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ABSTRACT: The antimicrobial activity of silver and zinc exchanged cations in Y-zeolite (Ag/CBV-600, Zn/CBV-600) is evaluated
against Staphylococcus aureus (gram (+)) and Escherichia coli (gram (—)) bacteria along with their adsorption capacity for viruses:
brome mosaic virus (BMV), cowpea chlorotic mottle virus (CCMV), and the bacteriophage MS2. The physicochemical properties
of synthesized nanomaterials are characterized by inductively coupled plasma optical emission spectroscopy (ICP-OES), UV—Vis
spectroscopy, X-ray diffraction (XRD), and scanning electron microscopy (SEM). According to the obtained results, the main
species associated with the exchanged ions are Ag* and Zn** cations with the concentration of around 1 atomic %. The incorporation
of cations does not modify the Y-zeolite framework. The Ag/CBV-600 and Zn/CBV-600 materials show an inactivation of 90% for
both gram (+) and gram (—) bacteria at 16 h at a relatively low concentration of nanomaterial (0.5 mg/mL). Moreover, the samples
present good adsorption capacity for BMV, CCMV, and MS2 viruses showing adsorption higher than 40% after 2 h of interaction
with the viruses. These prominent results allow the further usage of nanomaterials as an effective remedy to inhibit and reduce the
spread of viruses such as SARS-CoV-2 or other gram (+) or gram (—) bacteria.

1. INTRODUCTION

During the past few years, the development of nanotechnology
has played a crucial role in the design, synthesis, and
application of different types of nanomaterials. Nowadays,
metal nanoparticles (NPs) are widely used for healthcare,
agriculture, ecology, energy, and catalysis due to their unique
optoelectronic, physicochemical, antimicrobial, and catalytic
properties.' > A wide variety of nanoparticles are explored for
numerous biomedical applications, such as disease prevention
and diagnostics, as well as in improving delivery systems of
antiviral agents.4’5 In this context, nanotechnology works and
will continue to do so as a bridge for the development of
nanomaterials with medical applications.

It is well known that silver has antibacterial properties per
se.”® For many centuries, silver was used as an antimicrobial
agent to prevent the spread of infections. There is a lot of
literature devoted to the antibacterial applications of silver
cations and nanoparticles.””"? The mechanism that manifests
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silver nanoparticles against bacteria may be explained as
follows. Nanoparticles continuously release ions that migrate
to the bacterial cell membrane and bind with the proteins. Due
to their electrostatic attraction and affinity for sulfur proteins,
metal ions can attach to the cell wall and cytoplasmic

membrane. The attached ions increase the permeability of
the cytoplasmic membrane and cause their rupture. Otherwise,

in the cas

e that the cells consume the metal ions, respiratory

enzymes are deactivated and generate reactive oxygen species,
which interrupt the production of adenosine triphosphate, the
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main nucleotide for cellular energy. Since sulfur and
phosphorus are the key components of deoxyribonucleic acid
(DNA), the interaction of ions with them may cause problems
of DNA replication and cell reproduction or even lead to the
death of microorganisms.*'*

Ag NPs demonstrate potent biocidal effects for some
microorganisms such as Staphylococcus aureus (S. aureus),
Escherichia coli (E. coli), Pseudomonas aeruginosa (P.
aeruginosa), and Candida albicans (C. albicans), commonly
used for antimicrobial tests. Such biosynthesized Ag NPs
exhibit antimicrobial activity against model bacteria, E. coli, as
reported by Maiti. '°. Ag NPs synthesized via whole plant
extract of Carduus crispus showed antibacterial activity on
both the gram (—) bacterium E. coli and gram (+) bacterium
Micrococcus luteus."> Green-synthesized Ag NPs (4.06 nm)
using pu-erh tea leaf extract were evaluated against E. coli,
Klebsiella pneumoniae, Salmonella typhimurium, and Salmonella
enteritidis. Results demonstrate significant antibacterial activity
against the selected gram (—) foodborne pathogens.16

Recently, it was found that zinc oxide may also be used in
different areas to control antimicrobial activity.'” For example,
it can be used to combat a variety of microorganisms, such as
S. aureus,"* *° E. coli'*, and C. albicans.*"** Furthermore, ZnO
has greater advantages due to its highest photocatalytic activity.
In addition, ZnO exhibits good selectivity and better durability
and heat resistance.

