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ARTICLE INFO ABSTRACT

Keywords: Coronavirus Disease 2019 (COVID-19) occasioned global economic and health systems collapse. Also, it raised
SARS-CoV-2 several concerns about using conventional cotton fabrics for manufacturing personal protective equipment
Antimicrobial without the antimicrobial capacity to inactivate viruses, such as Severe Acute Respiratory Syndrome Coronavirus
éﬁ\?er 2 (SARS-CoV-2) and its variants. Therefore, developing antimicrobial cotton fibers is crucial to avoid new global

pandemics or the transmission of dangerous pathogens that remain on surfaces for long periods, especially in
hospitals and medical clinics. Herein, we developed antimicrobial cotton fabrics with Ag, ZnO, and Ag/ZnO
nanoparticles and evaluated their bactericidal activity against Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus), photocatalytic activity, and antiviral activity against Delta SARS-CoV-2. Although the antimicrobial
fabrics are effective against these bacteria, they only reduce part of the SARS-CoV-2 virions during the first 15
min of direct contact via damage only to biological structures on the viral surface particle while the viral RNA

Multifunctional textiles

remains intact.

1. Introduction

With the current global pandemic of Coronavirus Disease 2019
(COVID-19) caused by Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2) [1], several efforts are being made to develop functional
materials with the ability to disable this coronavirus quickly [2]. This
preoccupation occurs since SARS-CoV-2 can remain infectious on the
surface of various materials used as personal protective equipment (PPE)
and clothes for more than one day [3-7]. Recently, Virtanen et al. [8]
reported that SARS-CoV-2 could remain infectious on contaminated
clothing materials for up to 5 days, bringing several concerns about
human safety.

Humans have widely used cotton fibers as a renewability and
biodegradability feedstock to manufacture clothes essential for the
maintenance of human life [9]. Cotton fabrics (CF) do not have an
intrinsic antimicrobial capacity, requiring surface treatments of this
natural material mainly to produce safe biological PPEs, such as masks

and coats. ZnO and silver have been the leading industrial and scientific
options for this purpose, showing inhibiting effectiveness against the
growth of a broad spectrum of pathogenic microorganisms [10-13].
They are widely used as intrinsic antimicrobial agents due to their
ability to cause the death of microorganisms and the destruction of the
viral structure by metal ions releasing and reactive oxygen species (ROS)
generation.

ZnO is a semiconductor metallic oxide, non-toxic, low-cost, consid-
ered safe for direct contact with humans and animals, being a versatile
material to be designed in several nanostructures [14]. ZnO displays
have been explored in different technological areas due its photo-
catalytic properties, such as photocatalysis, photoelectronic, sensor, and
photovoltaic cells [15]. Silver is a noble metal with a well-established
antimicrobial activity and can improve the photocatalytic perfor-
mance of semiconducting oxides via plasmon resonance, which induces
electron transfer at silver/oxide interfacial, occasioning a delay on
recombination electron-hole pairs [16]. Several methods have been
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utilized to synthesize nanoparticles (NPs) of these materials [17-19].
Among them, sonosynthesis is an emerging route adequate to prepare
NPs in a sustainable and no-time-consuming way [20-24]. For his pur-
pose, ZnO and silver nanoparticles (NPs) are prepared by submitting
their precursors to ultrasonic irradiation that cause acoustic cavitation,
local heating (superior to 5000 K), and local pressurization (higher than
1000 atm). Using these antimicrobial agents as nanoparticles with di-
ameters lesser than 100 nm brings advantages for antimicrobial appli-
cations, such as high surface area and the possibility of using a low
amount of material, mainly for silver, an expensive metal.

In this contribution, we successfully synthesized AgNPs, ZnO-NPs,
and AgNPs, ZnO-NPs, and their nanocomposites via sonochemistry.
Moreover, we effectively fixed these nanoparticles on the CF surface.
Our findings show that these nanoparticles may not provide sufficient
antimicrobial capacity for cotton fabrics (CF) to ensure rapid and
effective protection against infectious SARS-CoV-2 particles, which is
worrisome since several coronavirus variants are emerging worldwide.

