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For the first time, we exploited the antiviral and antibacterial properties of Ag NPs stabilised by quaternized
hydroxyethyl cellulose (Ag-HEC) against SARS-CoV-2 and Escherichia coli through an eco-friendly process
at room temperature in three different environments: 1) water, where Ag was dispersed as a nanosol, 2)
textiles, where Ag was applied as a coating, and 3) hydrogel where Ag is embedded. The antiviral
performance of Ag-HEC nanosols was quantified through the selectivity index (Sl), defined as the ratio
between 50% cytotoxic and inhibitory concentration, in order to evaluate the ability to be active in a
concentration range below the cytotoxicity value. The collected results pointed out an actual enhanced
risk/benefit profile of Ag-HEC NPs with respect to chloroquine, with an S| of 22.2 and 8.4, respectively.
Antibacterial and antiviral activities of Ag-HEC NPs immobilized on textiles or mucosa-like hydrogels were
also assessed and their efficacy in potential application as protective clothing or nasal molecular masks was
verified. This work demonstrated that a modern, safe and sustainable design allows traditional colloidal
silver-based technologies to be efficiently exploited for a broad spectrum of antimicrobial solutions against
bacterial and viral infections.

Antimicrobial nano silver-based solutions have been investigated since ancient times, but more than ever need reliable and sound strategies for their eco
design and verification. Our easily scalable synthetic route, transforming benign reagents, at room temperature, with almost complete yield, matches
sustainability criteria. The produced AgHEC nanosol tested against SARS-CoV 2 overcomes the big safety challenge of improving selectivity and identifying
use conditions where the antimicrobial activity is maximum, and toxicity is below the identified threshold limits (selectivity index > 10). The reduction, or
suppression, of bacterial and viral activities of AgHEC, also verified in textile coatings or hydrogel matrices, supports the use of Ag-HEC as an effective
antimicrobial agent for the industrial production of protective clothing or nasal molecular masks.

“ National Research Council of Italy, Institute of Science and Technology for
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1. Introduction

The proliferation and spread of resistant microorganisms
pose lethal threats to humans and animals. Just in the last
two decades, after the severe acute respiratory syndrome
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coronavirus (SARS-CoV) and the Middle East respiratory
syndrome coronavirus (MERS-CoV), SARS-CoV-2 emerged as
the third highly pathogenic human coronavirus; SARS-CoV-2
alone has caused the recent COVID-19 disease global
pandemic." Protection from these viruses and bacteria entails
two complementary strategies: 1) the inhibition of the
development of the diseases that follow infections, and 2) the
prevention of the infection itself by minimizing contact with
active pathogens. Vaccination and antiviral therapies are
considered optimal approaches to minimize the
consequences of viral infections; these pharmacological
solutions, however, cannot guarantee long-term immunity
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due to intrinsic uncertainties in their efficacy and to rapid
mutations of the pathogens; in addition, unavoidable
malfunctions in the massive production and distribution of
drugs and vaccines do not always ensure their immediate
availability. The inactivation of the pathogens before they can
reach humans and animals becomes then crucial to
counteract the development of viral and bacterial diseases.
On this line, in this paper, we report the antiviral and
antibacterial activities of a particular class of Ag
nanoparticles stabilised in a cellulose-based matrix* (Ag-HEC
NPs) and define the condition of their highest efficacy in
different applications.

The antimicrobial activity of metals such as silver, gold and
copper has been known for centuries,>® and the current
emergence of bacteria resistant to antibiotics has spurred
renewed interest in these materials;” *° in particular,
nanoparticles composed of these materials have been reported
to exhibit extraordinary efficacy against virus infection and
replication.”*™® The full exploitation of metal nanoparticles as
effective antimicrobial agents, however, faces two challenges: 1)
the environmentally sustainable production of massive amounts
of nano-enabled antimicrobials, and 2) the control of toxicity
that antimicrobial activity may induce. The same unique
properties of nanomaterials, in fact, that promise to transform
and improve currently available technologies may involve hard-
to-predict risks to human health and the environment."®>" 1t
must be also mentioned that existing nanotechnology solutions
suffer from a lack of a clear and scientifically sound quality and
efficacy validation pathway that, starting from the design stage
of the product development, ensures functionality, safety,
sustainability and regulatory compliance (or, preparedness).*”
To this purpose, knowledge from EU nano-safety projects can
really be helpful for defining decision criteria guiding the
selection of the best nanomaterials and manufacturing
processes. An example is reported in previous papers,>>**
suggesting a strategy for a safe by design (SbD) use and
verification of Ag NP based coatings.

