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Abstract: Presently, plasma-treated solutions (PTS) are widely introduced into medicine. Plasma-
activated solutions contain various reactive forms of oxygen and nitrogen which provide the desired
biological effects. Yet it remains unclear exactly which components of the treated solution are the most
important and what the difference is between the plasma-treated solution and a chemically prepared
solution composed of the same components. In this work, we show that the chemically prepared
mixture of nitrites, nitrates, and hydrogen peroxide with concentrations similar to the plasma-treated
solution exerts a fundamentally different effect on a cell culture. The chemically prepared solution
has higher cyto- and genotoxicity and causes necrosis, while under the action of the plasma-treated
solution, apoptotic processes develop in the cells slowly.
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1. Introduction

By the beginning of the 21st century, a new field, plasma medicine, emerged, whose
main applications include the sterilization of wounds, coagulation of blood, recovery
of destroyed tissues, selective programmed destruction of cancerous cells (apoptosis),
diagnostics of skin diseases, cosmetology, etc. [1-8].

In recent years, at the same time as biological objects were treated by CAP, it also
became common to study the effect of plasma-treated solutions (PTS) on the vital activity
of living organisms. PTS retains the main biological effects of CAP, and it also contains
the long-lived reactive nitrogen species (RONS), such as the nitrite (NO, ™) and nitrate
(NOs7), as well as hydrogen peroxide (H,O,) and short-lived species of oxygen, hydrogen,
and nitrogen generated as a result of their interaction [9-12]. It was shown that PTS
demonstrate anti-tumor activity with regards to several types of cancer, including ovarian
cancer, pancreatic cancer, colorectal cancer, and stomach cancer [13-16].

The advantages of using PTS for treating oncological diseases compared to the direct
CAP processing is that they can serve to treat deep tissues as well as surface tumors and
tumor beds after their surgical extraction.

Today, a relatively detailed picture of the chemical reactions connected to plasma
discharges both in air in the boundary area of the discharge, and in the surface layer of
the treated solution has been formed. During the interaction with surrounding gases
and surfaces, such discharges bring their molecules into a high-energy active state and
help their breaking and creation of radicals [9,17,18]. The radicals created in water and
in air interact with each other and with the nonactivated molecules, as a result of which
different reactive oxygen and nitrogen species are created. When cold plasma is generated
in pure gases (argon, helium, oxygen), oxygen-reactive forms are dominant, while nitrogen
compounds almost do not emerge [9-13]. Due to their high chemical activity, in water,
the reactive nitrogen and oxygen forms participate in another type of interaction and

Appl. Sci. 2022, 12, 3704. https:/ /doi.org/10.3390/app12083704

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12083704
https://doi.org/10.3390/app12083704
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7711-2885
https://doi.org/10.3390/app12083704
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12083704?type=check_update&version=1

Appl. Sci. 2022,12, 3704

20f12

create stable compounds that exist in the solution during a therapeutically significant
time. Mainly, these are nitrites, nitrates, and oxygen peroxide. The nitrites and the nitrates
are in kinetic equilibrium with nitrogen oxides of corresponding valence. The long-lived
biologically active compounds can decompose into short-lived species during catalysis of
the components of the nutritional mediums or biological liquids [12].

In [13,19,20], G. Bauer showed that the hydrogen peroxide and nitrite ions exhibit
biological action in cold-plasma-treated solutions. Cancerous cells are protected from
the action of hydrogen peroxide by the catalase ferment that is found on their cellular
membrane and neutralizes the peroxide. During the chemical interaction of hydrogen
peroxide with nitrites, peroxinitrite (ONOQO™) is created, which becomes a source of singlet
oxygen (10). The singlet oxygen inhibits the catalase and allows hydrogen peroxide,
peroxinitrite, and other short-lived species to penetrate the cell. Normally, the cancerous
cells themselves also generate hydrogen peroxide and peroxinitrite, but they are inactivated.
Due to the inhibition of catalase, the cell begins to release the oxygen and nitrogen reactive
species into the surrounding medium and initiates similar processes in other tumor cells.
The creation of HOCI from chlorine and peroxide leads to the peroxidation of lipids and
triggers apoptosis. In this process, it is the reactive oxygen and nitrogen species released
by the cells themselves that play a major role in the destruction of cancerous cells. The
cold-plasma-treated solution only starts the self-destruction of the cells by activating the
catalase. Healthy cells are less affected than the tumor ones because they contain other
ferments on their membranes and do not generate the reactive oxygen and nitrogen species.

