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ABSTRACT

The activity of selenium nanoparticles on a SPEV-2 culture using propidium iodide (PI) was studied. Amon the range of studied
concentrations, 32 and 320 ug/mL had cytostatic effects on SPEV-2 cells, while 3.2 and 32 ug/mL had cytotoxic effects. During the
day, selenium nanoparticles caused apoptosis in cells at concentrations of 32 and 320 ug/mL. The superimposition of photographs under
different microscopic modes of light scattering and fluorescence registration allowed us to describe cytomorphological indicators
marking the process of cell death under the action of an extract inducing DNA damage in cells under in vitro conditions. The appearance
of dark formations in the cytoplasm, fuzzy contours of the cells themselves, and their acquisition of a stellate shape or preservation of a
rounded, but with the fragmentation of the cell membrane and leakage of contents, as well as formation of conglomerates by dead cells,
were observed. A decrease in the intensity of the PI glow indicates the decay of the DNA of the nucleus. The index of the number of
dead cells can serve as an index of cytotoxicity.
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indispensable for the vital activity of mammals [3]. Many human

Introduction

discases are associated with a deficiency of this trace element,

L i i . including a direct link between the trace element and hepatitis
Selenium is a trace element, by its chemical nature belonging to ) ) )
. . . . . [4, 5], a link between selenium and diabetes [6, 7], as well as
a group of non-metals. When ingested in an inactive form, it . . ) .
. . . several cardiovascular diseases [8, 9]. The literature provides data
undergoes several metabolic transformations and, together with )
) i ] ) ) on the association of this trace element with Alzheimer's disease
proteins, forms selenoproteins, which play an important role in } o
. . . . [10], cancer [11], asthma [12], and cerebrovascular insufficiency
maintaining homeostasis [1, 2]. At the same time, selenium . ) ) ) ]
. o . . . . [13]. It is worth noting the relationship between selenium and
nanoparticles are a promising supplier of biologically active . ] o
. . ) . the ability to reduce the severity of heavy metal poisoning [14].
substances to animals and humans, since selenium is ) ) ) >
Notably, this effect is noted not due to the formation and binding

Access this article online of heavy metals into any complex, but the strengthening of the

protective functions of the body by selenium, which is confirmed
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by low concentrations of selenium-containing additives having a

positive impact [15]. Special attention is paid to the possibility of

a positive effect of this trace element in diseases of the thyroid
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reproductive failure, vascular changes, and cataracts [17].
Generally, selenium deficiency in nature leads to many different
diseases due to decreased immunity. With selenium deficiency,
reproductive function decreases, and the organism's growth
slows down [18]. With a lack of selenium in the body, lipid,
carbohydrate and fat metabolism are disrupted [19]. Selenium
deficiency also can lead to the emergence and reproduction of
atypical cells and oncology [20]. At the same time, if a sufficient
amount of selenium is injected into the body, then the enzymes
manage to calculate and destroy this atypical cell [21]. Thus,
selenium nanoparticles not only prevent the formation of these
cells but also destroy those that have already formed [22, 23].
Selenium has a positive effect on all tumor processes, including
blood diseases and various benign neoplasms [24, 25].

It was revealed that selenium nanoparticles have high
bioavailability while having lower toxicity than other inorganic
analogs [26, 27]. The unique features of nanoparticles, such as
small size, high surface area, surface charge, solubility, and
versatility, have successfully proven their ability to be used as
carriers of therapeutic molecules [28]. Nanoparticles solve many
biopharmaceutical and pharmacokinetic problems associated
with many drugs in various classes of diseases [29]. They increase
the therapeutic effectiveness of ionized drugs, as well as improve
the penetration of water-soluble compounds, proteins, peptides,
vaccines, miRNA, DNA, and other biological therapeutic drugs
[30, 31]. The surface modification of nanoparticles with target
ligands makes the drug delivery system much more versatile and
can selectively deliver to the target object [32].

Thus, the use of antitumor agents based on seclenium
nanoparticles can achieve a pronounced therapeutic effect with
minimal toxic effects [33, 34]. Recent studies showed that
selenium nanoparticles, along with low toxicity, have
antioxidant, antitumor, antimicrobial, and immunomodulatory
properties [35].

