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Today, the antiviral activity of oxide nanomaterials can be used in the fight against the viral disease COVID-19.
1t is thought that Ag nanoparticles may bind to the surface glycoprotein of the virus and interfere with the virus’s
interaction with epithelial cells, and inhibit virus reproduction by releasing silver ions in the cell. The viruses’
inhibition with RNA (ribonucleic acid) and DNA (deoxyribonucleic acid) genomes by oxide nanocomposites action
was presented.

In this research, the surface structure of doped CeQO: (La:;03) was studied by nitrogen adsorption-desorption
based on BET method. The silver atom’s existence in CeQ; - Ag’ can facilitate the transport of more holes to the
surface and can enhance the optical, antivirus activity. The primary particle size of pure cerium dioxide is 7 nm, for
CeO; - Ag composite at 2 and 4 wt. % of silver is 6.5 and 6.9 nm; for La;O; - Ag 27 and 35 nm, respectively.

Cell viability was assessed using an MTT (3-(4,5-Dimethylthiazol 2-yl)-2,5-diphenyltetrazolium bromide) assay
after NPs (nanoparticles) exposure, since only viable cells have functional mitochondrial dehydrogenase enzymes
that can reduce MTT to formazan. Nanoparticles were non-toxic for BHK-21(Syrian hamster kidney), Hep-2 (Human
larynx carcinoma), and MDCK (Canine kidney) cells in concentrations of 10 and 100 ug/ml, while cell viability was
within 76+100 %. La;Oz and CeO,, which contained 4 wt. % of Ag at a concentration of 1000 ug/ml had a lower
toxic effect: for BHK-21 cells 68 and 76 % of viable cells, respectively; for Hep-2 - 40 and 36 %, for MDCK - 42 and
48 %, La>03 and CeO; with 2 and 5 wt. % of Ag at a concentration of 1000 ug/ml were highly toxic. The level of
BHK-21, Hep-2, and MDCK cells viability was in a range of 7 to 37 %.

It has been stated that oxides of cerium and lanthanum have a pronounced virucidal action against the Herpes
simplex virus and Influenza A virus by completely inhibiting the development of its cytopathic action. The lanthanum
and cerium oxides with 2 and 5 wt. % of silver inhibited the development of the virus’s CPE by more than 5.0 logo
compared to the virus control. The results show that lanthanum and cerium oxides with 2 and 5 wt. % silver have a
high virucidal effect against herpes simplex virus type 1. A 1.0+4.0 log reduction in the infectious titer of the
Herpes virus synthesized “de novo” in the presence of lanthanum and cerium oxide nanocomposites has been shown.

Keywords: cytotoxicity, adenovirus, Herpes simplex virus, Influenza A virus, antiviral activity, virucidal action,
CeO0,-Ag, La>03-Ag

INTRODUCTION rare earth elements are frequently used
composite materials. As a rule, multicomponent
systems demonstrate high antibacterial activity
and synergistic effect compared to the individual
oxides [3, 4]. The functional materials based on
cerium and titanium oxides are widely used due
to their photocatalytic properties for the
destruction of various contaminants and
wastewater treatment and biomedical aims
because of their antiviral and bactericidal
activity.

The different kinds of methods, including
shape, size, and facet control, element doping
have been developed to effectively enhance the
photocatalytic performance through increasing

Viral infections are one of the principal
causes of mortality in the entire world that result
in significant human, social, and economic costs.
Today, omicron, the most recent SARS-CoV-2
variant of concern, harbors multiple mutations in
the spike protein. Initial studies suggest that
omicron substantially reduces the neutralizing
capability of antibodies induced from COVID-19
vaccination or previous infection [1].

Currently, the attention of scientists is paid
to modern research devoted to the development
of a new generation of antimicrobial agents with
low toxicity and antiviral prolonged action [2].

In this case, metal oxides doped with noble and
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the broad absorption of sunlight, prolonging the
lifetime of photo-induced carriers, and enhancing
the optical activity and photocatalytic stability of
CeO,, TiO;, and ZnO [4-8]. Noble metal
nanoparticles (NPs) can show SPR (surface
plasmonic resonance), which can be tailored by
engineering the shape, size, and surroundings.
Therefore, noble metal NPs can not only strongly
absorb visible light but also can serve as an
electron sink and source of active reaction sites
[9-18, 20-23].

The cytotoxicity determination of
synthesized oxides with different percentages of
Ag is an integral component of any drug
development process. The research is carried out
using an MTT assay [17, 23]. The cytotoxicity of
CeO, and Ag NPs has been studied separately
[22]. It was found that the effects on hepatocyte
fish (primary) and human cell line (C3A) were
250 pg/ml of Ag NPs, while 1000 png/ml of CeO;
NPs did not cause cytotoxicity for both [23]. At
the same time, the bactericidal, fungicidal, and
antiviral properties of silver are well known and
successfully used in practice.