Based on the works of Bauer, we make an assumption in this work that a chemically
prepared solution of hydrogen peroxide, nitrites, and nitrates will act on the cells similarly
to the cold-plasma-treated solution under the condition that it has similar concentrations of
hydrogen peroxide, nitrites, and nitrates.

A similar work was performed in 2016 by Kurake et al. [21], the cold plasma be-
ing used to treat the nutritious medium for the cell cultures of the lacteous gland and
glioblastoma. Kurake showed that adding nitrites to the nutritious medium increases
the survivability of the cells; adding hydrogen peroxide decreases their survivability;
adding both nitrites and hydrogen peroxide decreases the survivability more than pure
hydrogen peroxide; and adding the cold-plasma-treated nutritious medium decreases their
survivability even further.

Turini’s studies showed that T-lymphoblastoid leukemia cells begin to die by apoptosis
one day after exposure to cold plasma or the addition of hydrogen peroxide to the nutrient
medium. At the same time, the level of toxicity for different modes of cold plasma and
hydrogen peroxide did not differ [22].

It has been shown that direct and indirect effects of cold plasma on blood cells do not
change the parameters of hemostasis, but they do cause the hemolysis of erythrocytes [23].

The objective of this work is to compare the effect of the physiological solution treated
by the direct piezodischarge and a similar solution of nitrites, nitrates, and hydrogen
peroxide on the survivability and DNA damage of biological objects: the cell cultures
of tumor cells (K562, the myeloblastosis) and cells of conventionally healthy donors
(mononuclear leucocytes).

2. Materials and Methods
2.1. Reagents

Physiological solution 0.9% NaCl (SOLOFARM, St Petersburg, Russia, RU-LP-002619),
sodium nitrate (Moskhimtorg, Moscow, Russia, GOST 4168-79), sodium nitrite (OOO
PraimKhemikalsGrup, Moscow region, Mytishchi, Russia), hydrogen peroxide 34% (Sigma-
Aldrich, Saint Louis, MO, USA, 18304-1L{), Griess reagent (Lenkreativ, St Petersburg, Russia
373131L), luminol (Aldaich Chemistry, Saint Louis, MO, USA, 1002521482), hemoglobin
(SERVA, Wichita Falls, TX, USA, 24510), RPMI nutritional medium (OOO NPP PanEko,
Moscow, Russia cat. no. C350), amphotericin (OOO NPP PanEko, cat. no. A006), gen-
tamicin (OOO NPP PanEko, cat. no. A011), fetal bovine serum (OOO NPP PanEko, cat.
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no. FB-1001), PBS (Sigma-Aldrich, P4417-100TAB), Ficoll solution (OOO NPP PanEko,
cat. no. R053p), tris-hydroxymethylaminomethane (OOO NPP PanEko, cat. no. X270),
hydrochloric acid (Lenkreativ, 170266), sodium chloride (OOO NPP PanEko, cat. no. F085),
EDTA (ReaKhim, Izhevsk, Russia, 26040, lot 64), sodium carbonate (Lenkreativ, 130274),
dimethyl sulphoxide (DMSO) (Tatkhimpreparaty, Republic of Tatarstan, Kazan, Russia
LSR-003126/08), Triton X-100 (VWR (Amresco), Solon, OH, USA, Am-0694-0.1), high-
melting agarose (Diaem, Moscow, Russia, D00214), low-melting agarose (Diaem, Moscow,
Russia, 55140006), sodium hydroxide (Lachema, Brno, Czech Republic 501891190), SYBR
Green I (Sintol, Singapore, 160919), ethanol 96% (PAO Bryntsalov-A, LSR-009126/10), MTT
(Thyazolil Blue Tetrazolium Bromide) (Diaem, 38745%), trypan blue dye (OOO NPP PanEko,
cat. no. O130), and acridine orange (OOO NPP PanEko, cat. no. O050).