2. Materials and methods
2.1. Materials

The cotton fabrics (CF) were purchased from a local fabric store (Sao
Paulo, Brazil). ZnO-NPs (< 50 nm) were acquired from Sigma-Aldrich
Inc. (Sao Paulo, Brazil). Anhydrous gallic acid was obtained from
InLab. Phenol, neutral detergent, ethanol, 1-ascorbic acid, trisodium
citrate, and silver nitrate were obtained from Labsynth (Sao Paulo,
Brazil). The water-based acrylic binder (Acrylic Resin 180 W) was
purchased from Redelease (Sao Paulo, Brazil). Nutrient agar culture
medium was purchased from Himedia. Methylene blue (MB) was ac-
quired from Merck.

2.2. Synthesis of AgNPs and Ag/ZnO-NPs

Trisodium citrate (1 g) was dissolved in 100 mL of ZnO aqueous
suspensions (0, 1000, and 2000 ppm) and AgNOs in different concen-
trations (0, 500, and 1000 ppm). Then the suspension was ultrasonicated
for 3 min, using a tip ultrasound (Vibra Cell VCX 500, Sonics, USA), with
an amplitude of 40%.

2.3. Coating Procedure

The binder (1 g) was mixed with the NPs suspension (100 mL). Then,
cotton fabric (with a dimension of 10 cm x 10 cm and prewashed with
aqueous detergent solution, 6.7 g L 1) was immersed in this bath and left
for 30 min. After that, the cotton fabric was heated at 120 & 5 °C (20
min), washed and dried at 120 &+ 5 °C (20 min). The coated cotton
fabrics (CF) were named ZnO(Yppm) + Ag(Xppm), where Y and X
represent the concentration of ZnO and silver ions applied in the NPs
liquor.

2.4. Characterization of the Nanoparticles

The particle diameter distribution was recorded using the dynamic
light scattering (DLS) technique with a 90° scattering angle. Zetasizer
Nano-ZS (Malvern Panalytical Ltd., Malvern, U.K.) was the equipment
utilized for the DLS characterization. Aliquots of the suspensions (100
pL) were suspended in distilled water (2 mL), and each sample was
analyzed in triplicate. The Zeta potential ({) was estimated by the
Smoluchowski modeling of the electrophoretic mobility of the nano-
particles measured by Zetasizer Nano-ZS (Malvern Instruments). The
reading time to obtain the zeta potential data was 10 s, and the mea-
surements were performed in triplicate. The absorption spectra from the
aqueous nanoparticle suspensions with the synthesized nanoparticles
were collected by UV-vis spectrophotometer (Varian Cary Model 50) at
the 200-800 nm wavelength. The optical bandgap (Eg) of the
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nanoparticles was obtained from the UV-Vis spectra using the graphical
method: plotting (ahz/)l/ " versus hv and extrapolating the linear region
on the radiation energy axis (hv). h is Planck’s constant, v is the fre-
quency of electromagnetic radiation, n depends on the nature of the
transition (n equal to 2 for indirect transition and equal to % for direct
transition), and « is the absorption coefficient.

2.5. Characterization of the Coated Cotton Fabrics

Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) were performed in the JEOL JSM-6010LA scanning
electron microscope equipped with a chemical microanalysis module
(EDS), using a working distance of 14 mm and an electron acceleration
voltage of 10 keV. The samples were previously coated with a 20 nm
thick gold layer, using Sputtering Leica EM ACE 200 (Leica Micro-
systems, Sao Paulo, Brazil). Fourier-transform infrared spectroscopy
(FTIR) with attenuated total reflectance (ATR) diamond accessory was
performed on Frontier 94,942 equipment (PerkinElmer Inc., Massa-
chusetts, USA). The spectra were collected with 4 cm™! spectral reso-
lution, 64 scans, from 4000 to 600 cm ™. The photocatalytic activity was
evaluated by monitoring the photodecomposition of methylene blue
(MB) under blue light irradiation (2.8 eV). The cotton fabrics (1 cm x 1
cm) were immersed in 5.75 mL of aqueous solutions of MB (37.5 mg
mL~}, pH = 7). To start the photocatalytic reactions, the solutions with
the samples were exposed to constant illumination of a blue lamp (100
W). Then, the solution was analyzed at regular intervals using a UV-Vis
spectrophotometer (UV-M51, LAB 1000) by measuring the absorption at
665 nm. The photodegradation efficiency (e) against methylene blue
(MB) was calculated by Eq. (1).

Ay — A,
Ay

e (%) =100 x )}

where Ay is the initial absorbance of MB solution; A; is the absorbance of
the MB solution after illumination at time t.