Therefore, this study aimed to reveal the dynamics of
cytomorphological changes in the SPEV-2 culture under the
action of different concentrations of selenium nanoparticles.
SPEV-2 culture carries oncoviruses "a" and "c". Therefore, it
was used as a model of mammalian tumor cells in vitro to
determine the cytotoxic and cytostatic effects of selenium

nanoparticles.

Materials and Methods

For the experiment, selenium nanoparticles were synthesized at
the Institute of General Physics (Moscow, Russia). The
characterization of selenium nanoparticles using scanning
electron microscopy and transmission electron microscopy

showed the spherical shape of nanoparticles with a size of 30-90

nm, which determines the high activity of the obtained
nanoparticles [36].

The object of the research was the SPEV-2 culture obtained from
the cryobank of the cell culture collection (Ekaterinburg,
Russia). Cultivation was carried out in RPMI 4 medium (10%
embryonic serum, gentamicin, ampicillin, amphotericin) in 6
well plates (one control and five experimental wells) [37]. The
control was cells in an environment without selenium
nanoparticles that grew during the day. Selenium nanoparticles
were diluted in a nutrient medium with a 10-fold decrease in
concentration. Then solution of selenium nanoparticles was
introduced into five wells: 3.2 pg/mL; 32 ug/mL; 320 pg/mL;
3.2 mg/mL and 32 mg/mL. The cells were cultured in a CO,
incubator at 37 °C for 24 h. Propidium iodide (PI) was used as a
dye, which penetrates cells due to the destruction of their
membrane and binds to nuclear DNA [38]. To visualize the cells,
a combination of several microscopic modes of light scattering
and fluorescence detection on a Leica DM 2500 microscope, a
Leica DFC 420C digital video camera with Leica Application
Suite V 3.1 software was used [39].

The following average values were used to analyze cells in
control and experimental cultures: the total cell number (TCN)
in the field of vision, indicating proliferative activity; dead cell
number (DCN) in the field of vision stained orange with
propidium; and the DCN/TCN ratio in the field of vision
multiplied by 100 %, reflecting the cytotoxic effect [40].
Cytomorphological signs were also noted during microscopy in
phase contrast: the shape of cells, the appearance of characteristic
intracellular granulation, the state of the cell membrane, etc [41].
The appearance of characteristic intracellular granulation was
considered as evidence of the development of necrobiotic
processes in the cell, their separation from the substrate, and
subsequent death [42]. The decay of nuclear DNA into fragments
of unequal size (under fluorescent conditions) was regarded as a
sign of apoptosis [43].

Statistical data processing was performed using "Satistica 12.0"
software. The significance of differences in the parametric
distribution was determined using the Student's T-test for
independent samples. The statistical significance of the difference

was set at p < 0.05.

Results and Discussion

In the control (Table 1, Figures 1a and 1b), the cells lay in an
even monolayer, tightly adjacent to each other, only single cells
were not attached to the substrate. Cells were of prismatic,
polygonal, triangular, and rounded shapes. There were single
cells of the type of syncytium or symplast with a homogeneous
cytoplasm and a shaped nucleus. TCN was 562.66 £ 16.02,
while the DCN amount was 8.33 £ 0.44.

Table 1. The effect of selenium nanoparticles on cells in the SPEV-2 culture

Concentration of solution of selenium nanoparticles

Index Control

3.2 ug/mL 32 pg/mL

320 pg/mL 3.2mg/mL 32 mg/mL
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DCN 8.33 £ 0.44 6.16 £0.53 9.5 £ 0.75%x% 17£0.42 300.66 £ 17.34%%% 316.2 & 3.58%**
TCN 562.66 1 16.02 446.5 1 12.32% 392.5 + 23.16%%* 427 1 20.28%%* 301.33 & 18.05%x** 316.2+3.58
DCN/TCN 1.47 £ 0.06 1.39 +0.14%* 3.13 £ 0.29%%x 4.03 +0.13%* 100 £ 0%k 100 + O

Note: the differences significantly differ when comparing the values of the experimental and control groups at P < 0.05 (*), P <0.01 (*¥), P < 0.001 (*#*)

At a concentration of a solution of selenium nanoparticles of 3.2
pg/mL, cells were predominantly polygonal, triangular, and
rounded in shape, the number of cells not attached to the
substrate increased slightly. There were no changes on the part
of the cytoplasm and nucleus. TCN was significantly reduced by
20% (446.5 £ 12.32) of the control, which indicated inhibition

of cell proliferative activity under the action of selenium

nanoparticles [27]. At the same time, there were no significant
differences with the control in DCN value (Table 1, Figures 1c
and 1d). The luminescence intensity of the nuclei of dead cells
was the same as in the control. It should be noted that the change
in the color of the medium and the cells themselves occurred due

to a solution of selenium nanoparticles.

