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Antimicrobial Effects of Silver Nanoparticles
Stabilized in Solution by Sodium Alginate

Abstract

Background/purpose: To investigate the effect of nanosilver particles in solution
stabilized in a matrix of sodium alginate on the growth and development of
pathogenic bacteria such as Staphylococcus aureus, Enterococcus faecalis,
Escherichia coli, Proteus vulgaris, Enterobacter cloacae, the antibiotic-resistant
strain of Pseudomonas aeruginosa, the yeast-like fungus Candida albicans, and the
luminescent bacteria Photobacterium leiognathi Sh1.

Methods: Isolates of pathogenic bacteria obtained from bronchoalveolar and
peritoneal lavage samples from Wistar rats with experimental pneumonia and
peritonitis were tested for their susceptibility to silver nanoparticles in solution with
an alginate stabilizer. The antifungal activity of silver nanoparticles in sodium alginate
was studied for C. albicans (strain CCM885) using the Sabouraud agar method. The
biocidal impact of silver nanoparticles in solution with a sodium alginate matrix
on the luminescent bacteria P. leiognathi Sh1l was investigated using a BLM 8801
luminometer.

Results: It was observed that a 0.02-0.05% nanosilver solution with an alginate
stabilizer limits the growth and development of pathogenic bacteria within the first
24 hours of exposure. If the concentration of nanosilver solution is 0.0005-0.05%, it
inhibits the viability of the fungus C. albicans. A nanosilver solution at a concentration
of 0.05-0.2 pug/mL represses bioluminescence in the bacteria P. leiognathi Sh1. From
these results, it appears that the biocidal effect of nanosilver is related either to
the presence of ions that are formed during dissolution, or to the availability of
nanoparticles that interrupt the membrane permeability of bacterial cells.

Conclusion: Silver nanoparticles stabilized in a solution of sodium alginate possess
significant in vitro antimicrobial activity, which is manifested by inhibition of the
bioluminescence of P. leiognathi Sh1, and inhibition of the growth and development
of the pathogenic bacteria S. aureus, E. faecalis, E. coli, P. vulgaris, E. cloacae, the
antibiotic-resistant strain of P. aeruginosa, and the fungus C. albicans.
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Investigation of the biological properties of the metal nanoparticles
associated with significant recent progress in nanomedicine and
nanopharmacology is one of the priorities of current research [1].
Nanomedicine studies the possibility of using nanotechnologies
in the practice of medicine to, diagnose, treat, and prevent
various diseases [2]. Investigation of the mechanisms of action
of drugs based on silver nanoparticles is of particular interest [3].

It should be noted that silver-based drugs have been used as
antiseptic and anti-inflammatory agents for quite a long time [4].
The advent of nanosized silver led to the development of drugs
with stronger bactericidal, antiviral, antifungal, and antiseptic
effects, with the ability to act as high-efficiency disinfectants
for a broad range of pathogenic microorganisms [5]. The areas
of contact between nanosilver and bacteria/viruses are greatly
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increased due to the highly specific surface area of nanoparticles,
which significantly enhances the bactericidal properties of
nanosilver. Hence, the use of silver nanoparticles in a solution
allows one to reduce the metal concentration by a factor of
several hundreds, while the bactericidal properties remain
unchanged [6].

However, the possibility of putting silver nanoparticles to practical
use faces a number of challenges, the most significant of which
is the production of nano-sized particles within a standard size
range along with the creation of stable colloidal systems that
prevent agglomeration of the nanoparticles. The search for the
optimal nanoparticle stabilizer is the most difficult task, but there
are many ways to approach solving it [7].

One of the most promising stabilizers for potential use with
silver nanoparticles is that derived from natural polymers, such
as the structural polysaccharides of plants, which also have a
wide spectrum of biological activity [8]. Studies have shown that
the polysaccharide alginate derived from seaweed is a highly
effective stabilizer, providing a high stability aggregation for silver
nanoparticles [9].