On the other hand, nanosized cerium oxide
(nanoceria) can take part into the membrane
formation in biological processes, and the water
purification [16, 18-20, 21-23], in particular, as
a regulator of reactive oxygen species and a free
radical scavenger. Moreover, the photocatalytic
activity of CeO, nanotubes and nanoparticles is
comparable to commercial TiO, (P25) [19]. A
comparative study of the absorption and toxicity
effect of silver and cerium dioxide nanoparticles
from a contaminated environment proved a
decrease in sensitivity in the series: nano-Ag >
micro Ag > nano CeO, = micro CeO». As such,
cerium dioxide nanoparticles increased the
immunogenicity of the influenza vaccine [20].

The CeO,, TiO;, and LaO; with
concentration Ag of 4 wt. % inhibited the growth
processes of prokaryotic cells of E. coli, Bacillus
sp., and S. aureus [4, 25].

Inactivation efficiency of HIN1 (Influenza
virus) by Cu, TiO,, Ag and Au nanoparticles has
been shown due to their interaction with nucleic
acids or thiol groups of proteins. These proteins
are essential for the admission of the virus into
host cells, such as lymphocytes, by binding to
CD4 receptors [18].

Cursten Weiss et al. [2] show that noble
metal (Ag, Au, Pt) / oxide nanocomposites have
a wide application to the SARS-COV?2 antiviral
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photodynamic and thermal therapy due to
surface plasmon resonance during heating or
irradiation process (> 400 nm).

Thus, the potential of nanomaterials based
on CeO; and LayO; has attracted interest in
approaches to viral infections since they can be
designed to act directly against viruses. Various
tests must take place in vitro and in vivo to apply
these nanostructures in new therapies or vaccines
with blocking active receptors of a virus by
stopping the rapid action of its particles on the
immune system and  optimize  better
constructions and avoid toxic effects on the
body. It is important to deepen our knowledge
about antiviral mechanisms too.

The purpose of this work is a comparative
study of cytotoxicity and antiviral activity on
RNA and DNA models of genomic viruses of
CeO,-Ag and LaOs-Ag nanocomposites for
biomedical application.

OBJECTS AND METHODS

Synthesis of the lanthanum and cerium oxides
doped by silver with different concentrations was
performed using the chemical precipitation
method [3, 4, 25]. Results of the morphological
study, surface characteristics and spectral analysis
are present in [3, 25].

BET surface area of CeO,-Ag and La;O3-Ag
nanopowders were performed using a
Micromeritics ASAP 2000 BET surface
analyser. The values of surface area varied from
2.4 10 8.0 m*/g.

Cell cultures MDCK, BHK-21 (clon 13) and
Hep-2 were used in experiments [26]. The
Influenza A virus (HIN1) (strain FM/1/47),
Herpes simplex virus type 1 (HSV-1/US) were
obtained from the collection of the Institute of
Epidemiology and Infectious Diseases of the
Academy of Medical Sciences of Ukraine and
human adenovirus serotype 2 (HAdV2) was
obtained from the Institute of Microbiology,
Medical University of Budapest. Cells were
cultured in 45 % Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma, USA) and 45 %
RPMI-1640 (Sigma, USA) with 10 % (v/v) fetal
bovine serum (FBS, Sigma, USA) and 100 U/ml
gentamycin.

Cell viability was assessed using an MTT (3-
(4,5-Dimethylthiazol2-yl)-2,5-diphenyltetrazolium
bromide) assay after NPs exposure, since only
viable cells have functional mitochondrial
dehydrogenase enzymes that can reduce MTT to
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formazan. The viability (%) of the treated cells
was defined as the percentage of absorbance
compared to control untreated cells (100 %
viability). The percentage of cell viability under
the condition of NPs action was calculated as in
work [17].

The synthesized virus “de novo” is a virus
obtained in the cells due to the presence of
nanoparticles. The determination of infectious
titres of viruses formed “de novo”. Infectious
titers of viruses synthesized in the presence of
silver-doped lanthanum and cerium oxides were
determined by the endpoint of virus dilution
causing 50 % cytopathogenic effect (CPE) on
cells [27]. To determine the titres of viruses
synthesized “de novo”, cells were infected and,
after adsorption, nanoparticles were introduced
in dilutions of 1:10+1:1000. After 3—4 days of
cultivation, the cells were frozen three times,
centrifuged for 20 min at 3000 rpm, and the cell
sediment was removed, serial 10-fold dilutions
were prepared and a monolayer of cells was
infected with them. After 3-4 days of
cultivation, MTT solution was added to the wells
and the optical density of the samples was
determined. The virus dilution that reduces the
optical density of the sample compared to the
optical density of the cell control by 50 % is the
virus titre and is expressed as logioTCID50/ml
(decimal logarithms of 50 % tissue cytopathic
doses in ml). The index of inhibition of virus
reproduction (IPR) was calculated according to
the formula:

’

1= Virus titer control — Virus titer experiment (logg)

(D
RESULTS AND DISCUSSION

Raman spectra. It is well known that Raman
spectroscopy is sensitive to the short-range
order, to the chemical bond itself, spectral
modifications (wavenumber, width, intensity) of
disordered materials, such as nanomaterials
(La,03, LayO3-Ag) can be used to characterize
them. Therefore, Raman spectroscopy is widely
used to characterize nanomaterials such as
heterogeneous catalysts too. In this part, spectral
modifications observed for nanocrystallized
CeO; (Ce0O-Ag) are discussed [25].