Many scientific reports are devoted to the synthesis of
colloidal, supported, and immobilized nanoparticles using
physical, chemical, and biological approaches.”>~*’ Frequently,
Ag and Zn ions are exchanged with the Na cations originally
present in the zeolite that permits their uniform distribution in
the pores of the zeolite matrix. The usage of zeolites helps to
reduce the metal concentration, obtain stable particles in the
nanometer range, and anchor nanoparticles into the channels
and cavities of the support, avoiding their migration,
agglomeration, and removal. Moreover, zeolites are charac-
terized by a well-defined structure, reversible binding of small
molecules, shape and size selectivity, and the ability to behave
like metalloenzymes that regulate the immune system.”>*’
Also, zeolites are considered biocompatible and nontoxic
materials. For example, clinoptilolite (natural zeolite) is used as
a food additive providing essential minerals for individuals and
may be used as an adsorbent of harmful substances that
contaminate the environment, air, water, and food. Zeolites are
characterized by antimicrobial properties per se and may also
be combined with nanoparticles, increasing their antimicrobial
effect.’”" It was shown that composite materials containing
clinoptilolite manifest antibacterial activity toward E. coli and S.
aureus strains.”> However, the most common way to increase
the antimicrobial activity of zeolites is combining them with Ag
or Zn ions.””*® For example, silver-embedded zeolite A
exhibits antibacterial properties against E. coli, Bacillus subtilis,
and S. aureus.”* Furthermore, X-type zeolite impregnated with
silver demonstrates a bactericidal effect against E. coli, S. aureus,
and P. aeruginosa.”> The antimicrobial prog)erties of silver
cations exchanged into faujasite are studied.”® High activity is
shown for the majority of tested bacterial and fungal strains: E.
coli, Serratia marcescens, B. subtilis, Bacillus megaterium,
Trichoderma viride, Chaetomium globosum, Aspergillus niger,
and Cladosporium cladosporioides. The material inhibits the
growth of the tested microorganisms by 90—95%.*

Zn**- and Cu’*-exchanged X-zeolite samples are studied
against E. coli, S. aureus, and P. aeruginosa; also, their antifungal
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activities are tested against C. albicans and Aspergillus niger by
the disc diffusion method.”” Bimetallic materials Ag—Zn and
Ag—Cu based on the NaY zeolite evaluated in vitro
demonstrate antimicrobial potential against bacteria E. coli
and the yeast Saccharomyces cerevisiae as a strain indicator. All
materials showed good antimicrobial properties with the pair
Zn—Ag being the most active among the tested bimetallic
materials.*®

The aim of this work was to find an alternative to
antimicrobial materials based on nanoparticles, which would
contain active silver and zinc immobilized into a solid matrix
that prevents their agglomeration and migration to the
environment. In the present work, silver and zinc ions
exchanged with Y-zeolite (CBV-600) were microbiologically
analyzed against strains of the bacteria Staphylococcus aureus
and Escherichia coli; also, the physicochemical properties of the
synthesized nanomaterials were determined. Finally, the
adsorption results of different virus models such as the
brome mosaic virus (BMV), cowpea chlorotic mottle virus
(CCMV), and the bacteriophage MS2 were evaluated.
Prominent results were obtained that may be helpful for the
further understanding of the inhibition mechanism of
pathogens using nanomaterials and prevent the spread of
viruses such as SARS-CoV-2 or other gram (+) or gram (—)
bacteria.

2. EXPERIMENTAL SECTION

2.1. lon Exchange of Ag and Zn Cations. Y-zeolite with
an atomic ratio of Si/Al = 2.6 and hydrogen nominal cation
form was supplied by Zeolyst International (Product CBV-600,
Zeolyst Int.,, Conshohocken, PA, USA). Ag" and Zn*" cations
were exchanged with hydrogen cations of the Y-zeolite using
precursor solutions of AgNO; and Zn(NO;), (Sigma-Aldrich
products) prepared at 0.1 N concentration under pH 4.2 + 0.1
and 5.6 + 0.1 for silver and zinc, respectively. The ion
exchange method was applied at room temperature for 24 h
under constant stirring with a ratio of 1 g of CBV-600 per 52 +
2 mL of the precursor solution as reported in ref 39. After the
ion exchange procedure, the samples were filtered, washed with
deionized water, and dried at 110 °C for 20 h. Dried samples
were stored in a plastic vial at room temperature, avoiding
direct contact with UV radiation. Sample labels present the
cations incorporated during the ion exchange following the
zeolite product code: Ag/CBV-600 and Zn/CBV-600.

