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ANTIMICROBIAL AND ANTIVIRAL ACTIVITY
OF NANOCOMPOSITES BASED ON POLYELECTROLYTE
COMPLEXES WITH SILVER NANOPARTICLES

Recently, nanocomposite materials containing nanoparticles of metals such as silver, copper and zinc oxide have at-
tracted most attention due to their pronounced pharmacological properties, such as antimicrobial, antiviral, anti-
inflammatory, immunomodulatory ability and high stability in extreme conditions. Polyelectrolyte complexes based
on polymers of natural origin, namely polysaccharides of chitosan and pectin, which can stabilize nanoparticles of a
smaller size than individual polymers have significant potential for creation of silver-containing nanocomposites. The
aim of this article is to study the antimicrobial and antiviral activity of silver-containing nanocomposites based on poly-
electrolyte complexes. Methods. Peculiarities of the structural organization of silver-containing nanocomposites were
investigated by the method of wide-angle scattering on an XRD-7000 diffractometer. The morphology of Ag nanopar-
ticles in polymer matrixes were studied by transmission electron microscopy method (transmission electron microscope
JEOL 100 CXII). The antimicrobial activity of silver-containing nanocomposites was determined by agar diffusion as-
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says against opportunistic pathogens Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Candida
albicans. Cytotoxicity and antiviral activity were investigated using the MTT method and staining by gentian violet.
Results. Analysis of wide-angle X-ray diffractograms of silver-containing nanocomposites based on polyelectrolyte com-
plexes Na-CMC (pectin) — chitosan showed that at reduction of Ag* ions to metallic silver, there are two low-intensity
diffraction maxima at 20, ~ 38° and 44° in the diffractograms. These maxima correspond to the crystallographic planes
of the face-centered cubic lattice of silver, are characterized by indices (111) and (200), respectively, and confirm the
presence of metallic silver in the polymer system. Analysis of micrographs of silver-containing nanocomposites based on
Na-CMC and chitosan showed that larger nanoparticles are formed with increasing the molecular weight of chitosan.
The dependence of the size of silver nanoparticles on the wavelength of ultraviolet radiation at reduction of silver ion
in polyelectrolyte-metal complexes Na-CMC—Ag+—chitosan of low molecular weight was also revealed. In particular,
smaller particles are formed under irradiation by light with a shorter wavelength (A =254 nm) than at A=365 nm.
Silver-containing nanocomposites Na-CMC-Ag-chitosan and pectin citrus-Ag-chitosan, obtained by reduction of Ag*
ions under ultraviolet irradiation at a wavelength A = 365 nm and A = 254 nm, exhibit high antimicrobial activity
against the test cultures of microorganisms S. aureus, E. coli, and P. aeruginosa C. albicans. No significant dependence
of antimicrobial activity on the molecular weight of the studied samples was noted: the obtained data were within close
limits and had close values. In addition, no dependence of antimicrobial activity on the type of investigated test cultures
of microorganisms was observed either. Nanocomposites based on Na-CMC-chitosan (A = 365 nm) inhibited infection
titer HSV-1 by (3.72—5.45) IgTCID /mL, whereas the decrease in titer during incubation with samples based on citrus
pectin-chitosan was within (2.39—2.42) IgTCID,/mL. A dose-dependent relationship between molecular weight of
chitosan and reduction of infection titer was observed. It was found that silver-containing nanocomposites formed by
reduction of silver ions in polyelectrolyte-metal complexes under ultraviolet radiation of different wavelengths had no
cytotoxic effect on cells of MDCK and BHK. Conclusions. The investigated silver-containing nanocomposites based on
Na-CMC (pectin)-chitosan polyelectrolyte complexes show antimicrobial activity against test cultures of S. aureus, E. coli
P, aeruginosa, and C. albicans along with antiviral activity against herpes simplex virus type 1 and influenza virus. It
was established that the obtained nanocomposites did not show a cytotoxic effect on MDCK and BHK cells. The obtained
data allow us to assert that investigated silver-containing nanocomposites are promising antimicrobial means for the
development of new effective strategies against microorganisms and viruses and improvement of the population health.

Keywords: polyelectrolyte complexes, silver-containing nanocomposites, antimicrobial activity, antiviral activity.

In today’s world, infectious diseases caused by
microorganisms and viruses remain a serious
problem of health protection, despite the con-
stant progress in the creation of medical drugs
and the development of pharmaceutical technol-
ogies (Sharma et al., 2023). The high risk of com-
plications and the spread of infections in society
require constantly searching for new methods to
combat pathogenic microorganisms. Pathogens
(bacteria, fungi, and viruses), including virulent
and drug-resistant strains, are constantly found
on various surfaces, survive on them quite a long
time, and can be primary sources of transmis-
sion of pathogens (World Health Organization,
2022; Perlman, 2020; Setti et al., 2020). New
multifunctional antimicrobial/antiviral surface
coatings are needed to prevent such superficial
transmission of pathogens.
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Recently, polymer materials that contain sil-
ver nanoparticles have attracted the most atten-
tion (Demchenko et al., 2020a; 2020b; 2021).
A peculiarity of silver nanoparticles consists in
their ability to function at low concentrations,
which reduces the potential toxicity to humans
and environment. This makes them attractive
for using in the medical industry, pharmaceu-
ticals, packaging materials and other industries
where it is important to fight infectious diseases
(Flores-Lopez et al., 2019).