CeO, crystallizes in the cubic fluorite
structure with the major band at 458 cm’
corresponding to the space group Oy
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(Fm3m-cubic crystal system). Group theory
predicts one triply degenerate Raman active
optical phonon (F2; symmetry) and one infrared-
active optical phonon (Fi, symmetry), which
presents either LO or TO character (with
different wavenumbers) depending on the
relative propagation/polarization directions of
the mode [21]. So, one can notice, that each
cerium(IV) ion (Ce*") is coordinated by eight
oxygen (O?) ions.

We observed broadening and shift of a peak
in the short-wave region to 449 cm™' in doped
CeO,. The argentum can be a promoter of
oxygen vacancies in CeOs. As for TiO»-Ag [17],
when silver is contacting with CeO,, electrons
will transfer from CeO;, to silver. So, these
electrons transfer to silver and loads on the
surface of silver will be scavenged by the
electron  acceptor, SO decreases  the
recombination between electrons and holes,
thereby silver atoms act as electron traps. Thus,
the silver atom’s existence in CeO,-Ag’ can
facilitate the transport of more holes to the
surface and can enhance the optical, antiviral and
bactericidal activity [4, 25].

The possible silver-ceria interaction is
connected with the morphology and size effects
of both Ag and CeO, particles, concentrations of
oxygen vacancies in their structures [25]. The
Ce*" oxidation state is regarded as more stable
than Ce** due to Ce*" electronic structure
([Xe]4t"), which is more stable than that of Ce*"
([Xe]4f"). Moreover, the transition between Ce’"
and Ce*" accompanies the process of oxygen
vacancy formation. In the case of a cubic fluorite
structure, atoms of oxygen can quickly diffuse
since they are all in one plane [5, 25, 27, 28].

As such, defects created during the
incorporation of La*" can promote of formation
of labile oxygen vacancies, connected to this
relatively high mobility of bulk oxygen species
within the lattice cell thereby enhancement in the
ceria reducibility. However, since both CeO, and
La,03-CeO; samples exhibit the same reactivity
of lattice oxygen (the same values of hydrogen
consumption), it can be excluded formation of
solid solution as a result of the diffusion of La**
into ceria lattice. According to Xue et al. [29],
the incorporation of La** into ceria lattice at Ce**
sites led to the formation of solid solution
because La’" with a big radius of 0.11 nm can
expand structure of ceria leading to the higher
specific surface area.

ISSN 2079-1704. X®TTI1. 2023. T. 14. Ne 2



The antiviral activity of cerium and lanthanum nanooxides modified with silver

Cytotoxicity test. Modern medicine is
beginning to actively use nanotechnology in
clinical diagnostics, targeted drug delivery,
cancer treatment by hyperthermia and other
fields. Biocompatibility, toxicity and ability to
penetrate cells are the main criteria that
determine the effectiveness of nanoparticles in
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medicine [2,17,21-23]. Nevertheless, the
toxicity of nanostructured materials is an open
issue due to several factors, such as high
reactivity, intrinsic toxicity of the material, and
non-specific interactions with biological objects,
that are determined by particle shape, size and
structure.
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Fig. 1.

Cytotoxicity of La;O3 and CeO, with different concentrations of Ag. Toxic effect evaluated by MTT assay

after 72 h exposure of NPs on BHK-21, Hep-2 and MDCK cells. Values represent the mean = S.D. for three
independent experiments. Control untreated cells — 100 % viability
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The MTT test is the most commonly used
method for assessing the toxicity of substances
in vitro [17,23]. Fig.1 shows the dose-
dependent effect of silver-doped La,O3; and CeO»
nanoparticles on cell viability. At the high
concentration of 1000 pg/ml, quite different cell
viability from 10 to 94 % was observed.

Nanoparticles were non-toxic for BHK-21,
Hep-2, and MDCK cells in concentrations of 10
and 100 pg/ml, while cell viability was within
76+100 %. LayOs; and CeO,, which contained
4 wt. % of Ag at the concentration of 1000 pg/ml
had a lower toxic effect: for BHK-21 cells 68
and 76 % of viable cells, respectively; for Hep-2
— 40 and 36 %, for MDCK — 42 and 48 %. On
the other hand, La,O; and CeO; with 2 and
5 wt. % of Ag at the concentration of 1000 pg/ml
were highly toxic. The level of BHK-21, Hep-2,
and MDCK cells viability was in the range from
7 to 37 %.

Infectious titer of different type viruses
synthesized “de novo”. The antiviral effect of
nanoparticles was studied by determining the titer
of the virus synthesized “de novo” [27]. Herpes
simplex virus type I (HSV-1) is the causative agent
of several pathologies ranging in severity from the
common cold sore to life-threatening encephalitic
infection. The virion of Herpes virus consists of an
external membrane envelope, a protein aceous
layer called the tegument, and an icosahedral
capsid containing the double-stranded linear DNA
genome [30].

It is well known that Herpes simplex virus 1
(HSV-1) has a double stranded lincar DNA
genome. As can be seen from the Table 1,
lanthanum and cerium oxides without the addition
of silver turned out to be the most effective against
Herpes simplex virus type 1. At minimal dilution,
complete suppression of CPE development was
detected (by 4logio). In a higher dilution, inhibition
of CPE development decreased to 1.12logo.