Figure 1. The shape and nature of the arrangement of SPEV-2 culture cells in control (a, b) experimental samples with various
concentrations of selenium nanoparticles: 3.2 pg/mL (c, d); 32 pg/mL (e, f); 320 pg/mL (g, h); 3.2 mg/mL (i, j); 32 mg/mL (k, I).
Notably, photographs were obtained at light scattering (a, c, €, g, i, k) and fluorescence (b, d, f, h, j, I) modes for each sample.

The superimposition of photographs obtained with different
microscopic modes of light scattering and fluorescence
registration allowed us to compare the cytomorphological
parameters of living and dead cells (Figures 2 and 3). Dead
cells with a destroyed membrane, whose DNA was stained with
PI, unlike living cells, were detached from the substrate [28, 44].
As can be seen from Figure 2, no other cytomorphological
differences were found.

At a concentration of 32 pg/mlL, there was the appearance of
pronounced intracellular granulation, a sharp predominance of
rounded cells, mainly with uneven membrane contours. The
cells lay less organized and were mostly not attached to the
substrate. Single giant cells were rare. TCN was significantly
lower than the control by 30% (392.5 £ 23.16), which indicates
a significant decrease in their proliferative activity under the
action of selenium nanoparticles [20]. DCN was 14% (9.5 *
0.75) higher than the control (Table 1). The intensity of the
glow of the nuclear DNA of the dead cells was the same as at the

previous concentration (Figure le), which indicates the death
of these single cells within a day after the addition of selenium
nanoparticles [31]. In addition, single apoptotic corpuscles were
found. The intensity of staining of the medium and cells increased
with increasing concentration of the solution of selenium
nanoparticles (Figure 1g). As a result, at this concentration, a
decrease in proliferative activity, and the appearance of
cytoplasmic granulation, which is accompanied by cell
detachment from the substrate and cell death by apoptosis were
observed [45].

Ata concentration of 320 ug/mL, the appearance of intracellular
granulation, a decrease in cell density and organization, and an
increase in their fragmentation were also noted. All the cells
were detached from the substrate and had a rounded shape.
Single cells had fragmented nuclei, which served as a non-specific
sign of the beginning of their death [32]. TCN was 24% (427 £
20.28) less than the control (Table 1, Figures 1f and 1h),

which indicates a decrease in their proliferative activity [43].
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DCN, on the contrary, significantly increased by 2 times (17 £
0.42) (Table 1), which is associated with the cytotoxic effect of
selenium nanoparticles [45]. The intensity of the glow of the
nuclear DNA of dead cells was pronounced. Apoptotic
corpuscles were present. As a result, at this concentration, the
previously identified trend persisted: destruction of the
membrane of individual detached cells with penetration of the
stain into the nucleus and binding to DNA, cell death by
apoptosis.

With a 10-fold increase in concentration, with a linear
dependence, there should have been a decrease in the number of
grown cells several times [46, 47]. Surprisingly, this did not
happen in the experiment. On the contrary, at a higher
concentration of 320 ug/mL, the number of grown cells was
higher than at a concentration of 32 ug/mL (Table 1).
Consequently, the degree of proliferation at various
concentrations of selenium nanoparticles did not have a linear
relationship. Thus, at a concentration of 3.2 ug/mL, pronounced
intracellular granulation in the form of dark formations in the
cytoplasm was noted. The cells are star-shaped or rounded, but

with fragmentation of the membrane and leakage of contents,

dead cells formed conglomerates, and cells of the "shadow" type
appeared. TCN was 46.4% (301.33 £ 18.05) less than the
control (Table 1, Figures 1j and 1k), which indicates a
marked decrease in proliferative activity [37]. DCN was 36.5
times higher than the control (300.66 * 18.05) (Table 1) and
significantly  differed in comparison with the previous
concentration of the solution of selenium nanoparticles. In
addition, the DCN is almost identical to the TCN. The intensity
of the glow of the dead cells was more pronounced than in the
control, which indicates their loss directly during the experiment
during the day [29]. Interestingly, no apoptotic bodies were
detected.  Apparently, during the first day, selenium
nanoparticles in high concentration do not contribute to the
activation of apoptosis mechanisms in the cell but lead to their
mass death due to direct cytotoxic action [30, 48].

