bacteria and 5.000x for C. albicans.

Live/Dead Fluorescence Assay: The samples were incubated with bacte-
rial and fungal inocula as described above for the SEM antimicrobial eval-
uation. After incubation, to distinguish between live and dead bacterial
cells, the LIVE/DEAD BacLight Bacterial Viability kit (Thermofisher Sci-
entific, Waltham, MA, USA) was employed following the manufacturer’s
guidelines. Visualization of the fluorescent staining was conducted with
the Cytation5 reader (Biotek, Winooski, VT, USA), using excitation wave-
lengths of 469 and 586 nm, and emission wavelengths of 525 and 647 nm
for the green and red channels, respectively. Quantitative analysis of the
fluorescence emission was performed using Image] Fiji Software (Version
1.53¢).

Quantification of Reactive Oxygen Species (ROS): The induction of ox-
idative stress by nanostructured surfaces of AZO-Ag and TiO,-Ag toward
bacterial and fungal cells was evaluated using the DCFDA/H2DCFDA cel-
lular ROS assay kit (Abcam, Cambridge, United Kingdom). K. Pneumoniae
(5% 108 CFUmL™), S. aureus (5 x 102 CFU mL~"), and C. albicans (5 x 10°
CFU mL™") cells in saline solution were placed in contact with coated and
uncoated control surfaces in a 24-well plate for 24 h. Subsequently, bac-
terial and fungal cells were collected by centrifugation, and the DCFDA
staining was performed according to manufacturer’s instructions. Fluo-
rescent quantification was conducted in a 96-wells black plate optimized
for fluorescence contexts (Nunc, Roskilde, Denmark) using a Cytation5
multimode reader (Biotek). The fluorescent readings were performed with
excitation/emission wavelength at 485 nm/535 nm. The absorbance read-
ings were performed with the same instrument at 600 nm to normalize
the fluorescence data based on cellular abundance.
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Virucidal Activity of Surfaces Against HINT Influenza Virus in MDCK-
SIAT1 Cells: MDCK-SIAT1 cells (ECACC No. 05071502[33]) were grown in
DMEM medium high glucose, w/o L-Glutamine, (Thermo Fisher Scien-
tific) supplemented with 10% FBS (Gibco, Life Technologies Corporation,
NY, USA), 1% L-glutamine (Sigma—Aldrich, St. Louis, MO, USA), 1% Peni-
cillin/Streptomycin (Gibco, Life Technologies Corporation).

A standardized volume of 250 pl of HIN1 virus was applied to each
surface (uncoated, AZO-Ag coated and TiO,-Ag coated disks) and incu-
bated for 2 h. The suspension was used to infect monolayers of MDCK-
SIAT1 cells grown on plastic discs for subsequent immunofluorescence
analysis. Infection was carried out at 37 °C for 3 h in medium contain-
ing TPCK-trypsin. After 5 days of incubation, RNA was extracted from the
cells (EZ1, QIAGEN, Hilden, Germany) and purified with RNeasy Mini Kit
(QIAGEN). The RNA concentration was measured at 280 nm with Var-
ioScan (Thermo Scientific Varioskan LUX multimode microplate reader).
Purified RNA was reverse transcribed into cDNA using the SuperScript 111
First-Strand Synthesis System (Invitrogen, Life Technologies), followed by
CFX Opus 96 real-time PCR (Bio-rad, Hercules, CA, USA) to assess viral M
protein expression. The following primers were used according to WHO
guidelines.[>]

Primer Forward: ATGAGYCTTYTAACCGAGGTCGAAACG (Tm 65 °C).

Primer Reverse: TGGACAAANCGTCTACGCTGCAG (Tm 63,3 °C).

The experiment evaluates the reduction of M protein expression in
H1N T-infected cells after surface treatment. As stated in the 7th version of
“WHO information for molecular diagnosis of influenza virus”,[34] matrix
(M) gene amplified with indicated primers generates a 244 bp PCR prod-
uct that is widely effective for the identification of influenza type A viruses
in human specimens.

Immunofluorescence was performed using an anti-HA antibody to de-
tect the viral haemagglutinin (HA) protein. The cell monolayer was fixed in
methanol/acetone (Carlo Erba reagents, Milian, Italy), permeabilized with
Triton X-100 (Bio-rad), and then incubated with a 1:250 diluted primary
antibody (MA 54239 Rabbit, ThermoFisher Scientific) specific for exposed
HA protein of HIN1. After rinsing steps, cell monolayer was exposed to a
1:4000 diluted secondary antibody conjugated with FITC (A 10530, Ther-
moFisher Scientific). The nuclei were stained with DAPI (ThermoFisher
Scientific), and the fluorescence was visualized using Eclipse Nikon confo-
cal microscope (Nikon Europe B.V, Amstelveen, Netherlands). The exper-
iment included: positive control (virus), negative control (medium only),
specificity control (secondary antibody exposition without primary anti-
body).