Despite significant advances in silver nanopar-
ticle research, there are still many unresolved
aspects regarding their effect on microorgan-
isms and viruses. The questions of the influence
of the size and shape of silver nanoparticles on
their antimicrobial activity, mechanism of ac-
tion, duration of effect and potential cytotoxic-
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ity, etc. are especially important (Carvalho et al.,
2022). Currently, the most common methods for
obtaining of silver-containing nanocomposites
are chemical and radiation chemical reduction
of silver ions in polymer films mainly of syn-
thetic origin. However, these methods require
chemical reducing agents, often toxic, and a
special complex equipment that generates radia-
tion. Polyelectrolyte complexes based on natural
polymers, namely polysaccharides such as the
Na-salt of carboxymethylcellulose, pectin, chito-
san, etc. (Wang et al.,, 2017; Demchenko et al.,
2015; 2022a; 2022b) have considerable potential
for creating silver-containing nanocomposites.
Polyelectrolyte complexes (PECs) are formed
due to the electrostatic interaction between op-
positely charged polyelectrolytes. In terms of
chemical structure, they are rigid chain poly-
mers for which, in addition to the presence of
ionogenic groups, a high concentration of reac-
tive OH groups is also characteristic. This opens
up the possibility of the stabilization of nanopar-
ticles of smaller size. Moreover, they are char-
acterized by high biological activity and at the
same time, they are non-toxic, biocompatible,
and biodegradable substances.

Thus, the study of the antimicrobial activity of
silver nanoparticles is an actual and promising
field of research which can lead to the develop-
ment of new effective strategies for combating
infectious diseases.

In view of the above, the purpose of this work
is to research the antimicrobial and antiviral ac-
tivity, as well as the structure and morphology
of silver-containing nanocomposites based on
polyelectrolyte complexes Na—CMC (pectin)—
chitosan obtained by UV irradiation of silver
ions in polymer films.

Materials and Methods. In the antimicrobial
research, we used the following reference strains
of opportunistic pathogens: Staphylococcus aure-
us ATCC 25923 as model Gram-positive bacte-
ria, Escherichia coli ATCC 25922, Pseudomonas
aeruginosa ATCC 27853, as model Gram-nega-
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tive bacteria, and yeast-like fungus Candida al-
bicans ATCC 885-653. The bacterial strains were
obtained from the Ukrainian Collection of Mi-
croorganisms at the Zabolotny Institute of Mi-
crobiology and Virology of NAS of Ukraine. The
bacteria were cultured on meat-peptone agar for
24 hat 37 °C.

Viruses and cell culture. In the cytotoxicity re-
search, BHK and MDCK cells were used: BHK-
21 cells (ECACC N85011433) — Syrian hamster
kidney, obtained from the Cell Bank of the In-
stitute of Experimental Pathology, Oncology and
Radiobiology NAS of Ukraine (Kyiv, Ukraine)
and MDCK cells (ECACC N84121903) — Ca-
nine kidney, from L.V. Gromashevsky Institute
of Epidemiology and Infection Diseases of NAS
of Ukraine (Kyiv, Ukraine). For antiviral re-
search, the influenza A virus (IAV) HIN1, strain
A/FM/1/47, and herpes simplex virus type 1
were employed. All epithelial cells were cultured
in sterile plastic falcon (Bioswisstec, Switzer-
land) using a growth medium consisting of 45%
DMEM (Dulbeccos Modified Eagles Medium)
(Biowest, France), 45% RPMI 1640 (Roswell Park
Memorial Institute medium) (Biowest, France),
and 10% heat-inactivated fetal bovine serum
(FBS, Biowest, France) at 56 °C, supplemented
with penicillin-streptomycin antibiotics at a con-
centration of 100 pug/mL (Biowest, France).

To manufacture polymer systems based on
polyelectrolytes complexes and silver nanopar-
ticles, such substances were used as sodium car-
boxymethylcellulose salt (Na-CMC) «Aldrich»,
M,, ~90,000, pectin citrus «Aldrich», galact-
uronic acid, >74%, low molecular weight chito-
san (LMWC) «Aldrich», degree of deacetylation
~75%, M, ~50,000—190,000, and silver (I) nitrate
(AgNO,) (Aldrich) with M = 169.9. Polyelec-
trolyte complexes were formed by mixing of 1%
aqueous solutions of anionic and cationic poly-
electrolytes taken in the stoichiometric ratio of
functional ionogenic groups at 20+ 2 °C. Chitosan
was dissolved in 0.1M HCI solution, and appro-
priate amount of 0.1M NaOH solution was added
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to anionic polyelectrolyte Na-CMC (pectin). The
PECs obtained in this way were poured on polytet-
rafluoroethylene (PTFE) plates and dried at the
same temperature to constant mass. The dry PEC
films were washed in distilled water until reaching
the neutral pH, then were vacuumed and dried at
20+2 °C to constant mass. Samples of polyelec-
trolyte-metal complexes (PMCs) were obtained
by immersing PEC films in an aqueous solution
of AgNO, with a concentration of 0.1 mol/L. At
the same time, the transparent colorless PEC films
turned dark red. Silver-containing nanocompos-
ites were obtained by reduction of silver ions un-
der the action of ultraviolet radiation (A=254 and
365 nm) at room temperature.

Research methods. Features of the structure
of the samples. The structure of nanocomposites
was studied by wide-angle X-ray diffraction with
an XRD-7000 diffractometer (Shimadzu, Japan),
the X-ray optical scheme of which was performed
by passing the primary beam through a sample
(Galchun et al., 2015), using CuK  radiation (A =
= 1.54 A) and a graphite monochromator at tem-
perature 20+ 2 °C (Matkovska et al., 2014).

Morphology of nanocomposites. The size of
Ag nanoparticles and their distribution in the
polymer matrix was examined using a JEM-
1230 transmission electron microscope (JEOL,
Japan) at the resolution of 0.2 nm (Matkovska
et al., 2017).