As reported by Costa and Blosi,”> Ag-HEC NPs can be
produced by an up-scalable eco-friendly process. The
mechanisms of antimicrobial activity of Ag NPs, however, are
not yet fully understood; data suggest that differences in
structural, physical, and chemical characteristics lead to the
observed broad variability of antimicrobial activity of Ag
NPs.'*?*2° Among methods of green synthesis of silver
nanoparticles, polysaccharides are used as capping agents, or
in some cases, can serve as both reducing and capping
agents. Some examples of synthesis of cellulose-AgNPs are
reported in the literature; nevertheless, they require thermal
treatments and work at very low concentration of Ag (lower
than two orders of magnitude in comparison with the
proposed synthesis).’® The alternative use of a quaternised
hydroxyethyl cellulose takes advantage of the presence of
ionic ammonium groups that are expected to improve the
coordination capacity of cellulose surrounding the as-
synthesised Ag-nuclei and to add the intrinsic antimicrobial
and adhesive activities of the polymeric quaternary
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ammonium compounds to the designed antimicrobial nano-
phases.® To assess the use of Ag-HEC, in this paper we focus
on the assessment of the antimicrobial activity against SARS-
CoV-2 and Escherichia coli in three different forms
(representative of potential applications): i) dispersed in
water, ii) deposited on fabrics, and iii) embedded in mucose-
like hydrogels (3D-hydrogel scaffolds). Results from this
analysis will be used to establish the conditions that
minimize harmful risks preserving the antiviral and
antibacterial activities of the Ag-HEC NP-based substrates.

2. Results and discussion
2.1. Physicochemical characterization

Ag-HEC nanosol. The conversion of Ag salt to metal Ag
occurred with high efficiency (~99%), as revealed by the low
residual concentration of Ag' (Ag'/Ag tot = 0.07%) in
equilibrium with the metal phase in water. The quaternized
hydroxyethylcellulose (HEC) acts both as a chelating and
reductive agent toward the silver ions. When the alkaline
solution is added, a gel forms immediately, assuming a dark
brown color due to the formation of Ag,0 and to the first Ag
nuclei and turning to brown-yellow after about 24 hours with
a decrease of viscosity, till a complete formation of a Ag NP
dispersion. The alkaline condition generates new reducing
aldehydic end groups in HEC macromolecules®® which
promote the reduction of Ag ions to nanoparticles nucleated
and grown into the polymer acting as a chelating agent as
well. HEC/Ag = 5.5 and NaOH/Ag = 2.8 were identified as the
optimal molar ratios to control reduction, nucleation and
growth phenomena and ensure total Ag" conversion, particle
size homogeneity and long colloidal stability over time. The
metal phase consisted of nanoparticles with spheroid
morphology, with diameter in the range of 2-20 nm (mean
diameter 9 nm + 1 nm) as revealed by TEM images (Fig. 1);
an evident absorption band in the surface plasmonic
resonance centered around 410 nm (Fig. S1t) confirmed
these results. Let us observe that these sizes fall in the range
of sizes for which a high antibacterial activity has been
reported.’>** The hydrodynamic diameter assessed by DLS
refers not only to the inorganic particle, but to the particle
comprising the chelating polymer and representing the
kinetic unit in suspension. For this reason, AgNPs embedded
into HEC polymeric chains exhibited diameters much larger
than the real ones measured by TEM. The positive surface
charge is in line with the cationic quaternized hydroxyethyl
cellulose adsorption on the particles' surface.

6-month aging does not alter the colloidal stability of the
AgHEC nanosol, the sample shows a lower hydrodynamic
diameter and polydispersity index (PDI), and is characterized
by a lower Ag salt to Ag metal degree of conversion, as the
reaction was completed during the storage time (Table 1). In
order to characterize the samples also in culture media where
the cytotoxicity is measured, we diluted the Ag-HEC nanosol
in DMEM + FBS 10%, and verified the expected formation of
a negative corona®?**° (negative zeta potential), with an

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 TEM micrographs (a) and size distribution (b) of as-synthesized
Ag-HEC NPs. TEM micrograph of Ag NPs at higher magnification (al);
close up showing lattice fringes (a2); and (a3) FFT indexed to cubic Ag
(ICDD card no: 00-001-1167).

increase of the percentage of the ionic fraction at the
equilibrium, due to the complexation of metal ions with
proteins.*®

A high degree of crystallinity of the Ag NPs can be revealed
from Fourier-transform of TEM images that exhibited, in fact,
visible lattice fringes (Fig. 1-a2). Some of the points on the
FFT are indexed to cubic Ag lattice planes, which are marked
with the corresponding indices on the FFT micrograph
(Fig. 1-a3).

Ag-HEC coated fabrics. ICP-OES analyses performed on
the Ag-HEC coated fabrics revealed an inhomogeneous
distribution of Ag NPs on the surfaces, with a mass of Ag per
unit mass of textile that varies from 0.028 to 0.21 mg g™
among three different sample zones. This inhomogeneous
distribution of Ag is visible (yellow sample) in optical
photographs of fabrics spray-coated with Ag-HEC reported in
Fig. S2.7 This inhomogeneous distribution has been already

Table 1 Summary of the Ag-HEC nanosol's physicochemical properties
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reported for spray-coating of nanoparticles and is the same
for the three different textiles.””