2.2. Method of Preparation of Samples of Cold-Plasma-Treated Solutions

In this work, cold plasma was generated by direct piezodischarge in atmospheric
air [24,25]. The cold plasma generator consists of a power source of a single-layer piezo-
electric transformer TP-R1, which is a resonant amplifier operating at a frequency of
21 £ 0.3 kHz [26]. The high-voltage (5 + 1 kV) is generated at the output of the piezotrans-
former. When the high-voltage contact of the piezotransformer approaches the surface of
the solution to the distance of about 0.5 cm, a direct piezodischarge appeared. The average
gas temperature during the processing did not exceed 40 °C, and the electron energy could
reach several eVs. The average source power is about 8 W [27].

The processing of solutions by direct piezodischarge was conducted over 15 to 180 s.
To treat the solution that acted on cells, we used times equal to 30, 60, and 90 s. The treated
physiological solution (5 mL) was placed in a 6-cm-diameter Petri dish or a plate well
of the same shape. This size of the well showed the best results for the production of
ROS [14,28]. The solutions were treated at the temperature of the surrounding medium
equal to 20 £ 2 °C and air humidity 70 &+ 3%.

2.3. Measurement of the Concentration of Reactive Oxygen and Nitrogen Forms in the Solution

The concentrations of nitrite ions were measured by the photometric method with
Griess reagent [29]. The nitrate concentration in the solution was measured using the ALICE
121 nitrate-selective electrode. The hydrogen peroxide concentration was measured by the
chemoluminescent method and using the luminol-methemoglobin-hydrogen peroxide
system. When this system was applied, the analyzed solution and hydrogen peroxide used
for calibration were added to the reagent mixture from luminol, methemoglobin, and a
phosphate buffer, after which the chemoluniniscence of the combination was measured.

In addition to these components, the content of CIO™ in the plasma-treated solution
was also analyzed by spectral photometry. The ClIO~ concentration is proportional to the
absorption of the solution at wavelength of 292 nm [30].

In addition, pH was measured with the application of the pH-electrode HI1131B.

2.4. Method of Cell Cultivation

The mononuclear leucocytes were derived from the blood of conventionally healthy
donors (without diseases of the hemic system nor immunodeficiencies). The comparison
was made with the cell line of myeloblastosis K562. All cells were kept in the RPMI nutri-
tional medium with the addition of 10% fetal bovine serum, amphotericin, and gentamycin
in a thermostat with increased CO, concentration (5%) at temperature of 37 °C. In the plate,
the analyzed solution was added to all wells with cells at 20% of the volume of nutritional
medium, and 24 h later, cell analysis was carried out (The processing time of the solution
before it was added to the cell was of 30 min).

2.5. Analysis of Viability and Damage of Cell DNA

The viability of the cells is their ability to maintain a state necessary to carry out
specific functions, such as the ability of cells capable of division to realize their mitotic
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potential. Analysis of the viability of the cells was carried out parallel to the MTT test
(analysis of the metabolic activity of the cells) [31] by dyeing them with the trypan blue
dye [32].

The type of cell death (apoptosis or necrosis) was defined using the acridine orange
dye that details the internal structure of the cell and allows one to estimate the damage to
its chromatin and cell membrane [33] (Examples are given in Figure 1).

(A) (B)

(B) (D)

Figure 1. External view of live and dead cells in microslides dyed by acridine orange ((A)-living cell,
(B)-apoptosis (early stage), (C)-apoptosis (late stage), (D)-necrosis).