The antimicrobial activity of silver-contain-
ing nanocomposites. The study was conducted
using the disk diffusion method on a solid nutri-
ent medium called Mueller-Hinton agar (MHA)
(Case & Johnson, 1984). Petri dishes containing
MHA medium were inoculated with 10uL of test
microorganism inoculum at a concentration of
2 x 10° CFU/mL. The test samples were placed
on the surface of the nutrient medium that had
been inoculated with the test microorganisms.
The Petri dishes were then incubated for 24 h at
37 °C. The presence of a clear zone free of micro-
organisms around the nanocomposite samples
served as an indicator of antimicrobial activity.

ISSN 1028-0987. Microbiological Journal. 2024. (2)

The antiviral assay. The studied nanocom-
posites were placed in the wells of a 96-well plate
(darker side up), 100 pL of undiluted virus sus-
pension was applied on the top and incubated at
37 °C for 60 minutes. The cells were infected with
ten-fold serial dilutions of virus-containing mate-
rial at 50 pL per well. A suspension of the virus
was used as a control, which was kept in similar
conditions without contact with the composites.
Adsorption was performed at 37 °C for 1.5 h, after
which 150 pL of support medium was added to
the virus-containing material. Non-infected cells
were used as cell controls. The plate was kept in
an atmosphere of 5% CO, at 37 °C until the ap-
pearance of a pronounced cytopathic effect of the
virus (3 days). The analysis was performed using
the MTT method for herpes simplex virus type
1 and crystal purple staining for influenza virus.
All experiments were performed in triplicate. The
results were analyzed spectrophotometrically on a
Multiskan FC reader (Thermo Scientific, USA) at
a wavelength of 538 nm. Using the obtained opti-
cal densities was determined by % of cytopathic
effect (CPE) of the virus on the cells by the for-
mula described by Kohn et al. (Kohn et al., 2015).
Virus dilution was determined, which reduces the
optical density of the sample by 50% compared
to that of cell control, which is the virus titer and
expressed in TCID, /mL. A decrease in the in-
fection titer of the virus by 2 Ig TCID, /mL or
more (or 99% or more), compared to the control,
indicates significant activity of the compound
against the virus, 1—2 lg TCID,/mL (97—99%)
demonstrates a moderate effect, and less than 11g
TCID,,/mL (97%) shows a relative activity.

The cytotoxicity assay. The cytotoxicity of
nanocomposites was performed using the MTT
test, which is based on determining the func-
tioning of the dehydrogenase activity of mito-
chondria. The study procedure included 24 h of
exposure of the plates in growth medium for cell
cultures at 37 °C. The medium was then added
to the monolayer of cell cultures at dilutions of
1:10, 1:100, and 1:1000. Analysis of cells was per-
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formed at 48 h by adding 20 pL of MTT solu-
tion (5 mg/mL, NeoFrexx, Germany). After four
h of incubation at dark, the formazan crystal of
MTT reduction was dissolved in ethanol 96%,
and absorbance was measured using a microtiter
plate reader Multiskan FC (Thermo Scientific,
USA). The effect of cytotoxicity of the samples
was quantified as the percentage of control ab-
sorption of the reduced dye MTT at 538 nm. All
experiments were repeated three times to test for
sensitivity. Cell viability was assessed by the abil-
ity of live cells to reduce the yellow MTT dye to a
blue formazan crystal (Tonder et al., 2015).

Statistical processing of results. In unravel-
ing the results, we systematically computed the
mean and standard deviation. We used Micro-
soft Excel to conduct a focused regression analy-
sis, explicitly employing the linear regression to
discern underlying trends. It is noteworthy that
we conducted three repetitions for each experi-
mental condition, contributing to the robustness
and reliability of our statistical analysis.

Results. Analysis of wide-angle X-ray dif-
fractograms of polyelectrolytes complexes Na-
CMC — chitosan (low, medium, and high mo-
lecular mass) and nanocomposites based on
them showed that all they are characterized by
an amorphous structure (Fig.1). The presence
of amorphous halo in all diffractograms in the
region of scattering angles (15—30) © is shown.

The reduction of Ag* ions to metallic silver is
evidenced by the presence of two low-intensity
maxima at 20 ~ 38° and 44° on the diffracto-
grams of all samples. These maxima correspond
to the crystallographic planes of the face-cen-
tered cubic lattice of silver and are characterized
by indices (111) and (200), respectively, which
confirms the presence of metallic silver in the
polymer system (Fig. 1).

Analysis of the micrographs of silver-con-
taining nanocomposites based on Na-CMC and
low molecular weight chitosan (chitosan LMW)
showed the dependence of the silver nanopar-
ticle size on the wavelength of ultraviolet radia-
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tion at reduction of silver ions in polyelectro-
lyte-metal complexes Na-CMC-Ag*—chitosan
with low molecular weight. In particular, in the
samples formed under irradiation by light with
a shorter wavelength (A=254 nm), smaller par-
ticles are formed than at A=365 nm (Fig. 2 a,
b). This may be due to the fact that the shorter
wavelength of ultraviolet irradiation, the higher
its frequency and quantum energy, the harder
radiation. At the same time, crystallization cen-
ters of nanoparticles are formed faster.

Also, the antimicrobial activity was studied
for silver-containing nanocomposites obtained
by reduction of Ag* ions under ultraviolet ra-
diation (A = 365 and 254 nm) in polymer sys-
tems Na-CMC—Ag*—chitosan and citrus pec-
tin—Ag*—chitosan of low, medium, and high
molecular weight relative to reference strains of
opportunistic microorganisms S. aureus, E. coli,
P aeruginosa and yeast-like fungi C. albicans.