Ag-HEC 3D-hydrogel scaffolds. The composition of Ag-
HEC hydrogels is detailed in Table S1.f The Ag concentration
in the wet hydrogels was 0.025 wt%. After water removal by
freeze-drying, we obtained dried hydrogels, tested as
scaffolds, with Ag contents ranging from 1.37 wt% (for Ag-
HEC/K-Carr and Ag-HEC/Agar) to 1.07 wt% (for Ag-HEC/K-
Carr/Chit and Ag-HEC/Agar/Chit). Fig. S31 shows pictures of
freeze-dried samples. For Ag-HEC hydrogels, both the
swelling capacity and water dissolution, with reference to the
dried gel weight, were measured and are reported in Table 2.

The K-carrageenan-based hydrogel showed the smallest
swelling capacity and the highest degree of dissolution in water,
whilst the addition of chitosan or agar improved both the
swelling capacity (i.e., the amount of water that the hydrogel
can absorb without damage) and the stability in water.

2.2. Cytotoxicity tests

The in vitro cytotoxicity of the Ag-HEC nanosol was
investigated by the MTT assay and compared to that of
chloroquine (CQ), a well-known antibacterial and virucidal
drug. Exposing the Vero cell cultures to a series of Ag-HEC
nanosols and CQ at different concentrations yielded values of
CC50 and CC10, which are the concentrations that lead to
50% and 10%, respectively, reduction of cell viability (Table 3
and Fig. 3).

Based on these data, the lowest cytotoxic concentration of
the Ag-HEC nanosol was found to be 126 + 28 pg mL™". We
observe that this value is well below 1 wt% (10 000 pug mL ™),
that is the maximum limit suggested by the scientific
committee on consumer safety (SCCS),*® reported in the
latest scientific advice on the safety of nanomaterials and
cosmetics; so, considering the hypothesized application and
based on the results of cytotoxicity tests, we can estimate
concentrations up to 300 ug mL™" are applicable and can be
used to compare the antiviral activity of Ag NPs with
chloroquine.

2.3. Antiviral activity

Antiviral activity of Ag-HEC nanosol. The antiviral activity
of the Ag-HEC nanosol was tested following two different
schemes of exposure: 1) exposure of cells to a mixture of Ag-
HEC nanosol and virus [(Ag-HEC nanosol + virus) + cells],
and 2) addition of the Ag-HEC nanosol to cells that have been
infected with virus, [(virus + cells) + Ag-HEC nanosol].

Sample dprs (nm) PDI Zeta potential (mV) pH Ag'/Ag tot (%)
Fresh Ag-HEC (MilliQ water) 328 £ 52 0.4 175+ 2 12.2 + 0.1 0.07 £ 0.02
Aged” Ag-HEC (MilliQ water) 241:9 0.3 6.3+0.4 129+ 1.4 0.02 £ 0.01
Ag-HEC (DMEM + FBS 10%) 93 +3 0.6 -1.9+£0.5 8.5+£0.2 0.20 £ 0.10

The Ag-HEC nanosol has been diluted in MilliQ water and in culture medium (50 pg mL™", 1 h of exposure). 6 months of storage at 4 °C.

This journal is © The Royal Society of Chemistry 2022
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Table 2 Ag-HEC hydrogels' swelling capacity and dissolution in water

Sample wd (g) Swelling (%) Dissolution (%)
Ag-HEC/K-Carr 0.81 20.8 13.4
Ag-HEC/Agar 0.42 36.5 0.1
Ag-HEC/K-Carr/Chit 0.44 32.7 7.0
Ag-HEC/K-Carr/HEC 0.44 37.4 11.3

Table 3 CC50 and CC10 of the Ag-HEC nanosol and CQ

Ag (ug mL™) CQ (um)*
CC50 275.7 £ 64.5 95.3 +18.0
CC10 126.0 + 27.8 209+4.4

“ MW CQ = 319.87 g mol'; therefore CC50 = 30.5 ug mL™" and CC10
=6.7 ug mL™.

The second scheme, adopted also for chloroquine, did not
lead to any observable effect, while we detected a reduction
of viral activity in the first case. These observations suggest
that Ag NPs interfere directly with the virus and prevent the
contact between active SARS-CoV-2 and the cells.

Table 4 summarizes the results obtained by gRT-PCR
expressed in terms of difference in the cycle threshold ACt
and viral load (as the average of minimum three
experiments), and the percentage of SARS-CoV-2 replication.
The Ag-HEC nanosol at the highest concentration of 300 pg
mL ™" showed an antiviral activity comparable with CQ at 16.7
uM that was tested following the second scheme of exposure
([virus + cells] + CQ). These results reveal different
mechanisms of antiviral action for Ag-HEC NPs and CQ; Ag-
HEC NPs inactivate the virus before it penetrates into the
cells, whilst CQ affects the replication steps once the virus
has entered into the host cell. The details of the mechanism
of antiviral action of Ag NPs are not yet fully clarified;
nevertheless the most accredited hypothesis, consistent with
our observations, assumes that, outside the cell, viruses may
adsorb on the surface of NPs, which, in turn, mask the

receptor and binding domain (spike proteins).*>*° In
Ag-HEC conc (ug/ml) cQ (pm)
55 16,7 37,5 75 150 300 16,7 50
000 g
C