The potential for using silver nanoparticles requires further
thorough research because their toxicity has not yet been clarified.
The development of nanotoxicology for these nanoparticles
requires rapid new methods for quantitative control that allow
evaluation of the biological effect of different nanoforms [10].
The luminescent bacteria toxicity assay, which consists of
studying the inhibition of bioluminescence in photobacteria, was
proposed as a method to evaluate the toxicity of nanoparticles.
The reduced bacterial luminescence is currently attributed to
manifestations of toxicity, ecotoxicity, and biocidal and antibiotic
properties, etc. A period of ten to fifteen minutes is long enough
to quantitatively assess the acute effect on the samples, which
makes this method promising for rapid use (in particular, under
field conditions) [10,11].

The aim of this study was to investigate the effect of a nanosilver
solution in a matrix of sodium alginate on the growth and
development of pathogenic bacteria (S. aureus, E. faecalis, E.
coli, P. vulgaris, E. cloacae, P. aeruginosa), the yeast-like fungus
C. albicans, and on the reduction of bioluminescence in the
luminescent bacteria P. leiognathi Sh1, so as to determine the
possibility of using luminescent bacteria to assess the toxicity of
nanoparticles.

Methods

Silver nanoparticles solution with alginate stabilizer

A nanobiocomposition consisting of 0.1% (weight/volume) silver
nanoparticles 10-20 nm in size suspended in a sodium alginate matrix
(0.6%) and in aqueous medium (99.3%) was used. The composition
was developed at the Taurida National University (Simferopol) and
the Institute of Biology of the Southern Seas (Sevastopol) [12].
Investigation of this nanosilver solution stabilized by sodium alginate
included studying its antibacterial, antifungal, and biocidal effects
using a luminescent bacteria assay.
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S. aureus, E. faecalis, E. coli, P. vulgaris, E. cloacae,
P. aeruginosa isolates

The antibacterial effect of nanosilver solution with an alginate
stabilizer was investigated on bacterial isolates of S. aureus, E.
faecalis, E. coli, P. vulgaris, and E. cloacae obtained by inoculating
onto agar the bronchoalveolar and peritoneal lavage samples
obtained from laboratory rats experimentally simulated with
pneumonia and fecal peritonitis. The experiment was performed
on 4 male white Wistar rats with body weights of 180-210 g. The
study was approved by the University Bioethics Committee and
complied with the principles of the Guide for the Care and Use of
Laboratory Animals (US NIH, no. 85-23, the 1985 edition).

The animals were divided into two experimental groups. In group
1 animals (n=2), peritonitis was simulated by introduction of a
10% filtered fecal suspension at a dose of 0.5 mL/100 g body
weight. In group 2 animals (n=2), obstructive pneumonia was
simulated by insertion of a 2 cm long fishing line into the trachea
and its subsequent fixation to the muscle.

Theanimalswere anesthetized with ether within 24 h of developing
peritonitis or pulmonary inflammation, then euthanized by
decapitation followed by sample collection. Peritoneal lavage
samples were obtained by washing the abdominal cavity 5 times
with 10 mL isotonic NaCl solution (IS) for 1 min followed by
aspiration using a syringe. Bronchoalveolar lavage samples were
obtained after the pulmonary cardiac complex was isolated by
washing the lungs with 10 mL of IS through the trachea.

The resulting bronchoalveolar and peritoneal lavage samples
were inoculated onto beef extract agar and incubated at 37°C for
24 h. S. aureus, E. faecalis and E. coli bacteria were isolated from
the bronchoalveolar lavage samples; P. vulgaris and E. cloacae
were isolated from the peritoneal lavage samples.

In addition, the effect of nanosilver was studied on a pathogenic
antibiotic resistant isolate of P. aeruginosa derived from the
sputum of a patient from the intensive care unit. An antibiogram
obtained using the conventional disc method showed that this
isolate was resistant to 10 of 11 studied antibacterial drugs
analyzed.