Assessment of Microbial Reduction and Antimicrobial Activity: To compare
the results obtained by the different methods employed for the evalua-
tion of the antimicrobial action of the samples, the microbial reduction
R induced by the coated surfaces with respect to the uncoated control
surfaces can be introduced as an estimation of the coating antimicrobial
efficiency:

R(%):(]—%)x]OO )

where:

T=concentration of viable microorganisms detected on the coated Test
surfaces;

C = concentration of viable microorganisms detected on the uncoated
Control disks.

More specifically, referring to each method used in our work, T and C
are intended as follows:

e In live/dead assays, the fluorescence intensity of live cells detected
after 4 h on the coated surface (T) and on the control substrate (C).

o In CFU mL~" experiments, the microbial concentration measured for
the coated surface (T) and the control substrate (C), detected at 3 h for
bacteria and 4 h for yeast.

e |n real-time PCR measurements, the viral load expressed as
measured on the coated surface (T) and on the infected control substrate
©.

As an equivalent way to express the coating effectiveness in reducing
the microbial population with respect to the uncoated surface, we can also

2—AACt
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represent the coating efficiency in the Logarithmic form, analogously to
the antimicrobial activity defined in the ISO standards for bacteria and
viruses,[°>%] introducing the antimicrobial activity (here denoted as A),
expressed as:

C
A= (U~ Uo) = (S~ Up) = U; — 5, = Log = @)

where:

Uy = Logarithm of the initial concentration of viable microorganisms;

U, = Log C = Logarithm of the concentration of viable microorganisms
detected on the uncoated control surface at the considered time period ¢
mentioned above;

S, = Log T = Logarithm of the concentration of viable microorganisms
detected on the coated specimen surface at the same time period t.

Cytotoxicity on Mammalian Cells: To test if the coated disks had
a toxic effect on mammalian cells, we performed the MTT cell vi-
ability test (Sigma—Aldrich) on murine embryonic fibroblasts (MEF)
(RRID:CVCL_9092, immortalized with 3T3 method as purchased from
HMGBiotech, Milan, Italy) grown in D-MEM (EuroClone, Milan, Italy cat.
ECB750) + 10%FCS (EuroClone) at 24 h. MEF culture at ~#60% confluence
were detached, washed and counted. A number of 2 x 10* cells well~1 in
0,5 mL of media was poured in 24-well plates containing the disks coated
with AZO-Ag, TiO,-Ag or uncoated control disks. Cells were grown at 37 °C
and 5%CO, for 24 h before performing the viability MTT test. After 24 h
of cells growth on the disks, the exhausted media was substituted by 500
ul of fresh media containing 50 ul of a 5 mg mL™' MTT solution and in-
cubated at 37 °C for 60 min. The MTT containing media was substituted
by 500 pl of solubilization solution (11 g SDS in 50 mL of 0.02 m HCl and
50 mL isopropyl alcohol) for 15 min. 200 pl of solution from wells were
poured in a 96-well plate and read at 4 = 560 nm by Promega Glomax
Spectrophotometer.

Statistical Analysis: Prior to statistical analysis, data were pre-
processed as follows. Fluorescent intensity values were expressed as per-
centages, calculated by dividing the single-channel intensity by the total
fluorescence emission, using Fiji (Image)). Real-time PCR results were ex-
pressed as 2722, Quantification of reactive oxygen species (ROS) was
determined as the ratio between fluorescence emission (at wavelengths
specified by the manufacturer) and absorbance at 600 nm, the latter used
to normalize for sample load after 24 h incubation with tested surfaces.
Cell viability was expressed as percentages, calculated as follow (%) =
[(Absorbance sample — Absorbance blank)/(Absorbance control — Ab-
sorbance blank)] x 100.

For the live/dead fluorescent assay, real-time PCR, viral immunoflu-
orescence, ROS quantification, and cytotoxicity, upon confirmation of
normal distribution, statistical comparisons were performed using a
one-way ANOVA test (two-sided). For CFU testing during time, com-
parisons among groups in different time-points were performed us-
ing the two-way ANOVA test (two-sided). All experiments were re-
peated three times, and data were given as mean + standard devia-
tion (SD). All statistical analyses were performed with GraphPad In-
Stat software v10 (GraphPad Software, San Diego, CA, USA). Differ-
ences were noted as significant * p < 0.05, ** p < 0.01, *** p < 0.001,
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