-3,00
2-4,00
3 5,00
-6,00
-7,00
-8,00
-9,00

Fig. 2 Values of ACt for SARS-CoV-2 vs. concentration of Ag-HEC
nanosol (blue) and chloroquine (red).
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Fig. 3 SARS-CoV-2 viral load data (copies per ulL) and cell viability
data (OD 550-650 nm) were normalized versus untreated infected
controls according to the following formula: % control = 100 x (viral
load or OD treated sample/viral load or OD untreated control). Data
were plotted as a function of the Ag-HEC nanosol and CQ
concentration and curve fitting was obtained by non-linear regression
analysis using a four-parameter logistic method (software
GraphPadPrism 6). The results are the mean of three independent
experiments.

contrast, CQ can act at the early stage of virus replication,
blocking intracellular signaling and affecting virion assembly
and budding.*!

Fig. 2 reports the variation of ACt for the Ag-HEC nanosol
at different concentrations. It can be noted that the antiviral
activity remained approximately constant at concentrations
below the CC10 (~150 ug mL™) and exhibited an abrupt
increase at 300 ug mL™', a concentration higher than the
CC50 (275 pg mL™') for cytotoxicity. We recall that the
cytotoxicity of the Ag-HEC nanosol is partially due to the
release of Ag", which induces the denaturation of proteins
that regulate ATP production and DNA replication, but also
to the generation of radical oxygen species (ROS) that break
down membrane and mitochondrial function.>**>

Most likely, at concentrations larger than CC50, a
synergistic effect of inactivation of the binding domain of the
virus by the Ag NPs** and cytotoxicity induced by the release
of Ag' occurs and leads to the abrupt increase of antiviral
activity around 300 pug mL™" of Ag-HEC.*?

The virucidal activity of the Ag-HEC nanosol was
confirmed by the plaque assay in the concentration range of
18 ug mL™ to 150 pg mL™" (Table 6), which revealed a
reduction of SARS-CoV-2 infectivity by ~50% at 150 pg mL ™.

The objective of the investigation of cytotoxicity and
virucidal activity was to define the concentrations of the Ag-
HEC nanosol that can be used in antiviral application with
no residual toxicity; this amount can be estimated from the
selectivity index (SI), that is, the ratio of cytotoxicity to
biological reactivity, in the present study given by CC50/IC50
(the antiviral 50% inhibition concentration). Fig. 3 shows the
effect of concentration of the Ag-HEC nanosol and CQ on the
SARS-CoV-2 viral load and Vero cell viability, and Table 6
reports the values of the cytotoxicity and antiviral activity and
the corresponding values of selectivity index for the Ag-HEC
nanosol and chloroquine.

The selectivity index for the Ag-HEC nanosol was found to
be above the limit (=10) assumed for promoting its effective
and safe use.** Furthermore, a selectivity index higher than
that of CQ clearly suggested a broader range of safe

This journal is © The Royal Society of Chemistry 2022
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Table 4 Antiviral activity of the Ag-HEC nanosol against SARS-CoV-2 expressed as mean ACt, mean viral load, and percentage of replication. The HEC
sample corresponds to the blank suspension containing all the synthesis additives, except for AQNPs

Concentration of

Ag-HEC nanosol (ug mL™) ACt Viral load (copies per pL) % SARS-CoV-2 replication
300 -5.03 + 1.20 5.11 x 10%* + 6.95 x 10° 7.27
150 -2.46 + 0.31 2.19 x 10° + 4.49 x 10° 31.17
75 -2.14 + 0.33 1.64 x 10°* + 4.30 x 10° 23.35
37 -1.96 + 0.40 1.75 x 10° + 3.78 x 10* 24.95
16.7 -2.43 + 0.02 2.39 x 10°* + 2.25 x 10* 34.09
5.5 -0.31 + 0.20 5.18 x 10 + 5.12 x 10* 73.89
300 (HEC_blank) 0.17 + 0.02 7.59 x 10 + 6.01 x 10° 100
37.5 (HEC_blank) -0.21 + 0.08 6.70 x 10” + 4.40 x 10° 95.30
Chloroquine (control) 50 uM -7.90 + 2.18 1.80 X 107% + 4.62 x 10” 0.25
Chloroquine (control) 16.7 uM -4.24 +1.04 4.89 x 10%* £ 2.23 x 10° 6.90
No treatment 0 7.03 x 10° + 2.35 x 10° 100

Data for the difference in cycle threshold (ACt) and viral load are mean values + standard deviations of, at least, three experiments.

0.05.

concentration of the Ag-HEC nanosol to be used in
application (Table 5).