2.2. Material Characterization. The metal concentration
in the prepared samples was determined by inductively
coupled plasma optical emission spectrometry (ICP-OES
Varian Vista-MPX CCD simultaneous) and compared to the
standard calibration curve prepared with Ag, Al, Si, and Zn.
Typically, 15 mg of the solid sample was dissolved in 43 mL of
the acid mixture (HF, HNO,;, H;BO;). After that, samples
were diluted with water and analyzed. Measurements were
carried out in triplicate, and blanks were characterized using
the same procedure.

The crystalline structure of the CBV-600 zeolite, before and
after the metal exchange, was determined by powder X-ray
diffraction (XRD) in a Panalytical AERIS diffractometer using
Cu Ka (4 = 1.54184 A) radiation. The interval of XRD analysis
was 5—55° 26, with a step size of 0.02° and 1 s measuring time
for each step.

The electronic transitions of the samples were studied by
diffuse reflectance UV—visible spectroscopy (DRS) using a
Cary 100 spectrophotometer (Agilent Technologies Mexico,)

https://doi.org/10.1021/acsomega.3c06462
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in the wavelength range of 200—800 nm, with a resolution of
0.1 nm. The spectrum of CBV-600 was subtracted from the
spectra of M/CBV-600 samples.

A Hitachi model H-7500 transmission electron microscope
(TEM) was used at different magnifications to determine the
size distribution of the virus particles and the formation of
expected mesopores. 6 uL of sample was placed on solid
support copper/400 mesh carbon grids (TedPella) and held
on the grid for 90 s. Once this time passed, the excess sample
was removed with Whatman No. 2 filter paper. If a contrast
agent was required, 6 uL of 4% uranyl acetate was added to the
grids and left to rest for 90 s before removing the excess. The
samples mounted on their respective grids were stored in a
desiccator for later transfer to the microscope. To calculate the
virus diameter, micrographs were analyzed using scientific
image manipulation software DigitalMicrograph. The hydro-
dynamic radius of the synthesized nanomaterials was
determined by dynamic light scattering (DLS) on a Zetasizer
Nano ZS from Malvern. 100 uL of sample was placed in a
ZEN0040 polystyrene microcell to carry out three series of
measurements in order to obtain a graph distribution of the
hydrodynamic radius for the analyzed particles. In turn, an
analysis of the zeta potential of the particles was carried out
using DTS1070 cells. The obtained zeta potential values
allowed determining the stability of the synthesized NPs and
their tendency to avoid agglomerate formation.

2.3. Antibacterial Activity of Y-Zeolite in LB Medium.
A colony of E. coli or S. aureus, cultivated on a lysogeny broth
(LB)-agar plate, was added to 20 mL of LB medium and left
shaking in an incubator (New Brunswick Scientific G-25) at 37
°C overnight. From the culture, 900 yL was taken and added
to 45 mL of LB medium. The sample was incubated under
shaking for 1 h, at 37 °C, until it reached 0.1 optical density at
600 nm (OD600). Then, different concentrations of Y-zeolite
(0.1, 05, 1, 2, and 3 mg/mL) were added into 1.5 mL
microcentrifuge tubes that contain the bacterial cultures, and
each sample was triplicate. Two controls were included: LB
medium with the zeolite and without bacteria and that with
bacteria and without the zeolite. The microcentrifuge tubes
were shaken at 37 °C in the incubator horizontally to allow
good dispersion of the nanomaterial that is not soluble in the
water. The OD600 measurements of bacterial growth were
taken at 16 and 24 h in a 96-well plate (Corning Costar plates)
on a UV—Vis spectrophotometer (Thermo Scientific Multis-
kan GO).

2.4, Bacterial Susceptibility Tests. S0 uL of fresh cell
culture of E. coli or S. aureus with an OD600 equal to 0.1 was
put on a LB-agar Petri dish plate (9 cm). Then, sterile filter
paper discs of 0.5 cm in diameter were added to the plate. After
that, 4 uL of the solution of a zeolite was applied onto each
paper disc. Ampicillin was used as a positive control.
Subsequently, the Petri dishes containing the samples were
incubated for 16 h at 37 °C and then analyzed.