To analyze the DNA damage, the DNA comet method was applied, similarly to [34].
The Casplab_1.2.3b2 software was used to calculate the percentage of the DNA in the
“comet tail” (Figure 2).

LHead =91 LTail =51 LComet= 142
HeadDMA = 67,9441 TailDNA = 32,0359
T™ = 163425  OTM = 16,6453

Figure 2. “DNA-comet tail” length calculation using the Casplab_1.2.3b2 software.

During electrophoresis, DNA fragments torn away from the main molecule leave the
nucleus and create the “comet tail”. Therefore, the percentage of the DNA in the tail was
considered proportional to the damage to the DNA.
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2.6. Statistical Analysis

For each measurement, an average value and average deviation of results were cal-
culated. To compare the results for the tumor and healthy cells, the nonparametric Mann—
Whitney test was applied. Taking into account the correction, the threshold p value that we
used in multiple comparison was of 0.05.

3. Results and Their Discussion

As a result of our studies of the processing of physiological solution by the cold
plasma of the piezodischarge, we obtained the following dependencies of the increase in
concentrations of the long-lived reactive oxygen and nitrogen forms (NO,~, NO;~, and
H,0,) on processing time (Figures 3-5). The concentration of nitrites increases in short of
cold-plasma treatment times and at times of ~90 s, it reaches saturation, which is caused by
their oxidation into nitrates.

The concentration of HOCI in the studied solutions weakly depends on the processing
time and does not exceed 5 uM.
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Figure 3. The dependence of nitrite concentration in the physiological solution on the time of
processing by direct piezodischarge. The distance between the piezotransformer and the solution
surface was 0.5 mm. The temperature of the surrounding medium was 20 =+ 2 °C, and the air humidity
was 70 & 3%. In detail, the experimental conditions are described in the Section 2.
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Figure 4. Dependence of oxygen peroxide concentration in the physiological solution on the pro-
cessing time by direct piezodischarge. The distance between the piezotransformer and the solution
surface was 0.5 mm. The temperature of the surrounding medium was 20 + 2 °C, and the air humidity
was 70 & 3%. In detail, the experimental conditions are described in the Section 2.
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Figure 5. Dependence of nitrate concentration in the physiological solution on the time of processing
by direct piezodischarge. The distance between the piezotransformer and the solution surface was
0.5 mm. The temperature of the surrounding medium was 20 + 2 °C, and the air humidity was
70 & 3%. In detail, the experimental conditions are described in the Section 2.

Neutral pH decreases to 4.53 already after 30 s of treatment and then remains at
this value (Figure 6). A nonlinear decrease in pH indicates that the production of new
compounds in the solution improves its buffer properties.

0 30 60 90
Exposure duration, s

Figure 6. Changes in the pH of the physiological saline after exposure to piezoelectric direct dis-
charge of variable duration. An asterisk * indicates a statistically significant difference (p < 0.05)
from the control.

In the studied time range for the processing of the physiological solution by di-
rect piezodischarge, the vitality of myeloblastosis cells decreased, at maximum, to 88%
(Figure 7), which not a clinically significant result, and it did not exhibit direct correlation
with the processing time. The vitality of mononuclear leucocytes decreased proportionally
to the processing time to 63%, at processing time of 90 s.
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Figure 7. Dependence of the level of vitality of the healthy (blue diamonds) and tumor (red squares)
cells on the time of processing by the direct piezodischarge of the physiological solution added to the
nutritional medium. The cells were kept in the RPMI nutritional medium with the addition of 10%
fetal bovine serum, amphotericin, and gentamycin, in a thermostat with increased CO, concentration
(5%) at temperature of 37 °C. In detail, the experimental conditions are described in the Section 2.

Apoptosis was recorded as the unique type of cell death in this experiment. At the
same time, the results of the MTT test, which estimates the physiological activity of the
cells, did not show a dependable difference of all points from the control. To construct the
dependence shown in Figure 7, we only used the data obtained by the trypan blue dye,
which shows cell vitality directly.