Silver-containing nanocomposites Na-CMC—
Ag—chitosan of low, medium, and high molecular
weight, obtained by reduction of Ag* ions under
ultraviolet radiation at wavelengths A = 254 nm and
A = 365 nm, showed antimicrobial activity against
the test microorganisms (Table 1). After 24 h of in-
cubation at 37 °C, a clear zone around the samples
obtained by reduction of Ag* ions under ultra-
violet irradiation at a wavelength A = 365 nm was
observed. It indicates the inhibition of the growth
of microorganisms (Fig. 3). Its diameter was es-
tablished within (21.79—22.71) mm for S. aureus;
(20.00 — 21.62) mm — E. coli; (22.90—24.42)
mm — P. aeruginosa, and (18.93—21.52) mm —
C. albicans. There was no significant dependence
of the antimicrobial activity on the tested samples’
molecular weight. The obtained data fell within
close ranges and had similar values, which were as-
sessed based on the zones of growth inhibition of
microorganism test cultures on Petri dishes. Addi-
tionally, there was no dependence of antimicrobial
activity on the type of tested microorganism cul-
tures. All samples of silver-containing nanocom-
posites Na-CMC—Ag-chitosan of low, medium,

ISSN 1028-0987. Microbiological Journal. 2024. (2)
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Fig. 1. Wide-angle X-ray diffractograms of the initial polyelectrolyte complexes (1): Na-CMC—chitosan LMW (a),
Na-CMC— chitosan MMW (b), Na-CMC— chitosan HMW (c) and silver-containing nanocomposites based on
them, obtained by reduction of Ag* ions in polyelectrolyte-metal complexes under ultraviolet radiation of different
wavelengths: 254 nm (2) and 365 nm (3).

Fig. 2. Photomicrographs of transmission electron microscopy of silver-containing nanocomposites based on
polyelectrolyte complexes Na—CMC—chitosan LMW obtained by reduction of silver ions under ultraviolet

radiation of different wavelengths: (a) A = 254 nm; (b) A = 365 nm.

and high molecular weight obtained by reduction
of Ag* ions under ultraviolet irradiation have dem-
onstrated high antimicrobial activity against gram-
positive S. aureus, gram-negative E. coli, P. aerugi-
nosa bacteria and yeast-like fungi C. albicans.

The studied silver-containing nanocompos-
ites Na-CMC-Ag-chitosan of low, medium and
high molecular weight obtained by reduction
of ions Ag" under radiation at a wavelength of

ISSN 1028-0987. Microbiological Journal. 2024. (2)

A = 254 nm, demonstrated high antimicrobial
activity as well (Table 1). The growth inhibi-
tion zone diameter was established to be within
(21.49—23.06) mm for S. aureus; (19.15— 22.17)
mm for E. coli; (23.77—24.71) mm for P. aeru-
ginosa, and (20.04—23.93) mm for C. albicans.
The antimicrobial activity data were close to the
values obtained for the samples synthesized un-
der irradiation at a wavelength of A = 365 nm.
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In the control samples Na-CMC-chitosan
of low, medium, and high molecular weight,
which did not contain silver nanoparticles, active
growth of test microorganisms was observed,
and there were no zones of the growth inhibition.

The following samples in researching anti-
microbial activity were silver-containing nano-
composites citrus pectin—Ag—chitosan of low,
medium, and high molecular weight obtained by
reduction of ions Ag* under the action of ultra-
violet radiation at wavelengths of A = 365 nm and
254 nm. The research revealed that all of them
show high antimicrobial activity against test-cul-
tures of microorganisms S. aureus, E. coli, P. aeru-
ginosa, and C. albicans (Table 2). So, after 24 h of
incubation at 37 °C, clear growth inhibition zones
were observed around the disks of the investigat-
ed silver-containing nanocomposites obtained by
the reduction of Ag* ions under ultraviolet irra-
diation at a wavelength of A = 365 nm, indicating
the inhibition of microbial growth (Fig. 4).

There was no significant dependence of an-
timicrobial activity on the molecular weight of
chitosan in the composition of PEC. The di-
ameter of growth retardation zones was (29.12;
29.02; 26.17) mm for S. aureus; (21.36; 22.46;
21.35) mm for E. coli; and (24.06; 24.32; 24.69)
mm for P. aeruginosa in samples citrus pectin—
Ag—chitosan of low, medium, and high molecu-
lar weight, respectively. Slightly lower values of

antimicrobial activity were observed for yeast-
like fungi C. albicans — (16.88; 20.46; 20.29)
mm, respectively.

The researched silver-containing nanocom-
posites citrus pectin—Ag— chitosan of low, me-
dium, and high molecular weight obtained by
reduction of Ag* ions under ultraviolet irradia-
tion at A = 254 nm, also demonstrated high anti-
microbial activity against researched test cultures
of microorganisms S. aureus, E. coli, P. aerugi-
nosa, and C. albicans (Table 2). The samples
showed the highest antimicrobial activity against
gram-positive bacteria S. aureus. The diameters
of growth inhibition zones were (29.74; 28.92;
27.58) mm. Somewhat lower activity was not-
ed for the other test microorganism cultures:
E. coli — (21.61; 20.87; 22.05) mm; P. aerugino-
sa— (22.11;23.63;23.35) mm; and C. albicans —
(20.65; 21.61; 25.08) mm.

In the control samples citrus pectin—chitosan
of low, medium, and high molecular weight that
did not contain silver nanoparticles, an active
growth of test-microorganisms was observed
with no zone of the growth inhibition.