Estimation of antibacterial action by the serial
dilution method

The sensitivity of microorganisms to the nanosilver solution
was determined using the dilution method. The initial 0.1%
nanosilver solution was diluted with sterile 0.9% NaCl solution
to concentrations of 0.05%, 0.02%, 0.01%, 0.005%, 0.0025%, and
0.00125%. The resulting different concentrations of nanosilver
solutions were added to beef extract broth. The bacterial
suspension, which had a density corresponding to the McFarland
Turbidity Standard No. 0.5 (with a microorganism concentration
of 1.5 x 108), was added dropwise to each vial of the different
concentrations of nanosilver solution, except for the control
vial. The vials were incubated at 37°C; the results were assessed
visually after 24 h and 48 h according to either the presence or
absence of turbidity in the experimental vials. Confirmation of
the results was performed by subsequent inoculation of the
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experimental samples onto blood agar. The sensitivity of bacteria
to a 1% solution of sodium alginate was used as a control.

Candida albicans isolate

The effect of nanosilver solution on vyeast-like fungi was
determined by observing the degree of fungal growth inhibition
after incubation of the sample under study in accordance with
the European Standard for determining the rate of microbial
inactivation by antiseptic agents (European Standard EN 1040,
1997). The antifungal activity of silver nanoparticles in sodium
alginate (experimental samples) and pure sodium alginate
(control samples) was studied for the yeast-like fungus C. albicans,
strain CCM885 (type strain). Yeast-like fungus C. albicans had
been examined in the study because this microorganism is the
most common human fungal pathogen.

Estimation method of antifungal action

Nanosilver was diluted in sterile distilled water to a concentration
of 0.05%. The solution was kept at 37°C for 10 min and then
diluted 10- or 100-fold with distilled water supplemented with
the fungus culture to be tested to a final concentration of 5x10°8
CFU/mL. The final nanosilver concentrations were 0.005% and
0.0005%. Fungus concentrations were confirmed by control
inoculation onto Sabouraud agar. Diluted nanosilver solutions
with fungus added were incubated at 37°C for 1 h or 24 h
followed by subculturing and counting live microorganisms. The
resulting mixtures (10 mL) were placed in flat-bottomed flasks
and incubated on a rotary incubator at a mixing rate of 100 rpm
at 37°C for 1 h or 24 h. The material was then inoculated onto
Sabouraud agar and cultured at 28°C for 48 h. The number of
resulting fungal colonies was counted. Aqueous alginate solution
(1%) mixed with fungus to a final concentration of 5x10° CFU/mL
was analyzed as the control sample.

Estimation method of biocidal activity

The biocidal activity of nanosilver solution was studied using a
luminous marine bacteria isolated from the Sea of Azov identified
as Photobacterim leiognathi Sh1. To assess the acute effect of the
nanosilver solution, 0.9 mL of either 2.5% NaCl or 30% sucrose,
1-50 pL of the test sample, and 50-100 pL of the diluted 1:100
suspension of luminous bacteria were mixed in luminometer
cuvettes. The changesin bioluminescence intensity were recorded
for 30 min, after which the data were processed [11,13].

The chronic effect was assessed by adding 25 pL of the nutrient
medium for luminous bacteria to the samples prepared as
described above. The samples were incubated for 15-18 h and the
intensity of bacterial luminescence was determined. The results
are represented as bioluminescence intensity calculated using
the formula | = (Ii/IO) 100%, where | and l, are bioluminescence
intensities in the sample and control, respectively. Samples
consisting of 0.9% NaCl, 50-100 pL of bacterial suspension, and
25 uL of nutrient medium (if the chronic effect was measured)
were used as controls [11,13].