Table 1. Infectious titer of Herpes simplex virus type 1 (HSV 1 strain), synthesized de novo in the presence of

nanocomposites

Virus titers and virus reproduction inhibition index (IPR) for a series dilutions of nanoparticles*

Dilution 100 1000 10000
Nanocomposites TCID50/ml, IPR, logio TCID50/ml, IPR, TCID50/ml, IPR,
log1o logio log1o log1o log1o
La,03-CeO, 0 4 3.98 0.02 2.88 1.12
Ce0r-Ag 2 % 3.37 0.63 345 0.55 3.99 0.01
Ce0r-Ag4 % 3.25 0.75 3.23 0.77 4.08 0
CeOr,-Ag >5 % 3.9 0.1 3.86 0.14 4.04 0
La;03-Ag 2 % 4.26 0 4.46 0 3.94 0.06
La;0;3-Ag 4 % 4.07 0 3.12 0.88 3.28 0.72
Lay03-Ag>5% 4.21 0 3.84 0.16 3.58 0.42

*The titer of herpes virus in the control, without use of nanoparticles was 4 log;o TCID 50/ml

Cerium oxides with different silver content
(2 and 4 wt. %) inhibited the development of the
cytopathic effect of the virus by 0.55+0.75 logio.
Oxides based on lanthanum with different silver
content did not have an inhibitory effect on the
herpes virus.

The determination of the virucidal action
was the interaction of the test sample with an
extracellular virus. Equal volumes of virus and
sample were kept for 1 h, and then the material
was added to the cells. The efficiency of metal
oxides was determined compared to the control
of the virus. Metal oxides CeO:-2 %Ag,
Ce0,-Ag>5 %, LaxO3-Ag>5 % and La,Os3-2 %Ag
had a pronounced virucidal effect against herpes
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simplex virus type 1 (Fig.2). These samples
completely inhibited the development of
cytopathic action of the herpes virus, reducing
the titer by 5.19logjo.

However, lanthanum and cerium oxides
without silver and with 2 wt. % silver inhibited
the development of CPE by only 0.75+0.95logio
compared to virus control. The obtained results
show that lanthanum and cerium oxides of 4 and
S5wt. % are highly effective in the virucidal
scheme of research, in the absence and reduction
of silver content, this virucidal effect decreased.

The influenza virion is spherical or close to
spherical in shape, 100-120 nm in diameter.
Virus genome contains a segmented RNA with

ISSN 2079-1704. X®TTI1. 2023. T. 14. Ne 2



The antiviral activity of cerium and lanthanum nanooxides modified with silver

eight segmented genes of different lengths such infectious titer of influenza A virus (IAV) was
as PB2, PB1, PA, HA, NP, NA, etc. The genome observed with a minimum CeO2-Ag>5 %
is surrounded by a lipid bilayer containing two dilution, and the value was 1.5logio and no
viral  glycoproteins, = hemagglutinin  and inhibition of virus reproduction was observed at
neuraminidase [31]. The maximum reduction in higher dilutions (Table 2).

6
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Control of La203-Ce02 Ce02-Ag 2% Ce02-Ag 4% Ce02-Ag La203-Ag La203-Agz Lal03-Ag
virus >3% 2% 4% >3%

Fig. 2. Virucidal action of lanthanum and cerium oxides with silver content. Infectious titer of Herpes simplex virus
of type 1 in the presence of NPs

Table 2. Infectious titer of Influenza A virus (strain A/FM/1/47), synthesized de novo in the presence of
nanocomposites

Virus titers and virus reproduction inhibition index (IPR) for a series dilutions of nanoparticles*

Dilution 100 1000 10000
) TCID50/ml, IPR, TCID50/ml, IPR, TCID50/ml, IPR,
Nanocomposites
log1o logio logio logio logio log1o
La,05-CeO; 7.56 0 7.27 0 7.44 0
Ce0r-Ag 2 % 6.50 0.26 7.37 0 7.71 0
CeOr-Ag 4 % 7.48 0 7.79 0 6.26 0.5
Ce02-Ag>5% 5.24 1.52 7.52 0 7.09 0
La,O3-Ag 2 % 6.64 0.12 7.67 0 7.49 0
La03-Ag4 % 7.68 0 7.62 0 7.41 0
La,03-Ag>5 % 5.89 0.87 5.88 0.88 6.20 0.56
*The titer of Influenza A virus in the control without the use of nanoparticles was 6.76 logio TCIDs¢/ml
It was shown, that the reduction of infectious silver nanoparticles reduced the infectious titer
titer of IAV in the experiment with of the virus by 2.01+2.06logip compared to the
LayO3-Ag > 5 wt. % ranged from 0.56 to 0.88log;o. control virus.
Cerium and lanthanum oxides with lower silver Adenoviruses are medium-sized
content did not reduce the infectious titer of the (90-100 nm), non-enveloped viruses with
IAV. All investigated metal oxides inhibited the icosahedral nucleocapsid containing a double-
development of CPE of the virus upon extra- stranded DNA genome. The viral capsid has the
clinical contact with the virus for 1 h (the form of an icosahedron and is composed of
virucidal effect, Fig.3). Thus, cerium and 252 capsomers. Of these, 240 have a six-fold
lanthanum oxides of 2 and 5 % completely symmetry and are therefore called hexons.
suppressed the reproduction of the virus and the Twelve capsomers have five-fold symmetry,
infectious titer of the [Influenza virus by pentons and produce the particle corners. From
6.88logio. This effect was observed regardless of every corner, an antenna-like fibre is protruding.
the type of metal (cerium or lanthanum). The This fibre is a glycoprotein that varies in length
studied oxides without silver and 5wt. % of of adenoviruses belonging to different