Agar diffusion assays were performed as bactericidal tests by placing
samples (1 cm x 1 cm) in contact with the sterilized Petri dishes with
nutrient agar culture medium and inoculated with bacteria suspension
(Escherichia coli, E. coli ATCC 25922, or Staphylococcus aureus, S. aureus
ATCC 6548) at 10° CFU mL . The samples were incubated at 36 + 1 °C
and 85% humidity. The inoculums viability was confirmed via a spread-
plate method on agar nutrient as the positive control. The inhibition
zone from the biocidal activity of the multifunctional fabrics was eval-
uated after 48 h of incubation. ROS active species generated by the CF
coated with NPs were evaluated by the photodegradation of MB using
trapping agents (1 mmol/L): phenol, ethanol, and r-ascorbic acid were
added to the MB photodegradation to catch hydroxyl radical (OH*),
holes (h™), hydroperoxyl radical (HO,*), respectively. Gallic acid was
utilized as a simultaneous trapping agent for OH*, HO5*, and hydrogen
peroxide (H205). The trapping experiment was identical to the photo-
catalytic degradation assay of MB except that was added the radical
scavengers in the system. The photocatalytic activity was estimated by
the pseudo-first-order kinetic model (Eq. 2) from the Langmuir-
Hinshelwood model.

c\
In (a> = —kt (2)

where Cg is the initial concentration of MB solution; C; is the MB con-
centration in the solution after illumination at time t; k is the rate con-
stant of the photocatalytic reaction (min~'). The relative concentration
(Ct/CO ) was calculated by the relative absorbance (At/ Ao)'

2.6. SARS-CoV-2 Tests

SARS-CoV-2 infected oropharyngeal and nasopharyngeal swabs
(sterile swabs) were collected from patients (anonymous — unidentified)
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diagnosed with COVID-19. The patients were contaminated with the
Delta SARS-CoV-2 variant. The Delta strain was identified by genetic
sequencing with Nanopore’s MinION sequencer, using the ARTIC pro-
tocol. The swabs were placed in sterile saline solution (NaCl, 0.9%) in
Falcon tubes (approximately 5 mL) and frozen at —20 °C until pro-
cessing. Five biological samples were selected, with a Ct value between
16 and 20 (RT-qPCR previously performed for diagnosis, in the FMABC
laboratory) as a parameter used for selection, and these samples were
used to form a sample “mix” in order to increase the amount (in mL). To
assess the antiviral efficiency of the cotton fabrics, three exposure times
were selected: 5, 10, and 15 min. We put 50 pL of the sample “mix”
(COVID™) in each Eppendorf tube with the respective CF (10 variations,
as previously established) at room temperature and wait for the incu-
bation period. After the incubation period, we added 300 pL of lysis
solution for virus inactivation (Lysis Buffer — PureLink Invitrogen kit).
These samples submitted to the incubation process with the fabrics were
applied on antigen-detecting rapid test and quantitative reverse
transcription-polymerase chain reaction (RT-qPCR) for SARS-CoV-2.
SARS-CoV-2 Rapid Antigen Test kit (Roche) (reference 9901-ncov-01
g) was applied to detect the presence of antigens in the samples studied
[25]. Three drops of the sample “mix” were placed in the place indicated
on the cassette using the “accessories” that make up the kit to visualize,
following the manufacturer guide. The rapid tests are chromatographic
immunoassays for the qualitative detection of specific SARS-CoV-2 an-
tigens. Then, the reduction of the number of infectious viruses on the
media (antiviral activity) was estimated by the red and white color in-
tensity of the “test line” in rapid diagnostic tests using ImageJ software.
The antigen detection limits of rapid tests for SARS-CoV-2 are: Quantity
of stock of the titrant in the tests is: 1 x 10%2 TCIDso/mL (maximum red
intensity); Minimum detected viral load is 3.12 x 10%2 TCIDso/mL
(maximum white color intensity). The red and white color intensities
were normalized to estimate the antigen TCIDso/mL percentual reduc-
tion from rapid tests. The SARS-CoV-2 inoculum (frozen and stored at
—20 °C) was vortexed for 30 s after defrosting. Then, the extraction
process was started in a commercial kit (PureLink™ Viral RNA Mini Kit -
Invitrogen™) using 350 pL of ethanol (70%) and homogenization. Next,
700 pL of the sample was transferred to the column and centrifuged for
1 min at 12,00 rpm, discarding the flow-through. The next step was
washing with 700 pL of Wash Buffer I. Centrifugation for 1 min at
12,000 rpm. Discard the flow-through. 500 pL of Wash Buffer II was
added. Centrifugation for 1 min at 12,000 rpm and this procedure was
repeated, washing the sample twice with this same buffer. After the
second wash, the filtrate was discarded, and centrifugation was carried
out for 2 min at 12,000 rpm with the column dry. The column was
transferred to a 1.5 mL microtube, and 50 pL of ultrapure water was
added; the sample was then incubated for 1 min at room temperature
and centrifuged for 2 min at 12,000 rpm. RNA was stored at —80 °C until
detection of SARS-CoV-2 by RT-qPCR. Verification of the presence of
SARS-CoV-2 genetic material was performed by PCR assays using the
2019-nCoV TagMan RT-PCR kit (Norgen, Cat. TM67120). Manufac-
turers’ guidelines were followed to operate the kit and the equipment
used (CFX Opus Real-Time PCR Systems — Bio-Rad). The mix for the
reactions was planned to reach a final volume of 20 pL, using in its
composition: 5 pL of extracted RNA, 10 pL of Master Mix 2x, 1.5 pL of
Mix (Primer and Probe in amounts proportional to those indicated for
the assay) and 3.5 pL of ultrapure water, always in duplicate samples.
The programmed reaction cycle was: cycle 1-50 °C for 30 min; cycle
2-95 °C for 3 min; cycle 3-45 x 95 °C for 3 s and 55 °C for 30 s. A
negative control (water + reaction mix) and a set of positive controls in
serial dilution (104, 10°, 10°, 107) we used to compose a standard curve
for the selected targets (genes N1 and N2). Calibration curve data: N1 (y
= —3.491 x + 43.065; R?= 0.996; Efficiency = 93.4%), N2 (y = —3.723
x + 44.750; R? = 0.998; Efficiency = 85.6%) The limit of detection
(LOD) was 10 copies of the genome for: Ct of 39.28 + 0.05 for N1 and Ct
of 39.77 + 0.58 for N2. The antiviral activity (percentual reduction of
the number of infectious SARS-CoV-2 particles) on the infected media
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was estimated by the color intensity of the “test line” in rapid diagnostic
tests (Fig. 6S) using ImageJ software.