The antiviral activity of nanocomposites
based on polyelectrolyte- complexes and silver
nanoparticles obtained by the reduction of sil-
ver ions under ultraviolet irradiation is shown in
Figs. 5 and 6. It was established that silver-con-
taining nanocomposites based on Na-CMC—

Table 1. Antimicrobial activity of silver-containing nanocomposites
Na-CMC—Ag—chitosan of low, medium, and high molecular weight (LMW, MMW, and HMW)

Diameter of the growth inhibition zone, mm
Polymer system

S. aureus E. coli P aeruginosa | C. albicans
Control sample Na-CMC— chitosan LMW 0 0 0 0
Na-CMC—Ag— chitosan LMW (A = 365 nm) 2226 £1.40 | 20.00 +£0.80 | 22.77 +1.50 | 18.93 +0.40
Na-CMC—Ag— chitosan MMW (A = 365 nm) 21.76 £1.10 | 21.62+1.00 | 22.90 £1.60 | 21.52£0.90
Na-CMC—Ag— chitosan HMW (A = 365 nm) 22.71+1.60 | 21.33+1.10 | 24.42+1.80 | 20.45%0.70
Na-CMC—Ag— chitosan LMW (A = 254 nm) 23.06 +£1.70 | 21.45+1.00 | 24.8+1.60 | 23.00 +0.80
Na-CMC—Ag— chitosan MMW (A = 254 nm) 2250 £1.20 | 21.17+1.40 | 23.77 +£1.80 | 23.00 + 1.80
Na-CMC—Ag— chitosan HMW (A = 254 nm) 22.84+1.60 | 19.15+0.50 | 24.00 +1.90 | 20.04 + 0.60
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Fig. 3. Antimicrobial activity of silver-containing nanocomposites based on Na-CMC and chitosan of low, medium,
and high molecular weight, obtained by reduction of Ag* ions under ultraviolet radiation: (7) Na-CMC—Ag—
chitosan LMW (A = 365 nm), (8) Na-CMC—Ag—chitosan MMW (A = 365 nm), 9 — Na-CMC—Ag—chitosan
HMW (A = 365 nm), 13 — Na-CMC—Ag—chitosan LMW (A = 254 nm), 14 — Na-CMC—Ag—chitosan MMW
(A =254 nm), 15 — Na-CMC—Ag— chitosan HMW (A = 254 nm)

Fig. 4. Antimicrobial activity of silver-containing nanocomposites based on citrus pectin and chitosan of low,
medium, and high molecular weight, obtained by reduction of Ag* ions under ultraviolet radiation: 10 — citrus
pectin—Ag— chitosan LMW (A = 365 nm); 11 — citrus pectin—Ag— chitosan MMW (A = 365 nm); 12 — citrus
pectin—Ag— chitosan HMW (A = 365 nm); 16 — citrus pectin—Ag— chitosan LMW (A = 254 nm); 17 — citrus
pectin—Ag— chitosan MMW (A = 254 nm); 18 — citrus pectin—Ag— chitosan HMW (A = 254 nm)

Table 2. Antimicrobial activity of silver-containing nanocomposites
citrus pectin—Ag—chitosan of low, medium, and high molecular weight (LMW, MMW, and HMW)

Diameter of the growth inhibition zone, mm
Polymer system
S. aureus E. coli P aeruginosa C. albicans
Control sample citrus pectin—chitosan LMW 0 0 0 0
Citrus pectin—Ag— chitosan LMW (A = 365 nm) | 29.12+2.20 | 21.36 +1.20 | 24.06 £ 1.50 | 18.88 + 0.50
Citrus pectin—Ag— chitosan MMW (X =365 nm) | 29.02+2.10 | 22.46+1.00 | 24.32+1.60 | 20.46 + 0.80
Citrus pectin—Ag— chitosan HMW (A =365 nm) | 28.17+1.80 | 21.35+1.20 | 24.69 +1.80 | 20.29 + 0.70
Citrus pectin—Ag— chitosan LMW (A =254 nm) | 29.74+2.40 | 21.61+£1.30 | 22.11£0.90 | 20.65+ 0.60
Citrus pectin—Ag— chitosan MMW (A = 254 nm) | 28.92£2.00 | 20.87 £0.80 | 23.63+£1.20 | 21.61 £0.90
Citrus pectin—Ag— chitosan HMW (A =254 nm) | 27.58 +£1.90 | 22.05+1.10 | 23.35+1.20 | 25.08 + 1.40
ISSN 1028-0987. Microbiological Journal. 2024. (2) 43
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Fig. 5. Infection titer of viruses: (a) herpes simplex virus and (b) influenza virus type A after incubation with silver-
containing nanocomposites obtained by reduction of silver ions under ultraviolet radiation (A = 365 nm). Statistical

significance p <0.05
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Fig. 6. Infection titer of viruses: (a) simplex virus herpes and () influenza virus type A after incubation with silver-
containing nanocomposites obtained by reduction of silver ions under ultraviolet radiation (A = 254 nm). Statistical

significance p<0.05

chitosan obtained by the reduction of silver
ions under ultraviolet radiation (A = 365 nm)
inhibited the infection titer HSV-1 by 3.72—
5.45 IgTCID,,/mL. A dose-dependent relation-
ship between the molecular weight of chitosan in
the composition of PEC and the reduction of the
infection titer HSV-1 was observed. Silver-con-
taining nanocomposites based on Na-CMC—
chitosan of low molecular weight completely
inhibited the reproduction of the herpes simplex
virus, and samples with chitosan of medium and
high molecular weight reduced infection titer of
the virus by 4.96 and 3.72 IgTCID,/mL, respec-
tively. Instead, samples of pectin— Ag—chitosan

44

(A = 365 nm) decreased of the titer in the range
from 2.39 to 2.42 IgTCID, /mL (Fig. 5, a), com-
pared to the control of HSV-1.