To study the direct effect of nanosilver solution on the luminous
bacteria P. leiognathi Sh1, the following experiment was
performed. The bacterial suspension was grown in liquid medium
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for 18 h at 25°C, then applied evenly on the surface of the agar
nutrient medium prepared by the same conditions, followed
by incubation at 25°C for another 18 h. Then, 10 uL nanosilver
solutions containing 1, 2, or 5 ug of nanoparticles were applied
to the surface of the bacterial layer and incubated for 30 min at
25°C. Pictures of the glowing bacterial field were obtained in a
dark room using a Canon EOS 600D camera in automatic mode
at maximal resolution (5184x3456 pixels). Bioluminescence
intensity was measured using the statistical tools of IMARIS
versions 7.2.2-7.6.0 (Bitplane Scientific). Conductivity was
measured using a Dist 3 conductivity meter (Hanna Instrument,
Germany). Bioluminescence intensity was recorded in relative
units (mV) using BLM 8801, a photomultiplier-based luminometer
(Nauka, Russia).

Statistical analysis

All of the experiments were carried out three times each,
independently. The data obtained were expressed in terms
of ‘mean % standard deviation’ values. Depending upon the
nature of the data, Student’s T test with either two independent
samples or paired samples and Mann-Whitney U-test was used.
A probability value <0.05 was considered statistically significant.
Calculations were made using the software package Statistica 6.0
by StatSoft (USA).

Results and Discussion

Antibacterial effects

As these studies have shown, experimental isolates of the
bacteria S. aureus, E. faecalis, E. coli, P. vulgaris, and E. cloacae,
as well as the antibiotic-resistant strain of P. aeruginosa
(Pseudomonas aeruginosa), were sensitive to a solution of silver
nanoparticles suspended in sodium alginate, and the sensitivity of
microorganisms depended on the concentration of the solution.
Thus, when prototypes were assessed visually 24 h after initiation
of the study, no haze was observed in test tubes with a solution
of silver nanoparticles + alginate stabilizer at concentrations of
0.05% or 0.02%, indicating total inhibition of the growth and
reproduction of bacteria during the first day. Visual examination
of the test tubes with a solution of silver nanoparticles + alginate
stabilizer at concentrations of 0.01%, 0.005%, 0.0025%, or
0.00125% detected a slight opacification, which indicated only
the partial inhibition of growth of pathogenic bacteria during this
time period (Table 1).

Control samples of the bacterial isolates S. aureus, E. faecalis,
E. coli, P. vulgaris, E. cloacae, and P. aeruginosa exhibited visible
bacterial growth within 24 h of the beginning of the study,
as characterized by clouding of the control tubes. This visual
bacterial growth also seems to indicate that the sodium alginate
stabilizer had no inhibitory effect on the bacteria.

Visual assessment of prototypes and control after 48 h of
incubation showed that a nanosilver solution at a concentration
of 0.05% or 0.02% completely inhibited the growth and
development of experimental isolates of the bacteria S. aureus, E.
faecalis, E. coli, P. vulgaris, E. cloacae, and P. aeruginosa. However,
in tubes with highly diluted solutions of silver nanoparticles, at
concentrations of 0.01%, 0.005%, 0.0025%, or 0.00125%, as well
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Table 1 Effect of silver nanoparticle solution with the sodium alginate
stabilizer on bacteria after 24 h. “-”: no culture growth; “+”: culture
growth detected.

Concentration of

. . =N E o c
silver nanoparticles n > 285
q ~ T © 5
solution = o £ 5
v op —=
=) X T 3
.. o —
Bacteria isolates

S. aureus - - + + + + +

E. faecalis - - + + + + +

E. coli - - + + + + +

P. vulgaris - - + + + + +

E. cloacae - - + + + + +

P. aeruginosa - - + + + + +

as in the control test tube with a 1% solution of sodium alginate,
within 48 h of the beginning of the experiment, ongoing growth
and development of microorganisms was observed.