ISSN 2079-1704. X®TT1. 2023. T. 14. Ne 2 267



M.M. Zahornyi, O.M. Lavrynenko, O.Yu. Pavlenko et al.

subgroups. The fibre acts as the most important
receptor-binding structure. Many of the other
peptides function ascent and couple hexon and
penton capsomers to a dense capsid [32].

The influence of nanoparticles on the
reproduction of human adenovirus type 2 was

nanoparticles La;O3-Ag > Swt. % had the highest
antiviral activity in the range of 0.83 to 1.0logo
for material dilutions of 1:100 and 1:1000,
respectively  (Table3). The LaxO3-CeO>
nanoparticles inhibited virus infectivity (1:1000
and 1:10000 dilutions) by > 0.86log;o.

investigated. As can be seen in Table 3, the
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Virus >5% 2% 4% >5%

Fig. 3. Virucidal action of lanthanum and cerium oxides with silver content. Infectious titer of Influenza A virus in
the presence of NPs

Table 3. Infectious titer of human adenovirus type 2 (HAdV2), synthesized de novo in the presence of
nanocomposites

Virus titers and virus reproduction inhibition index (IPR) for a series dilutions of nanoparticles*

Dilution 100 1000 10000
Nanocomposites TCID50/ml, logio IPR, logio  TCIDS0/ml, logio  IPR, logio TCID50/ml, logio IPR, logio
La;03-CeO, 6.12 0 5.12 0.87 5.13 0.86
Ce02-Ag2 % 6.21 0 5.36 0.63 6.18 0
Ce0,-Ag4 % 6.11 0 6.1 0 6.02 0
Ce012-Ag>5% 6.19 0 6.04 0 6.04 0
La03-Ag 2 % 6.04 0 5.23 0.76 5.19 0.8
La03-Ag 4 % 6.09 0 5.16 0.83 6.1 0
Lay03-Ag>5% 5.16 0.83 4.99 1.0 5.96 0.03

*The titer of HAdV2 in the control, without use of nanoparticles was 5.99 logio TCIDso / ml

o

.

%

Infection titer of wirus, TCIDS)mI, Logld

D%

Control of La203-Ce02 Ce02-Ag2% Ce02-Ag4% Ce02-Agz La203-Azg L[a203-Az LalO03-Ag
virus >5% 2% 4% >5%

Fig. 4. Virucidal action of lanthanum and cerium oxides with silver content. Infectious titer of human adenovirus
type 2 in the presence NPs
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All doped nanoparticles had very low
virucidal activity against HAdV2 (Fig. 4); only
Lay03-CeO; reduced the virus titer by 2logio,
which is considered sufficient to consider the
substance virucidal. La;O3; with 2 wt. % of silver

reduced the virus titer by 0.9logi, and
Ce02-Ag 4% by 1.1logo.
CONCLUSIONS

Thus, nanosized powders of pure cerium,
lanthanum oxides and composites based on them
doped with silver were chosen to perform the
antiviral activity study. The features of the
silver-ceria interaction is connected with the
morphology and size effects of both Ag and
CeO, particles, concentrations of oxygen
vacancies in the ceria structure, and possible
redox properties that are caused by the interplay
between Ag'/Ag’ and Ce *'/Ce *' pair.

All studied nanocomposites were non-toxic
for BHK-21, Hep-2 and MDCK cells, as
concentrations of 10 and 100 pg/mL inhibited
cell viability maximum of 28 %.

It was stated that oxides of lanthanum and
cerium with a silver content of 2+4 wt. % have
pronounced virucidal action against Herpes
simplex virus type 1 (US strain) and completely
inhibit development of its cytopathic action
without UV action. The anti-herpetic effect of
lanthanum and cerium oxides, which reduce the
infectious titers of the “de novo” synthesized
virus by 1.0+4.0 logio, is shown, which indicates
their  high  efficiency. Metal oxides
Ce02-2 % Ag, C602-Ag >5 %, L21203-Ag >5%
and La;03-2 % Ag had a pronounced virucidal
effect against Herpes simplex virus type 1, they
inhibited the development of cytopathic action of
the herpes virus, reducing the titer by 5.19 logjo.
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The maximum reduction in infectious titer of
Influenza A virus (strain A/FM/1/47) was
observed with a minimum CeO>-Ag > 5 %
dilution, and the value was 1.5logio. The
reduction of infectious titer IAV with
La;03-Ag > 5wt.% ranged from 0.56 to
0.88logio. All investigated metal oxides inhibited
the development of CPE of the virus upon extra-
clinical contact with the virus for 1h (virucidal
effect). Cerium and lanthanum oxides of 2 % and
5 % completely suppressed the reproduction of
the virus and the infectious titer of the influenza
virus by 6.88 logio.