2.7. Statistical Analyses

Analysis of variance (ANOVA one-way) and Tukey’s test (t-test) were
applied to statistically evaluate the significant differences between the
samples’ measured SARS-CoV-2 antiviral data using the GraphPad Prism
7 and a 95% confidence level. Response surface and randomized facto-
rial experimental designs for the color map fitting and Pareto charts of
the inhibition zone diameter determined from the bacterial plaque assay
against E. coli and S. aureus, rate constant (k), direct optical bandgap (Eg)
and indirect optical bandgap (Eé) were realized by polynomial surface
and randomized factorial models via ANOVA by Fisher’s test (F-test) and
t-test, using Design-Expert v11 (StatEase®) and a 95% confidence level.

3. Results and Discussion
3.1. Nanoparticles

AgNPs, ZnO-NPs, and Ag/ZnO-NPs suspensions were prepared via a
sonochemical approach and utilized to address the lack of antimicrobial
activity of the CF. The nanoparticles were fixed on the surface of cotton
fibers using an acrylic binder to guarantee self-disinfecting activity for
the cotton textile. The AgNPs suspension prepared by the reduction of
AgNO3 with trisodium citrate and ultrasound irradiation present
bimodal hydrodynamic diameter distribution (Fig. 1a), with hydrody-
namic diameters (Dg) lesser than 30 nm, but they tend to agglomerate in
microparticles of silver with Dy of 1 to 8 pm as indicated by the Zeta
potential ({) between +£15 mV [26]. The  and Dy results are detailed in
Table 1S (Supplementary material). The usage of 1000 ppm of silver ions
favors the formation of AgNPs with smaller diameters than that obtained
by using a concentration of 500 ppm in the sonochemical approach
whose the ultrasound waves correspond to the energy source required to
initiate the reduction of silver ions (Ag+) to metallic silver (Ago) by the
reductant agent [27,28]. ZnO-NPs present Dy of 0.9 + 0.5 nm that
agglomerate in the aqueous suspension ({ = —9.1 + 3.5) like aggregates
with 35.5 + 8.5 nm. Ag/ZnO-NPs were prepared by the sonochemical
treatment of previous ZnO-NPs and seem to present electrostatic charges
(¢ is within the range of +£30 mV) that avoid their agglomeration in the
suspension since the charges make their repelling each other. Ag/ZnO
microaggregates also are generated in the suspension when it is used
>500 ppm of silver ions or 1000 ppm of ZnO-NPs in the sonochemical
synthesis of the Ag/ZnO-NPs. According to { potential, these aggregates
can be Ag/ZnO microparticles since the Ag/ZnO-NPs suspension present
moderate stability with ¢ out the range of +30 mV, except when it is
used 2000 ppm and 500 ppm of ZnO-NPs and AgNOs, respectively.