2.5. Production and Purification of CCMV and BMV
Virus. The production of bromine mosaic virus (BMV) and
cowpea chlorotic mottle virus (CCMV) was carried out under
the protocol described by Cadena-Nava et al.*’ After 2 weeks
of seed germination, the initial leaves were mechanically
inoculated. The inoculation was done by delicately rubbing
and scraping the upper leaf surfaces with a steel wool fiber, and
20 uL of virus (0.1 pg/uL) solution was applied to each leaf.
At two weeks following the virus inoculation, the leaves
exhibited characteristic signs of infection, specifically chlorosis
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in the form of spot or line patterns on leaves infected,
respectively, by the CCMV and BMYV. The leaves were
blended with a virus extraction buffer (0.5 M sodium acetate,
0.08 M magnesium acetate, pH 4.5, 1% (v/v) B-mercaptoe-
thanol). After blending, the leaf solution was filtered through
cheesecloth, and then, a quarter of the volume of chloroform
was added while stirring. Subsequently, the solution was
centrifugated at 8,000 rpm using a JA-14 rotor for 40 min, at 4
°C within a Beckman Avanti JXN-26 centrifuge. The
supernatant was collected and centrifuged again. The resulting
pellet was discarded, and the solution was subjected to
continuous agitation for at least 2 h at 4 °C to evaporate the
excess of chloroform. Virus precipitation was done with 10%
PEGS8000 under stirring overnight, followed by centrifugation
for 30 min at 4 °C. The resulting pellet was resuspended in 20
mL of virus suspension buffer (S0 mM sodium acetate, 8 mM
magnesium acetate, pH 4.5). Finally, the purified virus was
obtained by 10% sucrose cushion ultracentrifugation at 32,000
rpm for 2 h, at 4 °C using an AW32Ti rotor of a Beckman
XPN100 ultracentrifuge. The virus pellet was resuspended in
virus buffer and stored at —80 °C.

2.6. Production and Purification of the MS2 Virus. A
preinoculum of E. coli C-3000 was prepared in LB medium
containing ampicillin (100 ug/mL). For the preinoculum, 100
uL of E. coli C-3000 was added to S mL of LB—ampicillin
medium and incubated overnight at 37 °C under shaking at
250 rpm. Then, 200 uL of preinoculum was added to S mL of
LB—ampicillin medium and incubated at 37 °C under shaking
until the OD600 reached 0.5—0.7. After that, S mL of culture
was added to 45 mL of LB medium with ampicillin and it was
incubated at 37 °C, until the OD600 was in the range of 0.3—
0.5. Then, 108 plaque-forming units (pfu) of bacteriophage
MS2 was added to the last host cell culture. The culture was
incubated overnight at 37 °C and shook at 250 rpm. On the
next day, the culture was centrifuged at 8000 rpm for 50 min
and the supernatant was collected. To purify the MS2 virus
from the supernatant, the same methodology was utilized as
that for the purification of the BMV and CCMV. For MS2
purification, the virus buffer was replaced by the TNE buffer
(50 mM Tris-base, 100 mM NaCl, S Mm EDTA, pH 7.5).

2.7. Adsorption of Viruses with Nanomaterials. To
evaluate the ability of materials to trap viruses, 0.5 mg of the
corresponding nanomaterial was placed in a microcentrifuge
tube and 0.05 mg of virus was subsequently added. The sample
of the nanomaterial with the virus was brought up to a volume
of 500 L and gently mixed. Then, the sample was incubated at
5, 15, 30, 60, and 120 min at room temperature in a Mini Lab
Roller. Afterward, each sample was centrifuged at 12,000 rpm
for S min at 4 °C; the pelleted material was discarded. Later,
the absorbance of the supernatant was measured at a
wavelength of 260 nm to quantify the virus in the solution.
The assays were performed in triplicate.

3. RESULTS AND DISCUSSION

3.1. Chemical Composition. The chemical compositions
of the nanomaterials are presented in Table 1. The Si/Al
atomic ratio for Y-zeolite experimentally obtained was 2.67,
which is extremely close to the data provided by the supplier.
After ion exchange, the Si/Al atomic ratio remained stable
(Table 1), confirming that the ion exchange treatment did not
produce any changes in the chemical composition of the
zeolite structure, such as dealumination or disilation. The

https://doi.org/10.1021/acsomega.3c06462
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Table 1. Elemental Composition of the Samples Measured
by ICP-OES

metal loading, (atomic percentage, %)

sample Si Al Ag Zn Si/Al
CBV-600 382 14.2 2.67
Ag/CBV-600 35.3 12.7 1.0 2.7
Zn/CBV-600 42.6 154 0.9 2.7

atomic concentrations of silver and zinc after ion exchange
were practically the same (~1 at %).