The nanoparticles of La,O3-Ag > 5 wt. %
had the highest anti-adenoviral activity Human
Adenovirus type 2 in the range of 0.83 to 1.0logo
for material dilutions of 1:100 and 1:1000,
respectively.  Other  nanoparticles, except
CeO-Ag 4 wt.% and CeO-Ag > 5 wt. %,
showed insignificant anti-adenoviral activity. All
doped nanoparticles had very law virucidal
activity against HAdV2; only Lay03-CeO;
reduced the virus titer by 2.0 logjo.

The ability of the investigated nanostructures
CeOz-Ag and La,0s3-Ag to destroy the lipid
envelope of Herpes simplex virus type 1 and
Influenza A viruses without irradiation can be the
prospect of antiviral action against viruses with a
supercapsid such as the SARS-Cov-2 strain.
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Cb0200Hi NPOMUGIPYCHY AKMUBHICMb OKCUOHUX HAHOMAMEPIAN6 MONCHA SUKOPUCMO8Y8amu 6 6opomvoi 3
sipycnum 3axseoprogannam COVID-19. Beaoscacmvcs, wo nanouacmunku Ag moxcyms 38 's3Y8amucs 3 HOBEPXHEGUM
2NIKONPOMeIHOM Gipycy ma nepewKkoodcamu 63aemMolii 6ipycy 3 enimenianbHuMy KIUMUHAMU, 4 MAKOXNC
npueHiuyeamu penpooyKyilo Gipycy WLIAXOM 6USLibHeHHs [0HI6 cpibna 6 kaimuni. Tlokazano incibyeanus 6ipycie
eenomamu PHK (pubonykneinosa xucioma) i JIHK (Oezokcupubonyxneinosa kucioma) OI€l0 OKCUOHUX
HAHOKOMNO3UMIB.

Y yvomy oocrioocenni cmpykmypy nosepxui aecosanoco CeQ; (La;03) susuanu memodom adcopoyii-oecopoyii
azomy na ocHosi memooy BET. Hasénicmo amowmie cpibna é CeO,-Ag’ moowce cnpusmu mpancnopmyeanuio 6inouloi
KibKOCMI OIPOK HA NOBEPXHIO MA NOCUNIO8AMU ONMUYHY U AHMUBIPYCHY akmugHicmo. [lepsunHuil po3mip 4acmuHox
yucmozo Odiokcuody yepiro cmarogums 7 HM, 0na komnozumy CeQOr-Ag npu 2 i 4 mac. % cpiona 6.5 i 6.9 nm; 0ns
La>03-Ag 27 i 35 um 6ionogiono.

Kummezoamuicme  xknimun  oyinwoganu 3a oonomoeoro auanizy MTT (3-(4,5-0oumemunmiazon-2-in)-2,5-
Jugheninmempaszonito 6pomio) nicis excnosuyii HY (HanouacmuHnok), OCKIbKU duuie HCUMMEZOAMHI KIIMUHU
Maioms  (QYHKYIOHANbHI  (hepmenmu  MimoxoHopianvHoi Oeziopozenasu, axi moxcymo gionosniosamu MTT oo
¢dopmaszany. Hanowacmunxu 6yau nemoxcuunumu ons xuimurn BHK-21 (nupka cupiticbkoeo xom’sxa), Hep-2
(xapyunoma eopmani moounu) ma MDCK (nupka cobaku) y kouyenmpayisx 10 ma 100 wmxe/mn, a
arcummeszoamuicmo kuimun oyna 6 mesxcax 76100 %. Menwy mokcuuny 0ito marome Lax03 ma CeQ», axi micmsame
4 mac. % Ag y konyenmpayii 1000 mxe/mn: ons kaimun BHK-21 68 ma 76 % scumme30amuux Kiimur 8i0nosioHo;
ona Hep-2 - 40 i 36 %, ona MDCK - 42 i 48 %, La;O3 ma CeO; 3 2 ma 5 mac. % Ag y xonyenmpayii 1000 mxe/mn
oynu gucokomokcuunumu. Pisenv scummeszoamnocmi knimun BHK-21, Hep-2 ma MDCK 3uaxoouecs 6 dianasowi
8i0 7 0o 37 %.

Bcemanosneno, wo oxcuou yepito ma 1aumany Marome upasxiceny GipyriyuoHy Oilo wjooo 8ipycy npocmozo
2epnecy ma gipycy epuny A uwiiAxXom NO8HO20 NPUSHIYeHHs PO38UMKY 1020 yumonamuunoi 0ii. Oxcuou raumany ma
yepiro 3 2 ma 5 mac. % cpiona npueniuysanu pozeumox CPE (yumonamuunuu egpexm) sipycy oinvwi nisic na 5.0 logig
¥V nopigusHHi 3 Kowmpoaem eipycy. Pesynemamu noxasyioms, wjo oxcuou aanmany ma yepiio 3 2 ma 5 mac. % cpiona
Maiome UCOKY GIpYIIYUOHy Oil0 npomu 6ipycy npocmozo eepnecy muny 1. 3menwenns ingexyitinoco mumpy sipycy
eepnecy, cunmeszosanoeo “de novo” ua 1.0+4.0 log, 6i06ysacmuvcs y npucymuocmi HAHOKOMNRO3UMIE IAHMAHY ma
yepiio.