On the model of the influenza virus in the
range from 0.61 to 0.68 IgTCID, /mL for nano-
composites Na-CMC—Ag—chitosan, inhibition
of the infection titer and even lower efficiency
for samples pectin—Ag—chitosan at A = 365 nm
(Fig. 5, b) were noted.

Silver-containing nanocomposites based on
polyelectrolyte complexes Na-CMC—chitosan
and pectin—chitosan obtained by reduction of
silver ions under ultraviolet radiation (A = 254
nm) showed a similar effect to the above de-
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Fig. 7. The influence of nanocomposites Na-CMC—Ag—chitosan and pectin—Ag— chitosan, obtained by reduction
of Ag*ions under ultraviolet radiation (A = 365 nm) on the viability of epithelial cultures of (a) BHK and (b) MDCK.

Statistical significance p < 0.05.

ol Bi%
< 1007 | 1,000 N
£ sl I
£ 60l
>
= 40}
O
20
0
%*%\ﬁw%*ﬁéﬁé
C’i C’@@\ Cﬁ\o@&; RS $\Q
éfb S 'f’,@s‘b %Q.’&O%Q’.\&O‘o .{@% \&0%. .@5{) ,&}fo ,@%’b
I S S

120
100 - .
= 8ol sl
E 60t
Z 40}
[\P]
© 20}
0
B A T e e
o é\c)@@%\@@\ S P S
; Q' ;
TS < o”@ < o‘“‘qu & %@%rb OC’,QQ%%Q & Qo%q,
 F FFEFT S
b

Fig. 8. Viability of epithelial cultures under the influence of nanocomposites Na-CMC—Ag—chitosan and pectin—
Ag—chitosan obtained by reduction of Ag* ions under ultraviolet radiation (A = 254 nm) on the viability of epithelial
cultures of (a) BHK and (b) MDCK. Statistical significance p < 0.05.

scribed samples, obtained at A = 365 nm, but
were less efficient. Among the silver-containing
nanocomposites based on Na-CMC— chitosan,
samples with low and medium molecular weight
of chitosan showed activity (titer reduction, re-
spectively) 3.49 and 3.01 IgTCID, /mL, while
samples of pectin—Ag—chitosan inhibited the
infection titer HSV-1 in the range from 1.71 to
2.42 1gTCID,/mL (Fig. 6, a). It was established

that samples Na-CMC—Ag—chitosan had dose-
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dependent inhibitory influence on the level of
the infection titer of the virus depending on the
molecular weight of chitosan.

In relation to the influenza virus, silver-con-
taining nanocomposites based on polyelectro-
lyte complexes pectin-chitosan of medium and
high molecular weight showed a pronounced
antiviral effect: inhibition of the virus titer was
from 3.54 to 3.56 IgTCID,,/mL, respectively
(Fig. 6, b).
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At the same time, nanocomposites should have
antimicrobial and antiviral activity, be non-tox-
ic, environmentally friendly, and stable for a long
time. Therefore, we investigated the cytotoxic ef-
fect of nanocomposites on cultures of mamma-
lian cells. As shown in Fig. 7, the viability indica-
tors for MDCK cells in the studied samples of
Na-CMC—Ag—chitosan and pectin— Ag—chi-
tosan were in the range from 87 to 99%, while for
BHK cells, it was somewhat smaller (70—99%).
So, nanocomposites Na-CMC—Ag—chitosan
and pectin—Ag—chitosan obtained by UV irra-
diation at A = 365 nm do not have a toxic effect
on both cultures of cells.

Silver-containing nanocomposites Na-CMC—
Ag—chitosan and pectin—Ag— chitosan ob-
tained by reduction of Ag* ions under ultraviolet
radiation (A =254 nm) did not have a cytotoxic
impact on epithelial cultures of the cells. The in-
dicator of the vitality of cells was in the range of
74—98% in MDCK cells, whereas for the model
of the BHK cell, it was in the range from 72 to
939% (Fig. 8).

Discussion. One of the main ways of spread-
ing of viruses and microorganisms in the envi-
ronment is contamination of objects, in par-
ticular surfaces. Surface contact can lead to the
spreading of many types of pathogenic micro-
organisms that are capable of being stored in
the environment for a certain time (Gralinski
& Menachery, 2020). Research of the antiviral
surface is often limited by the complexity of the
viral structure, the type of viruses and the lack of
understanding of their influence at the molecu-
lar level. However, in recent years, nanoparticles
and nanomaterials have gained great popularity.

This allowed us to take a big step in develop-
ing new antimicrobial materials (Pemmada et al,
2020; Sassi et al., 2015). AgNPs are known for their
antibacterial and antifungal activity. There are also
numerous studies of antiviral activity of AgNPs
against a wide range of viruses, and they have
demonstrated virucidal activity and/or changes in
binding of virus with host cells (Luceri et al., 2023).
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In this work, new silver-containing nanocom-
posites based on Na-CMC and pectin with chito-
san of different molecular weight were investigat-
ed. According to the literature, both components
have a wide range of biological properties (Tan et
al., 2022; Chaika et al., 2022). In our work, it was
established that the researched silver-contain-
ing nanocomposites Na-CMC—Ag—chitosan
and citrus pectin Ag-chitosan of low, medium,
and high molecular weight, obtained by reduc-
tion of Ag* ions under ultraviolet irradiation at
wavelengths A = 365 nm and A = 254 nm, exhibit
high antimicrobial activity against test cultures of
microorganisms. No significant dependence of
antimicrobial activity on the molecular weight of
the studied samples was noted. The obtained data
were within close limits and had close values. In
addition, no dependence of antimicrobial activ-
ity from the type of investigated test cultures of
microorganisms was observed either. All samples
of silver-containing nanocomposites Na-CMC-
Ag-chitosan showed a high antimicrobial activity
against test cultures of microorganisms S. aureus,
E. coli, P. aeruginosa C. albicans.