Figure 8 shows the level of damage to the DNA at different processing times by the
direct peiozodischarge of the physiological solution added to the nutritional medium. The
selectivity of DNA damage of mononuclear leucocytes and mieloblastosis cells is seen
when the processing time is 30 s. The maximum level of DNA damage of the mononuclear
leucocytes is 51% at processing time of 90 s, and the maximum damage of mieloblastosis
cells is 76% at a processing time of 30 s.

100% -

e 90% ¢ Mononuclear
:, S0 leukocytes

0
E . o m Myeloid leukemia
. 10 K562 cells
gm 60%
3 50%
=
S 40%
Y
o0
g 30%
z
¢ 20%
R
B 10%+

0% - ~ -
0 30 60 90 120
Exposure duration, s

Figure 8. Dependence of the level of damage to the DNA cells on the time of processing by the direct
piezodischarge of the physiological solution added to the nutritional medium. The cells were kept
in the RPMI nutritional medium with the addition of 10% fetal bovine serum, amphotericin, and
gentamycin, in a thermostat with increased CO, concentration (5%) at temperature of 37 °C. In detail,
the experimental conditions are described in the Section 2.
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Figure 9 shows that the chemically prepared solution of nitrites, nitrates, and hydrogen
peroxide has a similar effect on the mononuclear leucocytes and a stronger cytotoxic
effect on the mieloblastosis cells than the physiological solution treated by the direct
piezodischarge. In this case, there was a correlation between the MTT test and the trypan
blue dye.

140% —+ A
T R120% | - )
B -t ] l_—’ =
g E100% - uNO-
o= |
S
% : 80% : ml,0,
T 60% - :
v @ "H,0,,NO:
eo N ]
ST 40% - ;
= E | EH;O:, NO, ,
g g 20% NO:
a |
0% -
0 1 2 3
Concentration of active substances, arb. units
140% B
2 f120%
B0
=
= E100%
= 8 mNO;
£ S
7 o 80%
Gs = .Hz 02
E"i 60%
- = mNO: ,H: 0
S E 40%
2 = EH,O,,NO, ,
B 20% NO.
0%
0 1 2 3
Concentration of active substances, arb. units

Figure 9. Dependence of the level of vitality of (A) conventionally healthy and (B) tumor (mieloblas-
tosis) cells on the concentration of nitrites, nitrates, and hydrogen peroxide added to the nutritional
medium. Concentrations 1-3 correspond to those in the physiological solution treated by the di-
rect piezodischarge during 30, 60, and 90 s, respectively (1: HyO,—2.08 pM, NO, ™—0.058 mM,
NO;~—0.286 mM; 2: H,O,—6.91 uM, NO, ™ —0.091 mM, NO3;~—0.378 mM; 3: H,O,—10.08 uM;
NO,™—0.103 mM, NO3~—0.725 mM). An asterisk * indicates a statistically significant difference
(p < 0.05) from the control, an asterisk above the frame indicates a statistically significant difference
(p < 0.05) between different experimental samples. The experimental conditions are described in the
Section 2.

Although nitrites (NO, ™) themselves do not have a damaging effect on the cells, and
they even increase the vitality of mieloblastosis cells compared to the control, together with
hydrogen peroxide (HO5), they have a stronger cytotoxic effect than hydrogen peroxide
alone. The addition of nitrates (NO3 ™) increases the cytotoxic effect further (by 30-50%).
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This result confirms Bauer’s studies [19,20], which talk about the combined action of the
reactive forms of nitrogen and oxygen.