Knrouosi cnoea: yumomoxcuunicms, adenogipyc, zcepnec sipyc, sipyc epuny A, aHmugipycHa axkmueHicmo,
sipyniyuona 0ia, CeOr-Ag, La;03-Ag

REFERENCES

1. Ahmed S.F., Quadeer A.A., McKay M.R. SARS-CoV-2 T Cell Responses Elicited by COVID-19 Vaccines or
Infection Are Expected to Remain Robust against Omicron. Viruses. 2022. 14(1): 79.

2. Weiss C., Carriere M., Delogu L.G. Toward nanotechnology-enabled approaches against the COVID-19
Pandemic. ACS Nano. 2020. 14(6): 6383.

3. Lavrynenko O.M, Pavlenko O.Yu., Zahornyi M.N., Korichev S.F. Morphology, phase and chemical
composition of the nanostructures formed in the systems containing lanthanum, cerium, and silver. Him. Fiz.
Technol. Poverhni. 2021. 12(4): 382. [in Ukrainian].

4.  Vember V., Lavrynenko O., Zahornyi M., Pavlenko O., Benatov D. Study of biological activity of lanthanum,
cerium, and titanium oxide’s nanoparticles and their composites modified by silver. Bulletin of National
Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute” Series “Chemical Engineering,
Ecology and Resource Saving”. 2022. 21(2): 79. [in Ukrainian].

270 ISSN 2079-1704. X®TTI1. 2023. T. 14. Ne 2



The antiviral activity of cerium and lanthanum nanooxides modified with silver

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Khan M.M., Ansari S.A., Pradhan D., Han D.H., Lee J., Cho M.H. Defect-induced band gap narrowed CeO,
nanostructures for visible light activities. Ind. Eng. Chem. Res. 2014. 53(23): 15233.

Khan M.M., Ansari S.A., Ansari M.O., Min B.K., Han D.H., Lee J., Cho M.H. Biogenic fabrication of
Au@CeO; nanocomposite with enhanced visible light activity. J. Phys. Chem. C. 2014. 118(18): 9477.
Mudhafar M., Zainol 1., Aiza Jaafar C.N., Alsailawi H.A., Desa Sh. A Review Synthesis Methods of Ag
Nanoparticles: Antibacterial and Cytotoxicity. International Journal of Drug Delivery Technology. 2021. 11(2):
635.

Shtepliuk J., Khranovskyy V., Ievtushenko A., Yahimova R. Temperature-dependent photoluminescence of
ZnO thin films grown on off-axis SiC substrates by APMOCVD. Materials (MDPI). 2021. 14(4): 1035.
Lavrynenko O.M., Pavlenko O.Yu., Shchukin Yu.S., Dudchenko N.O., Brik A.B., Antonenko T.S.
Characteristics of Nanocomposites Formed on the Steel Surface Contacting with Precious Metal Solutions. In:
Microstructure and Properties of Micro- and Nanoscale Materials, Films, and Coatings. (Springer Proceedings
in Physics, Chapter 28, 2020). P. 297.

Nguyen-Tri P., Nguyen V., Nguyen T. Biological Activity and Nanostructuration of Fe;O4-Ag/High Density
Polyethylene Nanocomposites. J. Compos. Sci. 2019. 3(2): 34.

Zheng Z., Murakamia N., Liu J., Teng Z., Dr. Zhang Q., Cao Yu, Dr. Cheng H., Dr. Ohno T. Development of
Plasmonic Photocatalyst by Site-selective Loading of Bimetallic Nanoparticles of Au and Ag on Titanium(IV)
Oxide. Chem. Cat. Chem. 2020. 12(14): 3783.

Khalyavka T., Bondarenko M., Shcherban N., Petrik 1., Melnyk A. Effect of the C and S additives on structural,
optical, and photocatalytic properties of TiO,. Appl. Nanosci. 2018. 9: 695.

Moradi H., Eshaghi A., Hosseini S.R., Ghani K. Fabrication of Fe-doped TiO: nanoparticles and investigation
of photocatalytic decolorization of reactive red 198 under visible light irradiation. Ultrason. Sonochem. 2016.
32:314.

Xiong Z., Ma J., Ng W.J., Waite T.D., Zhao X.S. Silver-modified mesoporous TiO, photocatalyst for water
purification. Water Res. 2011. 45(5): 2095.

Ma J., Xiong Z., David Waite T., Ng W.J., Zhao X.S. Enhanced inactivation of bacteria with silver-modified
mesoporous TiO,under weak ultraviolet irradiation. Microporous Mesoporous Mater. 2011. 144(1-3): 97.
Karimipour Z., Yengejeh R.J., Haghighatzadeh A., Mohammadi M.K., Rouzbahani M.M. UV-Induced
Photodegradation of 2,4,6-Trichlorophenol Using Ag-Fe,03-CeO; Photocatalysts. J. Inorg. Organomet. Polym.
Mater. 2021. 9(3): 191.