3.2. X-ray Diffraction. The X-ray diffraction patterns of
the Y-zeolite before and after ion exchange with Ag* and Zn*
cations are shown in Figure 1. The obtained materials

Zn/CBV-600
\‘Ci
09 ®
Ol NI O
o —— Ag/CBV-600
S,
P
: \'g
C
5]
= T T s
- —— CBV-600
| 85 8

20 [degrees]

Figure 1. XRD patterns of the CBV-600 zeolite before and after ion
exchange with Ag and Zn.

exhibited the typical pattern of the parent HY zeolite.
Diffractograms revealed that the characteristic peaks of Y-
zeolite remained at the same positions of the 2© angular
interval after jon exchange with the metals. However, the
variations of the relative intensities of several peaks were
sensitive to Ag" and Zn*' incorporation, in particular the
planes (111) at 6.3°, (220) at 10.3°, (311) at 12.1°, and (331)
at 15.9° labeled with “@” (see Figure 1). As reported

previously,*" the relative intensity changes in the diffraction
peaks of zeolite after the ion exchange process, especially with
transition metals, are mainly associated with the changes in the
local structure (exchange sites) of the zeolite. The latter
allowed us to conclude the preferential location of the different
metal cations. Also, the variation in the intensity is strongly
influenced by the metal charge on the support.”" Despite the
light changes in the local structure, it may be concluded that
the zeolite structure remains stable after ion exchange with Ag"
and Zn*" cations because neither additional peaks nor any shift
of characteristic signals was observed in the diffractograms.
Therefore, the absence of silver and zinc phases may be
attributed to their ionic noncrystalline form, which also was
confirmed by UV—visible spectroscopy. Thus, the cationic
species and small metallic clusters of silver and zinc were finely
incorporated into the Y-zeolite exchangeable sites.

3.3. UV-Visible Spectroscopy. UV-—visible diffuse
reflectance spectra of the samples are shown in Figure 2.
The UV-—visible spectrum for CBV-600 reference samples
(Figure 2(a)) was characterized by relatively small light
absorption at 200—350 nm due to the structural imperfection
of the zeolite crystals. The main contribution of the ionic
species for exchanged metals was clearly observed after the
subtraction of UV—visible spectra corresponding to CBV-600
from the UV—visible spectra for Ag/CBV-600 and Zn/CBV-
600.

The spectrum of Ag/CBV-600 showed three characteristic
bands at 213, 285, and 340 nm associated with Ag" ions and
ionic and metallic clusters (Figure 2(b)). Generally, the bands
between 200 and 300 nm are attributed to isolated Ag*, Ag,”,
and Ag,, clusters in the zeolite structure.*”~* The absorption
band at 213 nm was linked with the charge transfer of Ag" ions
([Kr]4d"-[Kr]4d’ss'), which replaced the H* ions in the
zeolite framework.**™** Two absorption bands at 285 and 340
nm with low intensity were related to ionic (Ag,’*, 3 < m < 7)
and metallic (Ag,, m > 8) clusters with a limited number of
atoms, respectively.””~>* Similar results are reported in ref 53
for silver exchanged with natural zeolite (clinoptilolite and
barrerite) showing silver ions and cluster species mainly.

A weak absorption band between 200 and 550 nm (centered
at ca. 350 nm) was observed for the Zn/CBV-600 sample
(Figure 2(c)). According to the literature data, zinc supported
on zeolites has an absorption peak around 370 nm that is
associated with ZnO, when the metal loading is higher than 1
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Figure 2. UV—visible spectra of (a) CBV-600 as a reference sample and spectra after ion exchange with cations: (b) Ag and (c) Zn. The spectra of
samples after ion exchange are presented with subtraction of the CBV-600 spectrum.

7557 https://doi.org/10.1021/acsomega.3c06462

ACS Omega 2024, 9, 7554—-7563


https://pubs.acs.org/doi/10.1021/acsomega.3c06462?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06462?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06462?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06462?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06462?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06462?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06462?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06462?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

30
2821 BMV 25 s W CCMV
25
20 4
Sl
® 15 4
E 5]
(=]
>
10 4 101
| } ) }
o - Ml Ll L 0 T Ml v o
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
Hydrodynamic diameter [nm] Hydrodynamic diameter [nm]

Figure 3. Hydrodynamic diameter for BMV and CCMV obtained using the DLS technique.