The damage to the DNA of both types of cells under the action of the chemically
prepared solution of nitrites, nitrates, and hydrogen peroxide shown in Figure 10 is also
more pronounced than under the action of the physiological solution treated by direct
piezodischarge; it reaches 100%. Same as the vitality, the level of DNA damage after nitrites
are added is the same as in the control and is even lower for some concentrations. When
both nitrites and hydrogen peroxide are added, the DNA damage is more severe than one
only hydrogen peroxide is added. The addition of the combination of nitrites, nitrates and
hydrogen peroxide produces approximately the same result as the addition of nitrites and
hydrogen peroxide.

mNO:

mH:0:

aNO: ,H,0»
ENO; ,NO; ,H:0:

0 1 2 3
Concentration of active substances, arb. units

Percentatge of damaged DNA, %

B
+
=]
:\5100% x ‘—‘l 9
Ed

£ 80% | L+ "N
= I ; BH:0-
]
& 60% - = NO; ,H,0
E " *,‘ o 2% F 3 2
o f . =
S oo ENO; ,NO; ,H,0;
=]
@ *|
%" 20% - ”
= *
u L 1.
z 5
2 0 1 2 3

Concentration of active substances, arb. units

Figure 10. Dependence of the level of DNA damage of (A) conventionally healthy and (B) tumor
(mieloblastosis) cells on the concentration of nitrites, nitrates, and hydrogen peroxide added to the
nutritional medium. Concentrations 1-3 correspond to those in the physiological solution treated by
the direct piezodischarge during 30, 60, and 90 s, respectively (1: HyO,—2.08 uM, NO, ~—0.058 mM,
NO3;~—0.286 mM; 2: H,O,—6.91 uM, NO, ~—0.091 mM, NO3 ~—0.378 mM; 3: H,0,-10.08 uM;
NO, ™—0.103 mM, NO3; ~—0.725 mM). An asterisk * indicates a statistically significant difference
(p < 0.05) from the control, an asterisk above the frame indicates a statistically significant difference
(p < 0.05) between different experimental samples. The experimental conditions are described in the
Section 2.
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Figure 11 shows that necrosis is prevalent among the types of cell death during the
action on the cells of the chemically prepared solution of nitrites, nitrates, and hydrogen per-
oxide. This can explain the high level of cell death and DNA damage by the rougher action
of the chemically prepared solution compared to the solution treated by the piezodischarge.
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Percentage of dead cells, %

Figure 11. Distribution of types of death of (A) conventionally healthy and (B) tumor (mieloblastosis)
cells at different concentrations of nitrites, nitrates, and hydrogen peroxide added to the nutritional
medium. Concentrations 1-3 correspond to those in the physiological solution treated by the di-
rect piezodischarge during 30, 60, and 90 s, respectively (1: HyO,—2.08 pM, NO, ~—0.058 mM,
NO3;~—0.286 mM; 2: HyO,—6.91 uM, NO, ~—0.091 mM, NO3~—0.378 mM; 3: H,0,-10.08 uM;
NO,~—0.103 mM, NO3; ~—0.725 mM). An asterisk * indicates a statistically significant difference
(p < 0.05) from the control, an asterisk above the frame indicates a statistically significant difference
(p < 0.05) between different experimental samples. The experimental conditions are described in the
Section 2.

Thus, both the solution treated by cold plasma and the chemically prepared solution of
nitrites, nitrates, and hydrogen peroxide have cyto- and genotoxic effects on cells. However,
in the first case, cells die due to apoptosis and in the second, due to necrosis, which
demonstrates that the chemically prepared solution is more toxic to the studied cells than
the cold-plasma-treated solution. In the therapy of oncological diseases, the ability to
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cause the selectively programmed death of tumor cells that does not affect healthy cells is
a priority.

4. Conclusions

The results of the studies of treating the physiological solution by the direct piezodis-
charge showed a certain dynamic of the change in the chemical composition of the solution.
At the same time, the action in vitro on the cells of the physiological solution treated by
direct piezodischarge differs from the action of a similar chemically prepared solution of
nitrites, nitrates, and hydrogen peroxide. To initiate the programmed cell death in tumor
cells, it is preferable to use the plasma-treated solution, since apoptosis, which is prevalent
in this case, is a process regulated by the body, and it selectively kills the tumor cells
without damaging the healthy ones. In case of treatment with the chemically prepared
solution, necrosis is prevalent, which is an uncontrolled cell death that leads to damaging
the surrounding healthy cells and forms an inflammation site.
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