Antiviral activity of Ag-HEC fabrics and scaffolds. Finally,
the virucidal activity against SARS-CoV-2 was also evaluated
for the virus exposed to immobilized Ag NPs, in the form of
coating (PPNW/PVA/Ag-HEC fabric) and scaffold (Ag-HEC/K-
Carr hydrogel) (Table 7).

The virus activity on Ag-HEC-loaded fabrics and scaffolds
was reduced by about 33% and 44%, respectively, when
compared with the untreated substrates, pointing out that
although Ag NPs were immobilized on a matrix the antiviral
action capability was kept. It is important to stress that
withdrawing the virus from the hydrogel scaffolds after
exposure was difficult, indicating a potentially synergistic
effect against virus replication due to the adsorption/
entrapping action of the hydrogel combined with the de-
activation by Ag NPs.

These results are also encouraging from the perspective of
promoting the safe use of Ag-HEC through the two potential
applications suggested by the two nano-enabled products
(fabrics to be used in personal protective equipment and
hydrogel as a base for protective molecular masks). In fact, as
schematized in Fig. S4,f the Ag amount corresponding to the
reference dose for oral exposure of bulk Ag, as suggested by
the EPA (350 pg person ' day '),*’ is potentially delivered by
a large area of fabrics (from A3 to A1 formats, due to the
inhomogeneity of Ag deposited) or by 1/3 of the volume of
the hydrogel scaffold produced, so the real dose that can be

Table 5 Antiviral activity (IC50), cytotoxicity (CC50, CC10) and selectivity
index of the Ag-HEC nanosol and CQ

Compound 1C50 CC50 CC10 SI
Ag-HEC (ug mL™") 1242 2757 +64.5  126.0 £27.8  22.2
CcQ (uM) 11.30 95.3 + 18.0 20.9 + 4.4 8.43

Data are the means + SD of three independent experiments
performed in duplicate; SI = selectivity index = CC50/IC50.

This journal is © The Royal Society of Chemistry 2022

a:P<

extrapolated, in the hypothesized condition of use, will be
reasonably below such limit.

2.4. Antibacterial activity of Ag-HEC fabrics and scaffolds

The results of antibacterial tests performed on Ag-HEC
coated fabrics are reported in Table 8. The tests were
performed also after abrasion or washing (laundering cycles)
in order to assess washing and mechanical resistance.

All the Ag-HEC coated fabrics showed a substantial, and
in some cases complete, reduction of Escherichia coli after 1
hour. These results revealed also a strong adhesion of Ag NPs
to the hydroxyethyl cellulose matrix (HEC) which led to
efficient antibacterial activity after washing. Table 9 reports
the results for antibacterial activity of the 3D-hydrogel
scaffolds, which, by loading with Ag-HEC, exhibited a
complete removal of E. coli.

3. Materials and methods

3.1. Synthesis of Ag-HEC and preparation of the relative
nanosol

Ag NPs can be prepared by an efficient (reaction yield, 99.9%)
and scalable synthetic protocol patented by Costa and
Blosi,*® which leads to a concentrated nanosol (0.1-0.5 wt%
Ag) stable for 12 months. In short for Ag-HEC 0.5 wt%, a 0.05
M solution of silver nitrate (Sigma-Aldrich, USA) was added
to a solution of quaternized hydroxyethyl cellulose, HEC
(Dow Chemical, USA), with a HEC/Ag molar ratio of 5.5; the
resulting solution was stirred for 5 minutes. A 1 M solution
of NaOH (Sigma-Aldrich, USA) was then added dropwise to
the reaction mix up to a NaOH/Ag molar ratio of 2.8 to form
a gel. Formation of metal Ag from reduction of Ag ions leads
to a black-brown color of the gel, which, however, turned into
a yellowish brown low viscosity dispersion after 24 hours.
This gel, composed of Ag NPs dispersed in a matrix
(network) of quaternized hydroxyethyl cellulose, can be easily
dissolved in water to obtain nanosols of suitable
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Table 6 Virucide activity of the Ag-HEC nanosol and CQ expressed as the mean number of plaques mL™, and as the percentage of replication

Mean PFU mL ™" + SD (% of replication)

Untreated infected cells 18 ug mL™" 37 pg ML 75 pg ML 150 pug ML~
Ag-HEC nanosol 59.38% + 6.86 47.92 + 6.93 39.17% + 5.60 44.58% £ 6.52 27.71% + 3.03
(100%) (80.7%) (65.97%) (75.09%) (46.67%)
Untreated infected cells 1.9 uM 5.6 UM 16.7 uM 50.0 uM
cQ 85 (100%) 73.3 (86.2%) 54.3 (63.8%) 0 (0%) 0 (0%)

“=p<0.05.