As a control, we conducted a separate sowing of medium, a
solution of silver nanoparticles with sodium alginate, and culture
microorganisms. After 24 and 48 h of incubation in the medium
and in the solution of silver nanoparticles, visual growth of
bacteria was detected. Sowing of isolates of the bacteria S. aureus,
E. faecalis, E. coli, P. vulgaris, E. cloacae, and P. aeruginosa on the
medium without treatment with a solution of silver nanoparticles
resulted in a stable growth of microorganisms.

Antifungal effects

The data obtained by studying the effect of nanosilver solution
and alginate on a yeast-like fungus demonstrated that nanosilver
at concentrations of 0.0005—0.005% in aqueous media was able
to completely inhibit the viability of C. albicans over 24 h. For the
exposure time of 1 h, a nanosilver solution at a concentration of
0.0005% had no effect on the viability of fungi, while that at a
concentration of 0.005% reduced the count of viable microbial
cells fivefold. Sodium alginate (1%) alone had no significant effect
on viability of the yeast-like fungus (Table 2).

Biocidal action

When studying the effect of silver nanoparticles in a sodium
alginate gel matrix on the bioluminescence of the bacteria P.
leiognathi Sh1, compared to the effects of silver nitrate or silver
alginate, the experiments demonstrated that, while nanosilver
and silver nitrate inhibit bioluminescence, silver alginate had
virtually no effect on it (Figure 1).

The absence of any effect of the silver-alginate complex shows that
the bond between the polysaccharide and the metal is strong (which
coincides with the data available in the literature) and that those
alginates are capable of tightly binding heavy metal ions [14].

The kinetic parameters for the effect of nanosilver were
virtually identical to those for silver nitrate (Figure 2), although
theoretically silver ions might be expected to cause a more rapid
effect than that of nanoparticles. The effective concentrations,
which induce 50% bioluminescence inhibition (EC, ), in a 30-min
bioassay for nanosilver and silver nitrate were 0.3 and 0.4 pg/mL,
respectively.
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Takingintoaccountthefactthatthe bioassay based onluminescent
bacteria according to the standard procedure is performed in 3%
NaCl, it can be hypothesized that silver nanoparticles coagulate
under these conditions, while a colloidal AgCl solution is formed
in the AgNO, solution. Thus, silver in both samples is represented
by colloidal particles of a larger size than was expected, which
explains the reason for the identical inhibition kinetics associated
with the rate of penetration through the bacterial cell membrane.

Additional studies of the direct effect of nanosilver solution on
the luminous bacteria P. leiognathi Sh1l were performed using
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Figure 1 Effect of silver agents on bioluminescence of luminescent
bacteria P. leiognathi Sh1. )
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Figure 2 Inhibition kinetics of bacteria P. leiognathi Sh1 with silver

agents. )

Table 2 Effect of silver nanoparticle solution supplemented with alginate
on the yeast-like fungus Candida albicans CCM885. “-”: no effect or

wuxn,

culture growth; “*”: fungi growth detected.

Fungal concentration after

VELERTS . Sodium

Nanosilver .
of the alginate

. (%)
experiment (%)
1 h5 24 h 1h [24h

Experiment 0.005 0.03 100 0 5 250 000
Experiment |0.0005 0.003 5x10° 0 -- 250 000
Control of 0 5><105 2'5x105 _ _
the culture
Control of ) _ 1 10° 2.5%10° 2% -
alginate
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bacteria on a solid medium in Petri dishes. Equal volumes of the
samples were placed directly on the surface of a glowing bacterial
field and the resultant changes in bioluminescence were recorded
photographically (Figure 3).

In samples with 1 and 2 pg of nanoparticles (Figures 3b, 3c, and
3e), it was observed that the relative intensity of bioluminescence
was significantly lower than that in controls (Figure 3a): 126 (b),
110 (e), and 24 (c) vs. 180 (a), respectively. Also, in samples with 5
ug of nanoparticles (Figure 3d), we found a robust decrease, with
a bioluminescence intensity value of ~9.