The optical bandgaps of the ZnO-NPs and Ag/ZnO-NPs are displayed
in Fig. 1b and 1c as color maps. They were determined by the Tauc plot
(Fig. 1S). The direct optical bandgap (Eg) of the ZnO-NPs is 3.02 eV
following the literature data [29], and it is reduced or values lesser than
2 eV by the modification with silver. The indirect optical bandgap (Eé) of
the ZnO-NPs are lesser than ultrathin ZnO nanowires hexagonal and
wurtzite structures [11], lesser than 1 eV. The modification of the ZnO-
NPs with 500 ppm of silver carry to the lowest Eé (0.36 eV). The
reduction of the Egof ZnO-NPs (Eg redshift) by Ag occurs due to the
surface plasmon effect involving noble metals attached on the surface of
the oxides, leading to the injection of electrons from the metal to the
oxide [16] by local reversible oxidation reactions of metallic silver (Ago)
to silver ions (Ag"). Moreover, Ag also increases the half-life of the
excited electrons and electronic holes generated on the surface of the
ZnO after absorbing electromagnetic radiation [30], which is suitable to
upgrade the ZnO-NPs acting for photocatalytic, antimicrobial, and
photovoltaic requirements [16]. Although ZnO is predominantly a direct
bandgap semiconductor, ZnO nanostructures have a peculiar charac-
teristic associated with indirect-to-direct and indirect-to-direct bandgap
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Fig. 1. (a) The hydrodynamic diameter of the AgNPs, ZnO-NPs, and Ag/ZnO-NPs. Color map for the (b) direct optical bandgap (Eg) and (c) indirect optical bandgap
(Eg) of the ZnO-NPs, and Ag/ZnO-NPs after the sonochemical procedure. Adjust error (R?) higher than 0.96 or the polynomial surface fitting.

transitions occasioned by mechanical strains that change the semi-
conductor electronic bands. Consequently, the ZnO predominant elec-
tronic behavior is modified [31]. The randomized factorial ANOVA
(Fig. 2S) shows that only the ZnO content increases in a significant way
the direct optical bandgap, while Ag content and interactions between
the concentration of these antimicrobial agents have a negligible effect
on Eg and Eé values of the nanoparticles.

3.2. Coated Fabrics

The CF fibers display several spikes (Fig. 2), which may be formed
due to the partial solubilization of cellulose on the surface of the fibers
during the bleaching treatment applied to cotton textiles using NaOH.
This procedure is known as mercerization, which causes surface
roughness to increase [32]. The surface coating leads to the modification
of the CF surface with AgNPs, as indicated by the contrast changes of the
SEM micrographs. However, the magnification limit of the SEM micro-
scope did not allow the detection of the AgNPs on the surface. Also, the
cotton fibers, even covered with gold, could not support the electron
beam, decomposing if they used larger magnifications or high acceler-
ation voltages (> 10 kV). CF modified with 1000 ppm the ZnO-NPs