I

Figure 4. Transmission electron micrographs of BMV particles (a), CCMV particles (b), and MS2 particles (c). The scale bar is 100 nm.
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Figure S. Antimicrobial activity of studied materials against Escherichia coli in terms of optic density at 16 and 24 h: (a) Y-zeolite, (b) Ag/CBV-600,
and (c) Zn/CBV-600.

wt % and the absorption bands at 265—280 nm correspond to spherical morphology, this parameter allows us to estimate the
ZnO clusters.” ™ particle size quickly and without additional preparation. The
The faujasite structure has several positions, where the hydrodynamic diameters of BMV and CCMYV were determined
exchanged cations may be located in order to compensate the using the DLS technique. The obtained data demonstrated the
negative charge of the lattice: the hexagonal prisms (site I), the average diameter of 28.2 nm for both BMV and CCMYV viruses
sodalite cages (site I’ and II'), or the supercages (sites II, III, (Figure 3), a characteristic for these species.”® The hydro-
and III') of the framework.’>” The ionic radius of silver is dynamic size shows how the particle behaves in a fluid. The
1.14 A, which implies that silver species preferentially occupied mean particle size measured by DLS is highly sensitive to
sodalite cages and supercages. However, zinc characterized by minor admixtures of particles larger than the size of the main
0.74 A ionic radius may be located in the sites I and IL°*% fraction, such as aggregates, tenuous impurities in preparations,

According to the obtained results, it is concluded that the silver and dust.>’
and zinc species were successfully exchanged with the CBV- 3.5. TEM Analysis. Figure 4 demonstrates the images
600 zeolite and located inside the zeolite matrix. obtained by TEM for the BMV, CCMV, and MS2 viruses. The
3.4. Dynamic Light Scattering. Dynamic light scattering particles diameter observed in TEM micrographs coincided
(DLS) makes possible to determine the hydrodynamic radius well with that obtained using the DLS technique (see Figure
of nanoparticles. In the case of nanoparticles that have a 3). The BMV and CCMV and MS2 viruses presented uniform
7558 https://doi.org/10.1021/acsomega.3c06462
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Figure 6. Antimicrobial activity of studied materials against Staphylococcus aureus in terms of optical density at 16 and 24 h: (a) Y-zeolite, (b) Ag/

CBV-600, and (c) Zn/CBV-600.
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Figure 7. Bacterial susceptibility tests against (a) E. coli and (b) S. aureus for CBV-600, Ag/CBV-600, and Zn/CBV-600 samples.

monodisperse, well-defined particles with spherical morphol-
ogy. However, particles for MS2 virus were not well organized
compared to BMV and CCMV.

3.6. Antimicrobial Activity. The antimicrobial capacity of
silver and zinc exchanged into Y-zeolite and their inhibition
capacity at room temperature are presented in Figures S and 6.
Figures show the growth of E. coli and S. aureus organisms in
the absence and presence of nanomaterials. The control
experiment shown in the graphs corresponds to normal growth
of the bacteria without nanomaterials. Note that the Y-zeolite
itself was characterized by an antibacterial activity against E.
coli and S. aureus (Figures 5(a) and 6(a), respectively) similar
to the data reported in refs 36,38. The growth inhibition of
both microorganisms increased when the concentration of
zeolite raised. Nevertheless, not all zeolite types demonstrate
the bactericidal effect. As it was reported in ref 37, X-type
zeolite did not exhibit any antimicrobial effect against E. coli, S.
aureus, and Pseudomonas aeruginosa, yeast Candida albicans,
and fungus Aspergillus niger. However, zeolite samples loaded
with Zn** and Cu®* showed excellent antimicrobial activity.””
Faujasite exchanged with silver was chosen in ref 36 because it
showed the highest biocidal action against E. coli among the
studied samples exchanged with silver such as MCM-56 and
ZSM-S.

The inhibitory function against E. coli and S. aureus
increased when Ag" ions were present in the zeolite that is
in the accordance with the literature data.*>*”*" The
concentration of the Ag/CBV-600 material influenced the
bacterium inhibition rate for both E. coli and S. aureus (Figures
5(b) and 6(b), respectively). The strong effect of Ag" on the
inhibition rate was observed starting at a relatively low
concentration of the nanomaterial (0.5 mg/mL). The effect of

7559

silver ion concentration was reported in ref’”. The authors
mentioned that the higher the silver concentration, the greater
the inhibition capacity of materials. However, in the present
work, the inhibition capacity toward E. coli and S. aureus was
obtained at low concentration (0.5 mg/mL) and a further
increase of the nanomaterial concentration in LB medium did
not affect the inhibition rate.