At a concentration of 32 mg/mL, a change like intracellular
granulations was noted: the number of granules in the cytoplasm
and their sizes increased. The cell nuclei did not differentiate.
The cells acquired a stellate shape and less often retained a

rounded shape (Figure 2).

3) b) c)
d) €)

Figure 2. The stages of damage to the DNA of the nucleus, depending on the degree of damage to the cell, the binding of the stain to
the DNA of the nucleus, and the time from the onset of death of the propidium-positive cell obtained by fluorescence microscopy: a)

3.2 pg/mL; b) 32 pg/mL; ¢) 320 pg/mL; d) 3.2 pg/mL; e) 32 pg/mL

Notably, DCN (316.2 * 3.58) coincided with TCN, which
indicates 100% of their death. Compared with the control, the
DCN significantly increased by 38 times. Some of the cells were
in a state of swelling, apparently due to the influx of a solution of

selenium nanoparticles through a destroyed membrane, while

others showed fragmentation of the cell membrane with leakage
of contents. The conglomeration of dead cells was more

pronounced, due to an increase in their number in conglomerates

compared to the previous concentration (Figure 3).
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d)
Figure 3. The stages of damage to the DNA of the nucleus, depending on the degree of damage to the cell, the binding of the stain to
the DNA of the nucleus, and the time from the onset of death of the propidium-positive cell obtained by light microscopy: a) 3.2
pg/mL; b) 32 pg/mL; c) 320 pg/mL; d) 3.2 pg/mL; ) 32 pg/mL

TCN was 43% less than the control (316.2 £ 3.58) (Table 1,
Figures 1k and 11). The luminescence intensity of the dead
cells was much lower than at the previous concentration. This
can be explained by a denser medium with a high concentration
of selenium nanoparticles [49, 50]. In general, at a concentration
of 3.2 mg/ml, we revealed the same trend: mass cell death by

necrosis, without signs of apoptosis.

Conclusion

The analysis of cytomorphological changes in the SPEV-2 culture
was performed in parallel with the determination of the dead
cells number, which allowed us to identify the peculiarities of the
effect of selenium nanoparticles at different concentrations and
to determine the effect of these concentrations on the
morphophysiological parameters of cells. It is worth noting that
all concentrations of selenium nanoparticles had a cytostatic
effect, suppressing the proliferative activity of cells. At the same
time, the linear dependence of the decrease in total cell number
on the increase in concentration has not been established. The
minimum concentration of a solution of selenium nanoparticles,
which reliably has a cytotoxic effect on SPEV-2 cells in culture is
32 pg/mL. The maximum cytotoxicity had a solution of
selenium nanoparticles at a concentration of 3.2 mg/mL.

It was found that concentrations such as 32 and 320 ug/mL had
apoptotic activity. While high concentrations (3.2 and 32
mg/ml) caused cell necrosis. At relatively low concentrations
(32 and 320 pg/mL) cells were detached from the substrate and
their contents were granulating, which indicates a deterioration
in their condition as a whole. After that, the mechanisms of
apoptosis are activated in individual cells.

A feature of cells that died as a result of necrosis during
microscopy in phase contrast is the appearance of dark formations
in the cytoplasm, the fuzzy contours of the cells themselves and
their acquisition of a stellate shape or preservation of a rounded
one, but with fragmentation of the cell membrane and leakage of
contents. At high concentrations of selenium nanoparticles, dead
cells form conglomerates and cell swelling occurs. A decrease in
the luminescence intensity of propidium iodide indicates the
decay of the DNA of the nucleus, which is shown in Figures 2
and 3. The DCN index can be considered as an indicator of

cytotoxicity.
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