Table 7 Virucide activity of PPNW/PVA/Ag-HEC fabric and Ag-HEC/K-Carr hydrogel scaffold, expressed as the mean number of plaques per mL and as

the percentage of replication

Mean PFU mL™" + SD (% SARS-CoV-2 replication)

Untreated infected

Treated infected

PPNW/PVA/Ag-HEC fabric
Ag-HEC/K-Carr hydrogel scaffold

“=p <0.05.

concentration; the physicochemical characterization of Ag-
HEC nanosols are described in the ESL{

3.2. Deposition of the Ag-HEC nanosol on different types of
fabric and its resistance to washing and abrasion

We used 5 mL of nanosol to deposit, by spray coating, Ag-
HEC NPs on textile substrates. To improve the adhesion of
Ag-HEC NPs, we added poly(vinyl alcohol), PVA, with a
molecular mass of 130 kDa and hydrolysis degree >99%
(Sigma-Aldrich, USA), to the nanosol. PVA was dissolved at a
concentration of 1.0 wt/vol% in water and kept for 2 hours
under stirring at 90 °C. The polymeric solution was cooled
down overnight under stirring, then the Ag-HEC nanosol at
0.1 wt% Ag content was added with a 1:1 volume ratio. The
resulting PVA/Ag-HEC NPs dispersion was stirred for 2 hours
to ensure homogeneity. This dispersion was used to deposit
Ag-HEC NPs on three different types of fabric composed of

Table 8 Antibacterial tests performed on Ag-HEC coated fabrics. Fabrics
coated by HEC refer to the application of the blank suspension
containing all the synthesis additives, except for AQNPs

Ag-HEC coated fabrics Bacterial reduction%

PVA (reference) 272+ 1.5
PPNW/PVA/HEC (blank) 15+ 1.0
PA 6,6/PVA/HEC (blank) 15 + 1.0
PET/PVA/HEC (blank) 15 + 1.0
PPNW/PVA/Ag-HEC 100

PA 6,6/PVA/Ag-HEC 100
PET/PVA/Ag-HEC 100

PA 6,6/PVA/Ag-HEC after 1000 abrasion cycles  95.8 + 0.9
PA 6,6/PVA/Ag-HEC after 1 laundering 85.4 +1.6
PA 6,6/PVA/Ag-HEC after 10 launderings 91.2 + 2.9
PET/PVA/Ag-HEC after 1000 abrasion cycles 99.0 + 0.3
PET/PVA/Ag-HEC after 1 laundering 99.4 + 0.6
PET/PVA/Ag-HEC after 10 launderings 84.7 £ 5.4

4300 | Environ. Sci.: Nano, 2022, 9, 4295-4304

49.38% + 5.66 (100%)
112 + 1.74 (100%)

32.71% + 3.54 (66.25%)
62.75% + 3.04 (56.03%)

the most used polymeric fibers: 1) spunbonded non-woven
polypropylene (PPNW) composed of 16 um fibers, with an
areal density of 23 g m™?; this type of fiber is used in clothing
products and in many other applications that include
automotive, building products, filtration, and lamination; 2)
polyamide (PA 6,6) fabric, with a tread count of 44 x 36 yarns
em™ and 59 g m™? areal density; PA 6,6 finds applications in
the clothing industry (e.g., fashion, technical, sport, lingerie);
and 3) ISO 105 F04 polyethylene terephthalate (PET) fabric;
PET yarn is used to produce clothes and carpets. The coated
fabrics were then oven dried at 80 °C for 2 min.

We tested the antiviral and antibacterial activities of 20
cm x 20 cm square samples of each coated fabric.

The resistance of the functionalized samples against
washing and abrasion was also assessed; washing was
assessed, according to ISO 105-C06 A1S, at 40 °C with an ECE
detergent and repeated washing cycles of 30 min, while 1000-
cycle abrasion tests were performed according to ISO 12947-2
using a Martindale apparatus at 12 kPa loading.

3.3. Embedding of Ag-HEC NPs into hydrogel-based scaffolds

For the preparation of Ag-HEC hydrogel-based scaffolds, the
Ag-HEC nanosol (0.5 wt% Ag) was mixed with aqueous
solutions of different biopolymers (K-carrageenan, agarose,
chitosan) in the amounts reported in Table S1.f The Ag-HEC
nanosol was heated up to 90 °C under magnetic stirring and
the biopolymeric solutions were added to the Ag-HEC
nanosol dropwise and kept at 90 °C for a further 20 min.
After that, the suspension was cast into silicon molds and
allowed to cool to room temperature for 4 hours. The gelled
samples were freeze-dried and easily removed from the
molds. 3 cm x 3 ¢cm hydrogel squares (0.5 cm thickness, mass
about 0.1 g) were thus prepared. Hydrogels without added Ag
were also produced and tested as negative control blanks

This journal is © The Royal Society of Chemistry 2022
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Table 9 Antibacterial tests performed on Ag-HEC 3D-hydrogel scaffolds
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Conc. Ag

Sample Weight (g) (Wt%) Bacterial reduction (%)
Blank 1 (K-Carr/HEC/Chit) 1.08 0.00 0