present the regions covered by the binder used to fix the nanoparticles
on the surface of the CF. When 2000 ppm of ZnO-NPs are used, the
surface of the fibers is also modified, and the spectra obtained by energy-
dispersive X-ray spectroscopy (EDS) (Fig. 3S) show the presence of Zn
(0.89 and 1.02 keV). This EDS signal confirms the presence of ZnO-NPs
on the CF surface after surface modification. In addition, EDS spectra
confirm the presence of silver (in ppm) on the surface of the fabrics
coated with AgNPs (Table 2S). Also, it was identified the elements C
(0.26 keV) and O (0.53 keV), associated with the chemical composition
of cotton with cellulose (predominantly), lignin, and hemicellulose as
indicated by the infrared absorption spectra obtained by Fourier-
transform infrared spectroscopy (FTIR) (Fig. 4S). The characteristic
infrared signals of the fabrics are detailed in Table 3S. The reduction of
the IR intensity signals in the range of 980-1070 cm™! (vibrations of
C—O chemical bonds of the cellulose) and 3400-3000 cm ™! (OH groups
from cellulose and adsorbed water) confirms the EDS data, which evi-
dence the effective fixation of the NPs on the fabric surface [33].

Only after surface coating, the CF shows antimicrobial properties
against E. coli (Gram-negative bacteria) and S. aureus (Gram-pos-
itive bacteria), as shown in figs. 5S and 6S (Supplementary Material). CF
with AgNPs presents only bactericidal effect against E. coli, indicating
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Fig. 2. SEM images of the CF before and after surface modification with different concentrations of Ag, ZnO, and Ag/ZnO nanoparticles.

that the concentration of AgNPs fixed on the CF is not enough to form an
inhibition zone against S. aureus, hampering these Gram-positive
bacteria proliferation by Ag" releasing or oxidative stress via reactive
oxygen species ROS generation is combined with interactions of silver
ions with transport proteins and interference in transcription or repli-
cation of DNA. Ag" ions cause a non-oxidative bactericidal mechanism
involving irreversible damage on bacteria cells by electrostatic attrac-
tion of Ag" ions with negatively charged microbial membranes [19]. At
the same time, ROS (*O3, Hy0s, 105, HO5*, and *OH) disrupts bacteria
cell membrane by oxidative stress that destroys biological molecules
(proteins, lipids, DNA, and RNA) [34,35].

The combination of ZnO and silver leads to a more pronounced effect
against the bacteria of the CF (Fig. 3a and 3b). The color map in Fig. 3b
shows clearly that the increase of ZnO or silver in the CF with Ag/ZnO-
NPs leads to higher inhibition zone values against E. coli. According
to the Pareto charts (Fig. 7S), only the ZnO content almost certainly has
important effects on inhibition diameter against S. aureus. Ag content
has no significant effect on the bactericidal performance of the cotton
fabrics. AL-Jawad et al. [13] also observed that S. aureus (Gram-
positive bacteria) seemed to be more resistant to pure and Ag-doped ZnO
thin film than E. coli. Manna et al. [36] observed that cotton fabrics

coated with Ag/ZnO-NPs effectively inhibit the growth of S. aureus.
Adhikari et al. [37] reported that Ag/ZnO-NPs are more effective in
killing E. coli than ZnO-NPs under solar irradiation due to the supe-
rior photoactivity of these hybridous nanoparticles.

The photocatalytic behavior of the coated CF was evaluated by
photodegradation efficiency (e) of methylene blue (MB) (Fig. 3c). The
CF modified with 500 ppm of Ag, 1000 and 2000 ppm of ZnO-NPs dis-
plays the lowest performance for e. The color map in Fig. 3d shows that
the degradation rate (k) is high for the CF with Ag/ZnO-NPs hybrid
systems, being more expressive when the NPs are prepared with a
mixture of 1000 ppm of both ZnO-NPs and AgNOs. Although it has been
shown that Ag/ZnO nanocomposites tend to generate more ROS than
pure ZnO-NPs [38], the photodegradation efficiency data evidence that
the bactericidal activity of the coated CF is not only associated with
photocatalytic mechanism and reduction of the optical bandgap due to
the Schottky barrier at the Ag/ZnO interface [39,40]. The metal
releasing non-oxidative effect is vital to guarantee a more antimicrobial
performance for the CF with Ag/ZnO-NPs since there is a mismatch
between the color charts for inhibition zone diameter and k data. Manna
et al. [36] also verified the best photocatalytic activity for CF coated
with Ag/ZnO-NPs against CF with ZnO-NPs, but they did not evaluate



D.J. da Silva et al. Journal of Photochemistry & Photobiology, B: Biology 234 (2022) 112538

=

( ) ° o7 (E. coli) (b) o I 1598

(S. aureus)

Inhibition zone diameter
(mm)

1000 ’ 2000

Inhibition zone diameter
(mm)

Ag content (ppm) % ZnO content (ppm) Ag content (ppm) &% Zno content (ppm)
(C) 100 : ; . : 00001 I <90

S (d)

> 80 ] 6

o 5

=

2 -\

g 60 ] g

2 g .