The Zn/CBV-600 nanomaterial demonstrated a fast-acting
antibacterial effect at 16 h for concentrations >1 mg/mL.
However, some growth of bacteria was observed at 24 h
(Figures 5(c) and 6(c)). Those changes in the inhibitory
capacity of the Zn/CBV-600 material for both E. coli and S.
aureus bacteria may be attributed to the sedimentation of the
nanomaterial in LB medium after 16 h of evaluation that may
be a consequence of its hydrophobicity. A similar effect of
decrease in the antimicrobial activity of the zeolite ion
exchanged with Ag*, Zn®', and Cu*" ions toward E. coli. was
observed in ref 61. Moreover, it was mentioned that the silver
ions in zeolite have superior antimicrobial capacity compared
to that of copper or zinc ions (Ag" > Zn** > Cu’"). Ag/CBV-
600 and Zn/CBV-600 nanomaterials prepared in the present
work were characterized with higher antimicrobial efficacy
against gram-negative bacteria E. coli at a similar concentration
of nanomaterials (0.5—2 mg/mL) in comparison with
analogous monometallic materials prepared on CBV-100 in
ref 38.

There are some studies on the biocide capacity of metal ions
that proposed the mechanism of their inhibitory effect: (i)
direct contact of NPs with cell walls that leads to the
destruction of bacterial cell integrity;*>** (ii) the production of
reactive oxygen species (ROSs),** "% and (iii) the release of

. 8,14,67 .
ions such as Ag" or Zn**. The first two mechanisms are
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Table 2. Adsorption Capacity of Brome Mosaic Virus (BMV), Cowpea Chlorotic Mottle Virus (CCMV), and Bacteriophage
MS2 on Nanomaterials at 30, 60, and 120 min of Interaction

adsorption capacity of virus with time, %

BMV CCMV MS2
sample 30 min 60 min 120 min 30 min 60 min 120 min 30 min 60 min 120 min
CBV-600 11.7 £ 34 64 + 4.1 45 +2.7 12 £ 0.7 6.9 + 4.6 2212 114 + 0.7 114 £ 0.7 11.5 + 0.2
Ag/CBV-600 25.6 + 24 242 + 4.1 256 + 1.5 392+ 1.7 442 £ 1.2 43.5+0.7 20.6 + 0.4 20.6 + 0.4 207 £ 1
Zn/CBV-600 238 + 1.8 33.7 £ 4.0 313 + 54 1.35 £ 0.6 7.3 £ 08 102 + 4.3 213 xS 213 £ 5 312+ 72

driven by the presence of NPs, either silver or zinc. ROSs
include superoxide anions (O,”), hydroxyl radicals (HO,™),
and hydrogen peroxide (H,0,), which can cause the
destruction of cellular components such as DNA, proteins,
and lipids.**®®

Another mechanism that affects the bacteria is the release of
Ag' or Zn** jons. In this case, the positive charge of metal
species is fundamental to have antimicrobial activity. When the
released Ag" or Zn*" adheres to the cytoplasmic membrane,
proteins, and lipids due to the electrostatic attraction and
affinity with sulfur proteins, this affects the permeability and
mechanical properties of the bacteria. Ions located in the
cytoplasm denature ribosomes and inhibit protein synthesis. In
addition, ions affect the respiration process of the bacteria,
causing a disruption of the membrane by reactive oxygen
species.”” 7" As a result, the DNA molecules condense and
lose their ability to replicate. Unusually, Ag" exhibits specific
interactions with DNA, binding exclusively to natural bases
instead of the negatively charged phosphate backbone.”!
Therefore, silver- or zinc-loaded zeolites studied in the present
work are characterized by uniform distribution of cations in the
zeolite structure that increases the ability to release the Ag* or
Zn*" ions during a long period of time. Thus, the zeolite serves
as a useful carrier of silver or zinc ions with strong antibacterial
activity.

Figure 7 shows the bacterial susceptibility tests against E. coli
and S. aureus for CBV-600, Ag/CBV-600, and Zn/CBV-600
nanomaterials. After addition of 4 uL of stock solution with a
concentration of 20 mg/mL, it was determined that there was
approximately 80 ug of nanomaterial in each disk. The control
ampicillin sample had an inhibition diameter of 0.93 cm. The
bacterial susceptibility tests showed that the Ag/CBV-600
sample presented a well-defined inhibition halo both for E. coli
and S. aureus (Figure 7(a,b) marked with red). The inhibition
diameter obtained for Ag/CBV-600 was 1.06 cm. For the rest
of the materials, the inhibition halo was barely perceptible. The
latter may be explained by a diffusion phenomenon in the
medium.””