Blank 2 (K-Carr/HEC) 0.94 0.00 0

Ag-HEC/K-Carr/Chit 1.12 1.07 100

Ag-HEC/K-Carr 1.27 1.37 100

Ag-HEC/Agar/Chit 1.10 1.07 100

Ag-HEC/Agar 0.87 1.37 100

(Blank 1 and Blank 2). Methods for the determination of the
swelling capacity and dissolution in water (stability) of the
hydrogels are described in the ESIL}

3.4. Cytotoxicity of the Ag-HEC nanosol and comparison with
chloroquine

We tested the cytotoxicity of the Ag-HEC nanosol and
chloroquine, the reference drug, by the MTT assay in Vero
cells (ATCC-CCL81-monkey kidney epithelial cells). Before
testing, cells were maintained in DMEM supplemented with
10% heat-inactivated fetal calf serum, 2 mM glutamine, 100
units mL™" of penicillin, and 100 ug mL™" of streptomycin.
Cytotoxicity was measured on cells seeded into 96-well plates
at a concentration of 1 x 104 cells per well. After incubation
for 24 hours, cells were treated with serial 4-fold dilutions of
the Ag-HEC nanosol (from 500 to 0.5 pg mL™'), or
chloroquine (from 200 to 1.6 uM) (tested as positive control),
by maintaining a final volume of 200 pl. After incubation for
72 hours at 37 °C in 5% CO,, cell viability was measured by
the MTT assay.”’ The absorbance was measured
spectrophotometrically at a test wavelength of 550 nm and a
reference wavelength of 650 nm, using a Synergy 4 microplate
reader (Biotek, GE). The percentage of viable cells was
calculated using untreated cells as a control (100% viability)
using the formula:

(sample abs)

%) =100- ——————=
(%) (control abs)

1)

From this equation, we estimated, by the Gene5 software,
the CC50, that is, the concentration of Ag-HEC NPs, or
chloroquine, that reduced the viability of Vero cells by 50%
with respect to the untreated cells. This parameter is very
useful in comparing the effects of different compounds on
the response of cell culture: in principle, the lower the value
of CC50, the more cytotoxic the compound.

3.5. Biological activity

Antiviral activity of the Ag-HEC nanosol. For testing the
antiviral activity of the Ag-HEC nanosol, Vero cells were
seeded into 96-well plates at a density of 1.3 x 104 cells per
well and incubated for 24 h at 37 °C in 5% CO,. SARS-CoV-2
virus was isolated from nasal-pharyngeal swabs as described
in the ESIj The Ag-HEC nanosol was incubated with the

This journal is © The Royal Society of Chemistry 2022

virus (corresponding to a MOI of 0.05; 1000 PFU per well) at
Ag concentrations of 300, 150, 75, 37, 16.7, and 5.5 pg mL ™",
for 1 hour at room temperature, then cells were infected and
incubated for 2 hours at 37 °C in 5% CO,.

In all the experiments, chloroquine was used as a control
drug, although incubated according to a different scheme:
after removal of the virus inoculum, the cells were treated
with only the medium (control) or the medium containing
chloroquine (from 50 to 1.9 uM), and incubated for 72 hours
at 37 °C, 5% CO,.

The scheme used for chloroquine was also used with the
Ag-HEC nanosol, at the same dose range reported above, in
order to check if differences in the mechanism of action
occurred by inverting the order of exposure. Therefore, the
following two cases were considered for the Ag-HEC nanosol:
[Ag-HEC nanosol + virus] + cells (1st case) or [virus + cells] +
Ag-HEC nanosol (2nd case).

The antiviral activity of the Ag-HEC nanosol against SARS-
CoV-2 was monitored by qRT-PCR.

Antiviral activity of fabrics coated with Ag-HEC NPs. For
testing the antiviral activity of fabrics loaded with Ag-HEC
NPs, a total of 150 pL of the virus inoculum was deposited on
the Ag-HEC coated fabric samples (average weight 0.07 + 0.02
g) following the 1SO18184 International standard protocol.
After exposure, the inoculum was washed out with 20 mL of
cell growth medium. The resulting washing medium was 10-
fold serially diluted before measuring the virucidal activity in
triplicate by a plaque assay, as described in section 2.3, and
reported as the percentage of viral replication, considering
the replication on untreated fabrics as 100%. Uncoated
fabrics were used as negative controls.

Antiviral activity of 3D-hydrogel scaffolds loaded with Ag-
HEC NPs. For testing the antiviral activity of hydrogel
scaffolds loaded with Ag-HEC NPs, a total of 150 pL of the
virus inoculum was deposited on freeze-dried hydrogels
(average weight 0.11 + 0.02 g), following 1SO21702, and dried
at room temperature for 1 h. As for the coated fabrics, the
antiviral activity of Ag-HEC loaded hydrogel scaffolds was
estimated from triplicate analysis of a plaque assay, as
described in section 2.3, and reported as the percentage of
viral replication, considering the replication on untreated
scaffolds as 100%. Free-Ag scaffolds were used as negative
controls.