It was also revealed that any changes in the dimensions of the
sample dark zones due to diffusion were not observed during
the duration of the experiment. These changes prove that the
action of the nanosilver particles was in the form of big colloidal
particles, evidently resulting from their reaction with NaCl, which
was present in the bacterial nutrition medium.

To eliminate the processes causing particle coarsening, and to
compare the effect of silver nanoparticles with that of silver ions,
further experiments were conducted in a 30% sucrose solution,
which is isotonic to 2.5% NaCl. Bacterial luminescence was stable
under these conditions, making it possible to perform a comparative
bioassay. Lower concentrations of silver agents had an effect when
the medium lacking sodium chloride was used. When the samples
were exposed to silver agents at a concentration of 0.2 pg/L,
bioluminescence was reduced to zero. Silver alginate both in sucrose
and in sodium chloride had no effect on bacterial luminescence.
Determination of the EC, showed that 50% inhibition in the medium
lacking sodium chloride takes place at a nanosilver concentration of
0.085 pg/mL, and at a silver nitrate concentration of 0.12 ug/mL
(exposure time: 30 min).

~

Figure 3 The direct effect of nanosilver solution on luminous
bacteria P. leiognathi. The amounts of nanosilver were:
1pg(bande), 2 ug(c), and 5 pg (d). The empty sample
with 3% NaCl served as a control (a). Bioluminescence
intensity was measured using the statistical tools of

K IMARIS versions 7.2.2—7.6.0 (Bitplane Scientific). J

© Under License of Creative Commons Attribution 3.0 License

ISSN 2471-8084 Vol.2No.2:13

The described effects of silver nanoparticles provide an
opportunity to justify their current use in medical practice for a
number of pathological conditions as an alternative to standard
antibacterial and antifungal agents. Many of these agents have
significant drawbacks, owing both to their inefficient action
against antibiotic resistant microorganisms, and to the abnormal
reactions and toxicities that they cause in patients. This has led
to an intensive search for new substances with antimicrobial
properties that has been carried out in many different directions,
including experiments with substrates of natural origin, such
as saponin tauroside Sx1, derived from Crimean ivy (Hedera
taurica carr.), which suppresses the growth of Candida fungi, and
experiments with other natural and synthetic compounds [15].

Conclusion

Analysis of the results of our research into the use of a solution of
silver nanoparticles with sodium alginate for this purpose leads
to the following main conclusions:

1. Silver nanoparticles in solution in the matrix of an alginate
stabilizer at concentrations of 0.02-0.05% completely
inhibit in vitro growth and development of the pathogenic
bacteria S. aureus, E. faecalis, E. coli, P. vulgaris, and E.
cloacae.

2. Silver nanoparticles in solution in the matrix of an
alginate stabilizer at concentrations of 0.02-0.05%
inhibit the growth of the antibiotic-resistant strain of P.
aeruginosa (which is resistant to 10 antibacterial drugs),
thus demonstrating that solutions of silver nanoparticles
stabilized in the matrix of natural polysaccharides such
as sodium alginate can be used for the treatment of
antibiotic-resistant strains.

3. The aqueous nanosilver solution supplemented with
sodium alginate at nanosilver concentrations of 0.0005—
0.005% completely inhibits the viability of C. albicans
within 24 h. Nanosilver at a concentration of 0.005%
reduces the number of viable fungal cells fivefold within
1 h, but has no effect on their viability when used at a
concentration of 0.0005%.

4. Nanosilver and silver nitrate were shown to have an
identical effect on the bioluminescence of luminescent
bacteria, as they inhibit it with effective constants EC,
= 0.3-0.4 pg/mL in the medium containing 3% NaCl and
EC,, = 0.12 pg/mL in the salt-free medium containing 30%
sucrose. Silver alginate had no biocidal effect.