The studies show that the bactericidal effect of
nanoparticles of silver (AgNP) depends on their
size and morphology: smaller AgNPs or octahe-
dral and decahedral particles are more potent an-
tibacterial agents due to the fact that AgNPs can
directly damage cell walls and penetrate inside
through plasma membranes (Sanchez-Salcedo et
al., 2023). Antibacterial mechanism of nanopar-
ticles of silver ions is not clearly defined. Three
main ways of their action are proposed: nanopar-
ticles release positively charged silver ions, which
causes cell lysis through their interaction with
cellular walls of peptidoglycan or plasma mem-
brane; prevents DNA replication through their
interaction with bacterial cytoplasmic DNA; dis-
rupts protein synthesis by interacting with bacte-
rial proteins (Yamanaka et al., 2005; Jung et al.,
2008; Shrivastava et al., 2007; Sarviya et al., 2023).

While studying the antiviral activity of silver-
containing nanocomposites, it was established that
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nanocomposites Na-CMC—Ag—chitosan are the
most effective against the virus of herpes simplex
of type 1. A dose-dependent effect was observed
between the molecular weight of chitosan as part
of polyelectrolyte complexes and a decrease in the
infection titer. Nanocomposites with high mo-
lecular weight completely suppressed titer HSV-1.
Relative to the flu virus nanocomposites pectin-
Ag-chitosan expressed antiviral effect. It should be
noted that nanocomposites Na-CMC—Ag—chi-
tosan of medium and low molecular weights had
an antiviral effect. The studied nanocomposites
contained chitosan and silver nanoparticles. As
described above, one of the mechanisms of the ac-
tion of silver nanoparticles is an interaction with
an extracellular virus, so it is possible to assume
that the nanoparticles immobilized on the surface
of the composites had the same mechanism of ac-
tion (Boroumand et al., 2021).