Virucidal activity via qRT-PCR. Virucidal activity was
quantified, by specific quantitative real-time polymerase

Environ. Sci.: Nano, 2022, 9, 4295-4304 | 4301
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chain reaction (qQRT-PCR), from the number of copies of viral
RNA isolated from the cell supernatants using the Nucleospin
RNA virus kit (MAcherey Nagel, Germany). Results were
expressed as:

e The difference in cycle threshold (Ct) values of the
supernatant of untreated and treated infected cells (ACt = Ct
of the supernatant of untreated - Ct of the supernatant
treated infected cells); Ct is inversely correlated to the
amount of the target; ACt = 3 corresponds to an average
decrease of viral load of 1 log;*®

e The SARS-CoV-2 load expressed as copies per mL;

e The percentage of replication compared to the untreated
control calculated based on copies per mL.

Virucidal activity via a plaque assay. In order to verify the
virucidal activity of the compounds (Ag-HEC coated fabrics or
loaded hydrogel scaffolds), a plaque assay was conducted
after the virus + compound inoculum (400 pL per well) was
put on the cells, plated in a 96-well plate. After 2 h the
inoculum was removed and the cells were covered with 0.3
wt% agarose dissolved in cell medium and incubated for 72
h at 37 °C with 5% CO,. Cells were fixed with 4 wt%
formaldehyde solution and, after agarose removal, stained
with methylene blue. Plaques were counted and results are
expressed as PFU mL ™" and as log of the difference between
untreated infected cells and treated infected cells.

Statistical analyses for virucidal activity tests. All data
obtained were analyzed with GraphPad Prism 7.0 software.
Statistical analyses for the comparison of uninfected or
infected cells were conducted using unpaired Student's ¢-test.
A two tailed-p value < 0.05 was considered statistically
significant.

Antibacterial assay. The antibacterial activity of Ag-HEC
fabrics and scaffolds was measured by following the standard
methodology ASTM E2149-13 (“Standard test method for
determining the antimicrobial activity of antimicrobial agents
under dynamic contact conditions™) against Escherichia coli
ATCC 11229 (Gram negative). The tests were performed by
diluting the bacterial inoculum up to 1.5-3.0 x 105 CFU
mL™". 1 g of the substrate (Ag-HEC fabric or scaffold) was
immersed in 50 mL of inoculum and kept under stirring (190
rpm) for 1 h at room temperature. After that, 1 mL of
solution was incubated for 24 h in Yeast Extract Agar at 37
°C. The tests were performed in duplicate. The antibacterial
activity was expressed as bacteria reduction (%) and
calculated as follows:

(B-4)

Bacteria reduction (%) = TJOO (2)

A: number of bacterial colonies in the diluted inoculum in
contact with the substrate;
B: number of bacterial colonies in the diluted inoculum.

4. Conclusions

In this study, we presented an effective antimicrobial Ag NP
technology prepared by an eco-friendly and easily scalable
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synthetic route entirely carried out at room temperature in
the presence of benign reagents; the method yields Ag NPs
embedded in a hydroxyethyl cellulose matrix (Ag-HEC NPs).

Antibacterial and antiviral activities were tested against
Escherichia coli and SARS-CoV-2 respectively, with the latter
one being isolated from a nasal-pharyngeal swab. We proved
the antiviral and antibacterial properties of these Ag-HEC
NPs in three different forms: dispersed in water (droplet
environment), deposited on textile substrates (surface
environment), and embedded in a mucose-like hydrogel
(biological target environment).

Our findings pointed out an actual enhanced risk/benefit
profile of Ag-HEC NPs with respect to chloroquine, as
supported by a selectivity index > 10, the recommended limit
set for a selective bioactive sample.*’

The antiviral activity in the presence of Ag-HEC NPs was
set around 30% of SARS-CoV-2 replication passing from very
low Ag concentration up to 150 pug mL™' (below the no-
cytotoxicity limit), whilst it abruptly increased at the highest
tested concentration (300 pug mL ™), close to the CC50 value,
where only 7% of the virus replicated. Unlike what happened
with chloroquine, a pre-incubation of Ag-HEC with SARS-
CoV-2 is required for efficient inhibition of SARS-CoV-2
replication. This result supports the existence of two distinct
antiviral mechanisms: one (for Ag NPs) occurring before virus
penetration in the cells, with the second (for CQ), occurring
after the virus has entered into the host cell, affecting
replication steps.*

The mucose-like hydrogels loaded with Ag NPs showed
very promising antibacterial and antiviral properties. In
addition to bacteria and virus de-activation, it was observed
for the hydrogels a marked sorbent capability which enabled
a mechanical entrapment of the virus. Finally, also Ag NPs
immobilized on the textile substrate showed the capacity to
inhibit virus replication, although a full clarification of the
involved mechanism requires further investigations. The
reduction, or suppression, of bacterial and viral activities by
these different substrates supports the use of Ag-HEC as an
effective antimicrobial agent for the industrial production of
protective clothing or nasal molecular masks.
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