The adsorption capacity of the studied nanomaterials with
time was evaluated for BMV, CCMV, and MS2 viruses. The
data are presented in Table 2. The reference CBV-600 zeolite
sample was characterized by the relatively low ability to trap
BMV and CCMV decreasing with the contact time of CBV-
600 with viruses. In contrast, the opposite effect was observed
for bacteriophage MS2. The adsorption capacity of MS2 was
constant, reaching 11.5% at 30 min, and did not change with
time. As it was mentioned above, some types of zeolites are
characterized by antimicrobial properties per se,””*" especially
faujasite mineral.”>*” It may be assumed that the MS2
bacteriophage was characterized by lower resistance to CBV-
600 than to BMV and CCMV. The adsorption capacity
increased for CBV-600 modified with silver and zinc cations in
comparison with pure CBV-600 (see Table 2). Both Ag/CBV-
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600 and Zn/CBV-600 were characterized with good
adsorption capacity for BMV, CCMV, and MS2 viruses,
reaching almost 45% after 120 min interaction time. However,
some fluctuation of adsorption capacity was observed depend-
ing on the nature of the virus. For example, the maximum MS2
virus adsorption was obtained for Ag/CBV-600 at 30 min (ca.
21%) remaining constant during the rest of the experiment.
However, the ability to trap the BMV and CCMV was higher
for this sample (25 and 44%, respectively). The Zn/CBV-600
nanomaterial demonstrated good adsorption capacity for BMV
and MS2 viruses getting almost 33% after 120 min interaction
time. However, the opposite tendency was observed for
CCMYV, leading to the slight degradation of adsorption
capacity (max 10% at 120 min). It can suppose that this
behavior of the Zn/CBV-600 material may be related to the
fact that such a heavy metal as zinc is not an essential element
for the CCMV. For example, there are few cases where some
pathogens were found resistant to Cu ions.”” On the other
hand, some drop of adsorption capacity may be caused by the
reduction of silver and zinc cations with formation of NPs in
LB medium and its agglomeration and, as a consequence, the
decrease in the adsorption capacity of the studied nanoma-
terials. It is well known that the large size of particles reduces
its dispersibility and efficiency, weakening the antimicrobial
activity of the material. A similar effect was reported in ref 60
for Ag/TiO, NPs.

The antimicrobial activity of zeolite-based nanomaterials
showed that the methodology used for the preparation of the
materials and the tested microorganisms is a very important
factor and demands careful selection of parameters to achieve
better antimicrobial performance.

B 4. CONCLUSIONS

The aim of the present research is to find an alternative to
antimicrobial materials based on nanoparticles that would
contain active silver and zinc immobilized into a solid matrix
that prevents their agglomeration and migration to the
environment. For this purpose, silver and zinc ions were
successfully exchanged with hydrogen cations of Y-zeolite in a
proportion of 1 atomic %. The ion exchange procedure does
not modify the Y-zeolite structure. According to the result
obtained using the UV—visible technique, the dominant
species in the zeolite are Ag' and Zn** cations. The
antimicrobial test against strains of bacteria Escherichia coli
and Staphylococcus aureus on the Ag/CBV-600 and Zn/CBV-
600 nanomaterials demonstrates high inactivation capacity for
both bacteria, starting at a relatively low concentration of
nanomaterial (0.5 mg). Moreover, the samples present good
adsorption capacity for plant BMV and CCMV; both Ag/CBV-
600 and Zn/CBV-600 show CCMV adsorption percentages
higher than 40% after 2 h of interaction with the virus. The
silver or zinc cations, uniformly distributed in the zeolite
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structure, increased the ability to release the Ag" or Zn* cations
during a long period of time and serve as a useful carrier with a
strong antibacterial activity. Therefore, it is expected that the
materials synthesized in the present work become a long-
lasting antimicrobial agent. The obtained results allow further
investigation of presently prepared nanomaterials as an
effective remedy to inhibit and reduce the spread of viruses
such as SARS-CoV-2 or other gram-positive or gram-negative
bacteria. The prepared nanomaterials may be used for fabric
functionalization applied for confection of personal and
medical protection utensils.
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