Conclusions. It was established that the in-
vestigated samples of silver-containing nano-
composites Na-CMC—Ag—chitosan and cit-
rus pectin—Ag—chitosan of low, medium, and
high molecular weight, obtained by reduction
of Ag+ ions under ultraviolet radiation at wave-
lengths A = 365 and 254 nm for 60 min, exhibit
high antimicrobial activity against test cultures
of microorganisms S. aureus, E. coli, P. aerugi-
nosa, and C. albicans. The values of antimicro-
bial activity estimated by the diameter of zone
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KOMIUIEKCY Ha OCHOBI IIOTiMepiB IPUPOJHOTO MOXO/PKEHHA, a caMe IT0JTicaXxapyuiiB XiTO3aHy Ta NEKTUHY, AKi 3/JaTHi
cTabii3yBaT HAHOYACTMHKM MEHIIOrO PO3Mipy, HDX iHAMBifyanbHi moniMepyn. MeTorw crtarTi 6yn0 moCmiguTu
AQHTUMIKpOOHY Ta MPOTUBIPYCHY aKTUBHICTD CPi6IOBMICHNMX HAHOKOMIIO3UTIB, CPOPMOBaHNX HA OCHOBI HOJTienex-
TPOJTHUX KOMIUIEKCiB. MeTogu. Oco6MMBOCTI CTPYKTYPHOI opraHisarii cpi6noBMiCHIX HAHOKOMIIO3UTIB KOCTi-
IPKYBa/Iy METOLOM LIMPOKOKYTHOTO po3cioBaHH:A Ha sudpakromerpi XRD-7000. Mopdonorito HaHOYacTHHOK Ag
B IIOJIIMEpHMX MaTPUIISX BUBYAIU METOHOM TPaHCMICITHOI eJIeKTpOHHOI MiKpocKomii (TpaHcMiciiiHmil efekTpo-
HHMit Mikpockon JEOL 100 CXII). AHTMMIKpOOHY aKTUBHICTb Cpi6/I0BMICHUX HAaHOKOMIIO3UTIB LIOfI0 YMOBHO-
[IaToreHHNX Mikpooprauismis Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa ta Candida albicans
BU3HAYAIM JUCKO-ANQY3itHUM MeTOROM. IIMTOTOKCHYHICTD Ta IPOTUBIPYCHY aKTUBHICTD ZOCIIKYBaIN METO-
mom MTT Ta 3a 3abapBieHHAM reHuiaHoBUM ¢ioneToBuM. PedynbraTu. AHaji3 MINPOKOKYTOBUX PEHTTE€HIBCHKIX
nudpakrorpaM cpiboBMICHMX HAHOKOMITO3UTIB Ha OCHOBI mosienekTponiTHux kommnekciB Na-KMI] (mektun)-
XiTO3aH [MOKa3aB, L0 MpY BiffHOB/IEHH] iOHIB Ag* Ko MeTaneBoro cpi6ma Ha mudpakTorpaMax CIOCTEPIiraloThCs
/iBa HU3BKOIHTeHCHBHI Aubpakiiiai Makcumymu mpn 20 ~ 38° i 44°. I1i MakcuMyMu BiIIOBiZAI0TH KPYCTaIOrpa-
(bivHVM ITOLIMHAM IpaHelleHTPOBaHOI Ky06iuHOI pelriTku cpibia, XxapaKTepu3ylThcs BifloBifHO iHfekcamu (111)
i (200) Ta migTBepIKYIOTh HASABHICTH MeTasNeBOro cpibyia B moniMepHiit cuctremi. AHasis Mikpogororpadiit cpi-
61oBMicHMX HaHOKOMIIO3KTiB Ha ocHOBi Na-KMIJ Ta xiTo3aHy 1I0Ka3as, 10 3i 361/1blIIeHHAM MOMEKY/LIPHOI MacK
XiTO3aHy YTBOPIOIOTHCS HAHOUACTNHKY 61/1bIIOro posmipy. TAKOXK BUSIBIIEHO 3a/IEKHICTD PO3MipPy HAHOYACTIHOK
cpibna Bix DOBXMHM XBWII yIbTpadioeTOBOro BUIPOMIHIOBAHHS NIPY BiTHOBJIEHHI iOHIB cpibia B MMOMieNeKTpo-
miT-MeTaneBux Komivrekcax Na-KMII-Ag*-xiTo3aH HU3bKOI MOJIEKY/IIpHOI MacK. 30KpeMa, y 3paskax, chopmoBa-
HIIX IIifj OIPOMIHEHHSM CBIiT/IOM 3 KOPOTIIOI TOBXMHOK XBWIL (A = 254 HM), YTBOPIOIOTbCS APiOHIII YaCTUHKIY,
HDK pu A = 365 uM. CpibnoBmicHi Hanokommosutu Na-CMC-Ag-XiTo3aH Ta IeKTUH LUUTPYCOBUII-Ag-XiTo3aH,
OTpMMaHi IIUIAXOM BifHOB/IEHHA ioHIB Ag" min miero ynbrpadioneToBOro OMpOMiHEHHS 3 JOBXIHOIO XBUIL 365
Ta 254 HM, IIPOSIB/ISIIOTH BYCOKY aHTUMIKPOOHY aKTMBHICTD IO BiJHOILIEHHIO [JO TECT-KYJIBTYP MIKpOOPraHi3MiB
S. aureus, E. coli, P. aeruginosa, C. albicans. CyTT€BOI 3a/1eXXKHOCTI aHTUMIKPOOHOI aKTMBHOCTI Biff MOJIEKy/ISIPHOL
MacK JOCTIIKYBaHUX 3pasKiB He BifMiueHO, OTpUMaHi faHi 3HAXOAATHCS y BY3bKMX MeXXax i MaloTh 6/I13bKi 3Ha-
veHHs. Kpim TOro, He BUSIB/ICHO 3a/IeXHOCT aHTUMIKPOOHOI aKTMBHOCTI Bifi BULY JOCTIAXKYBaHUX TECT-KYIbTYP
mikpoopranismiB. Hanokommosnutu Na-CMC-xitosany-Ag (A = 365 HM) inribysamu indexuiitamit Tutp HSV-1
Ha (3.72—5.45) 1gTCID50/M1, HATOMICTD 3HVDKEHHA TUTPY IpU iHKy6auii 3i spaskaMu LIUTPYCOBOTO MEKTUHY-
xiTo3any-Ag 6yno B Mexax (2.39—2.42) IgTCID50/mn. CroctepiraBcs f0303anekHUI eeKT MK MOIEKY/IAPHOI0
Macolo XiTo3aHy Ta 3HIDKeHHAM iHdekuitHoro TnTpy. BcTaHoB/eHo, 1o cpi6/10BMicHI HAHOKOMIIO3UTY, YTBOPEHi
IIUIIXOM BiJIHOBJICHHA iOHIB cpi/1a B IOMieNIeKTPOJIIT-MeTa/IeBUX KOMIIIEKCAX 3a JJOIIOMOTOIO Y/IbTPadioneToBoro
BUIIPOMIHIOBaHHSA Pi3HOI HOBXIMHU XBWII He YMHATH IuTOoTOKCH4HOI Aiii Ha kit MDCK i BHK. BucHoBKM.
Hocmimpkeni cpibnoBMicHI HAHOKOMITO3UTY Ha OCHOBI mojtienieKTporiTHuX KomiuiekciB Na-KMI] (mextuH)-xiTo3aH
HPOAB/IAIOTh AHTUMIKPOOHY aKTUBHICTD 1I0A0 TeCT-KYAbTYp S. aureus, E. coli, P. aeruginosa ta C. albicans, a Takox
IPOTUBIPYCHY aKTMBHICTb 1[OJO BipyCy IIPOCTOTO reprecy 1 Tumy Ta Bipycy rpumy. BcraHoBIeHO, 1[0 oTpuMaHi
HaHOKOMIIO3UTY He IPOABIAITh UUTOTOKCHYHOI Aiii mopmo knituH MDCK ta BHK. OTpuMani fgasi 03BONAIOTH
CTBEPJPKYBATH, 10 JOCTiKeHi cpi6/OBMiCHi HAaHOKOMIIO3UTHU € MEPCIeKTUBHUMM aHTUMIKpOOHNMM 3acobaMu
WIS po3pOoOKM HOBMX e(eKTUBHUX CTpaTeriii 60poThOM 3 MikpoopraHisMami i Bipycamu Ta HOKpallleHHA 3J0POB A
HaCeJIeHHA.

Kmouosi cnosa: nonienexmponimui komniexcu, cpibnosmicHi HAHOKOMNO3UMU, AHMUMIKPOOHA aKkmMueHicmo, npo-
MUsIPycHa aKmueHicmeo.
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