During experiments it was established that the biocidal
mechanism of a nanosilver solution can be associated both with
the formation of silverions during dissolution and with the damage
caused to bacterial cell membranes by nanoparticles. These
results demonstrate that toxicity depends strictly on particle size,
and that the biological effect decreases as the particles become
larger. In addition, the effect of silver nanoparticles and silver
ions is observed at similar concentrations, which argues in favor
of identical mechanisms for the biocidal effect. To compare the
ionic composition of the samples under study, we measured their
conductivity in distilled water at a dilution rate of 100. The results
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demonstrated that the AgNO, solution had the lowest specific
conductivity (3 uS/cm). Specific conductivities of nanosilver and
silver alginate solutions at the same concentrations were 13 pS/
cm and 9 uS/cm, respectively. Thus, the ionic mechanism may be
one of the mechanisms responsible for nanosilver toxicity; the
higher conductivity values could be caused by the presence of
alginates in the samples.

It has been demonstrated in a number of studies that the effect
of silver nanoparticles ~10 nm in size is related both to the
presence of ions formed during dissolution and to the presence of
nanoparticles, which interrupt the integrity of the cell membrane
as they penetrate through it, causing cell death and thus
enhancing its sensitivity to the effect of toxic factors of different
etiology [16]. The sensitivity of luminescent bacteria pretreated
with low nanosilver concentrations to copper sulfate was studied
to verify this hypothesis (Figure 4). The copper salt was selected
because Cu? ions affect the enzymatic apparatus of bacteria as
they penetrate into the cell through its membrane [17].

Luminescent bacteria were treated with threshold concentrations
of nanoparticles (0.05 pg/mL); at these concentrations, no
significant changes in bioluminescence levels occurred within 10-
30 min. The results demonstrated that the bacteria treated with
nanoparticles for 10 min are more susceptible to the influence
of copper ions than the untreated ones (Figure 4). The effective
concentrations (EC_) of copper sulfate for the untreated and
treated luminescent bacteria were 2 pug/mL and 0.2 pg/mL,
respectively.

Thus, the results verify the existing hypothesis concerning
the combined mechanism of action of nanoparticles, which is
associated both with the particles and with their ions, which form
when nanoparticles dissolve [16]. Treatment with nanoparticles
interrupts the integrity of the bacterial call wall, which is the
mechanism of toxic action of nanoparticles and facilitates
penetration of copper ions into the cell. The mechanism involving
the formation of toxic reactive oxygen species (ROS) cannot
be ruled out: the formation of ROS can be induced both by
nanoparticles and by copper ions [17]. The treated bacteria could
have an increased intracellular concentration of ROS, which in
turn caused a higher toxicity as the result of copper ions.

Furthermore, there are data indicating that silver ions, after they
are adsorbed onto the surface of a microbial cell and penetrate
into it, are capable of inhibiting the respiratory chain enzymes.
This results in disintegration of the oxidation and phosphorylation
processes in microbial cells, which may cause cell death [5,18].
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Figure 4 Effect of copper sulfate on luminescent bacteria P.
leiognathi Sh1: 1- intact; 2- treated with 0.05 pg/mL silver
K nanoparticles for 10 min. J

Silver is believed to have virtually no effect on mammalian
cells due to the fundamentally different structure of their cell
membranes [19-21].

It should be mentioned that the use of a nanosilver solution
to treat bacterial inflammation has been demonstrated using
an acute peritonitis model in rats [22]. The study showed
that intraperitoneal introduction of nanosilver reduced the
development of inflammation in the abdominal cavity, which
manifested as reduced activity of nonspecific proteinases,
stabilization of the level of their inhibitors, and reduction of
systemic signs of peritonitis.

In addition, research has shown that the use of seaweed
polysaccharide sodium alginate as a stabilizer for nanoparticles
provides a highly stable solution of silver nanoparticles that
has significant antibacterial and antifungal activity, as well as
a biocidal effect with respect to luminescent bacteria, which
enables the development of new methods for the assessment of
the toxicity of nanoparticles.
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