Zahornyi M.M., Tyschenko N.I., Lobunets T.F., Kolomys O.F., Strelchuk V.V., Naumenko K.S.,
Biliavska L.O., Zahorodnia S.D., Lavrynenko O.M., Ievtushenko A.I. The Ag Influence on the Surface States of
TiO,, Optical Activity and Its Cytotoxicity. Journal of Nano-And Electronic Physics. 2021. 13(6): 06009.
[in Ukrainian].

Filho S.A, dos Santos O.A.L, dos Santos M.S., Backx B.P. Exploiting Nanotechnology to Target Viruses.
J. Nanotechnol. Nanomaterials. 2020. 1(1): 11.

Tang Z., Zhang Y., Xu Y. A facile and high yield approach to synthesize one-dimensional CeO2 nanotubes with
well shaped hollow interior as a photocatalyst for degradation of toxic pollutants. RSC Adv. 2011. 1(9): 1772.
Zholobak N.M., Mironenko A.P., Shecherbakov A.B., Shydlovska O.A., Spivak M.Ya., Radchenko L.V.,
Marinin A.l, Ivanova O.S., Baranchikov A.E., Ivanov V.K. Cerium dioxide nanoparticles increase
immunogenicity of the influenza vaccine. Antiviral Res. 2016. 127: 1.

Ismail R.A., Abid S.A., Taba A.A. Preparation and characterization of CeO,@Ag core/shell nanoparticles by
pulsed laser ablation in water. Lasers Manuf. Mater. Process. 2019. 6: 126.

Li H, Xia P., Pan S., Qi Z., Fu C., Yu Z., Kong W., Chang Y., Wang K., Wu D., Yang X. The Advances of
Ceria Nanoparticles for Biomedical Applications in Orthopaedics. Int. J. Nanomed. 2020. 2020: 7199.

Khan S.; Ansari A.A., Rolfo C., Coelho A., Abdulla M., Al-Khayal K., Ahmad R. Evaluation of in vitro
cytotoxicity, biocompatibility, and changes in the expression of apoptosis regulatory proteins induced by
cerium oxide nanocrystals. Sci. Technol. Adv. Mater. 2017. 18(1): 364.

Gaiser B.K., Fernandes T.F., Jepson M.A., Lead J.R., Tyler C.R., Baalousha M., Biswas A., Britton G.J.,
Cole P.A., Johnston B.D., Ju-Nam Y., Rosenkranz P., Scown T.M., Ston V. Interspecies comparison on the
uptake and toxicity of silver and cerium dioxide nanoparticles. Environ. Toxicol. Chem. 2012. 31(1): 144.
Lavrynenko O.M., Zahornyi M.M., Vember V.V., Pavlenko O.Yu., Lobunets T.F., Kolomys O.F.,
Povnitsa O.Yu., Artiukh L.O., Naumenko K.S., Zahorodnia S.D., Garmasheva I.L.. Nanocomposites based on
cerium, lanthanum, and titanium oxides doped with silver for biomedical application. Condens. Matter. 2022.
7(3): 45.

European Collection of Animal Cell Cultures Catalog. Porton Down: Salisbury. (UK, PHLS Centre of Applied
Microbiology and Research, 1990).

ISSN 2079-1704. X®TT1. 2023. T. 14. Ne 2 271



M.M. Zahornyi, O.M. Lavrynenko, O.Yu. Pavlenko et al.

27.

28.

29.

30.

31.

32.

Hu R.L, Li S.R, Kong F.J., Hou R.J., Guan X.L, Guo F. Inhibition effect of silver nanoparticles on herpes
simplex virus 2. Genetics and Molecular Research. 2014. 13(3): 7022.

Kusmierek E. A CeO, Semiconductor as a Photocatalytic and Photoelectrocatalytic Material for the
Remediation of Pollutants in Industrial Wastewater: A Review. Catalysts. 2020. 10(12): 1435.

Xue Z., Shen Y., Li. P, Pan Y., Li J,, Feng Z., Zhang Y., Zeng Y., Liu Y., Zhu S. Promoting effects of
lanthanum oxide on the NiO/CeQO; catalyst for hydrogen production by auto thermal reforming of ethanol.
Catal. Commun. 2018. 108: 12.

Heming J.D., Conway J.F., Homa F.L. Herpes virus capsid assembly and DNA packaging. Adv. Anat. Embryol.
Cell. Biol. 2017.223: 119.

Rivas H., Schmaling S., Gaglia M. Shutoff of Host Gene Expression in Influenza A Virus and Herpesviruses:
Similar Mechanisms and Common Themes. Viruses. 2016. 8(4): 102.

Gallardo J., Pérez-Illana M., Martin-Gonzalez N., San Martin C. Adenovirus Structure: What Is New? Int. J.
Mol. Sci. 2021. 22(10): 5240.

Received 01.09.2022, accepted 05.06.2023

272 ISSN 2079-1704. X®TTI1. 2023. T. 14. Ne 2




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>

    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /RUS <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