K oy o

& 20 ] !

8

_2 1000 2000

o 0+ - - : - -

0 2000 4000 6000 8000 10000 12000 >
Irradiation time (min) Ag content (ppm) 20 o0 Zn0 content (ppm)

C

—

(=3

o
1

®® g

=3
o
L

(=2
o
L

o>
o
I

N
o
L

Photodegradation efficiency (%)

0 2000 4000 600

0-
Irradiation time (min) qor® p“e“d\_,aﬁo‘b\c “;a\\“' 200 et\\a“d
Trapping agent

———2ZnO(0ppm)+Ag(500ppm) PREaS
——2ZnO(0ppm)+Ag(1000ppm) [ znO(0ppm)+Ag(500ppm)
——2Zn0O(1000ppm)+Ag(0ppm) [ ZnO(0ppm)+Ag(1000ppm)
——Zn0O(1000ppm)+Ag(500ppm) [Ezno(1000ppm)+Ag(0ppm)
——2Zn0O(1000ppm)+Ag(1000ppm) [ Zn0O(1000ppm)+Ag(500ppm)
——Zn0O(2000ppm)+Ag(0ppm) [l ZnO(1000ppm)+Ag(1000ppm)

[£12Zn0(2000ppm)+Ag(0ppm)
——Zn0(2000ppm)+Ag(500ppm) I 2n0(2000ppm)+Ag(500ppm)
——2Zn0(2000ppm)+Ag(1000ppm) [ ZnO(2000ppm)+Ag(1000ppm)

Fig. 3. Color map for the inhibition zone diameter determined from the bacterial plaque assay against E. coli (a) and S. aureus (b). (c) Photodegradation efficiency of
the CF coated with AgNPs, ZnO-NPs, and Ag/ZnO-NPs. (d) Rate constant (k), (e) kinetics profile, and (f) trapping experiment data of the photocatalytic degradation of
methylene blue (MB) by the coated CF under blue light irradiation (450 nm). Adjust error (R®) higher than 0.94 or the polynomial surface fitting. Turkey’s test
indicates that the ZnO and Ag content significantly influences photodegradation efficiency from trapping experiment data with p < 0.0001, using a 95% reliability
level. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (a) Antiviral activity of the CF coated with AgNPs, ZnO-NPs, and Ag/
ZnO-NPs against SARS-CoV-2 after 5, 10, and 15 min of cotton-virus exposi-
tion. Amplified RNA and Ct values determined by RT-qPCR for SARS-CoV-2
using the N1 (b) and N2 (c) gene targets. Mean and standard deviation are
shown and only statistically significant differences (* p < 0.05) are marked
on graphs.

the changes in the ZnO-NPs optical bandgap due to the addition of silver.
All coated CF present photocatalytic activity following a pseudo-first-
order kinetic equation from the Langmuir-Hinshelwood model (ki-
netics profile of ln(At/ Ao) vs. time in Fig. 3e), indicating that photo-

catalytic phenomenum involves a high effect from the adsorption step of
the dye even in low concentrations [41]. Cotton fabric has photo-
catalytic activity significantly different from all samples, except for the
ZnO(0 ppm) + Ag(500 ppm) sample (p > 0.05).

The photocatalytic trapping experiment with the gallic acid (Fig. 3f)
indicates that HyO, significantly affects the photocatalytic performance
of the CF coated with the nanoparticles because this scavenger drasti-
cally reduced the MB photodegradation. All samples present similar
photodegradation efficiency under the presence of the gallic acid ac-
cording to Turkey’s tests with a 95% confidence level. HO,* is the main
ROS responsible for the photodegradation activity of the CF coated with
ZnO-NPs. This ROS is generated by the decomposition of the H,O, and
reaction of HyO with *O3 in the aqueous media at the surface of the ZnO
[16]. The photocatalytic trapping data show that the ROS generation by
the Ag/ZnO-NPs involves several complex reactions at the surface of the
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nanoparticles initiated by complex chemical mechanisms activated by
photons that create electron-hole pairs. Moreover, ethanol seems not to
be an effective scavenger for electronic holes (h™) to inhibit the for-
mation of hydroxyl radicals (OH*) by the oxidization of HyO adsorbed at
the surface of the Ag/ZnO hybrid system on the CF [42,43].

Both AgNPs, ZnO-NPs, and Ag/ZnO-NPs (Fig. 4a) enhance the anti-
viral activity of the CF, reaching a reduction for the infectious SARS-
CoV-2 load equal to 31 + 3% during the first 15 min. This result is
indifferent to CF coated by Ag/ZnO-NPs showing superior photo-
degradation efficiency than the other samples or with AgNPs that
display bactericidal activity against S. aureus. The amount of SARS-CoV-
2 virions is reduced by 15% after 15 min if exposition of the contami-
nated medium with the uncoated CF. The cycle threshold (Ct) of the
SARS-CoV-2 inoculum used in the RT-qPCR test is inferior to 30
(Fig. 4b), suggesting a suitable amount of viral RNA to avoid possible
environmental contaminations or failure of the RNA amplification pro-
cedure. Moreover, Smyrlaki et al. [44] reported that Ct values do not
reduce when SARS-CoV-2 RNA do no fragment, standing stable.
Recently, Lista et al. [45] reported that QRT-PCR amplifies the N1 and
N2 prime-target genetic sequences of SARS-CoV-2 inactivated or not by
heating similarly. At the same time, the Ct values of both viral particles
are practically identical. The variance analysis (ANOVA) test with a 95%
confidence level indicates no difference in the virus load between the
samples due to no significant differences among the number of RNA
copies amplified by RT-qPCR for SARS-CoV-2, independently of the re-
gions of the nucleocapsid gene utilized (N1 and N2). The RT-qPCR
measurements were performed using the contaminated medium after
contact with the coated fabrics.

4. Conclusions

In summary, the Ag/ZnO-coated cotton fabrics present higher pho-
toactivity performance than CF modified only by AgNPs and ZnO-NPs.
The silver sonochemical treatment reduces the direct optical bandgap
of the ZnO-NPs, whose decrease is accentuated with the increase of the
silver content. The content of ZnO and Ag influences the bactericidal
activity of the CF. The AgNPs, ZnO-NPs, and hybridous Ag/ZnO-NPs
coatings reduce by 20-10% the amount of Delta SARS-CoV-2 virions
after 15 min of direct contact with the coated cotton fabrics, bringing on
sanitary concerns about the effectiveness of bactericidal multifunctional
materials being able to inactivate SARS-CoV-2 variants. The molecular
biology data suggest that the AgNPs, ZnO-NPs, and Ag/ZnO hybrid
nanoparticles can cause damage to the structural components at the
surface of infectious SARS-CoV-2 particles (spike, envelope, and nucle-
ocapsid proteins), failing to affect the viral RNA sufficiently to make its
amplification unfeasible by RT-qPCR. The small target genetic se-
quences of N1 and N2 genes in the inactivated coronavirus may remain
intact, and yet suitable to be annealed by the RT-qPCR primer. Then,
subsequently, the reverse transcriptase enzyme can assemble the com-
plementary DNA (cDNA) that is amplified by the DNA polymerase in the
RT-qPCR assay.

Although international regulatory agencies, such as the United States
Environmental Protection Agency (EPA) [46], indicate the usage of
disinfectant substances to inactivate SARS-CoV-2 even without direct
testing with this coronavirus (e.g., silver), our findings show that AgNPs,
ZnO-NPs, and Ag/ZnO nanocomposites may not provide sufficient
antimicrobial capacity for CF to ensure a fast inactivation of SARS-CoV-2
virions. The sum of squares for the response surface experimental design
(Table 4S) suggests that the content of ZnO-NPs has the main effect on
the optical bandgaps of the Ag/ZnO-NPs and the inhibition zone diam-
eter of the bactericidal activity of the CF against S. aureus. Finally, the Ag
and ZnO concentration factors applied to the CF surface coating do not
behave additively but interact over the k photodegradation kinetic
parameter. Further studies must be carried out with cotton fabrics
coated with higher loadings of AgNPs, ZnONPs, and Ag/ZnO-NPs to
evaluate if these bactericidal agents can disrupt the viral RNA of the
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Delta and other SARS-CoV-2 variants to an effective viral inactivation.
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