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The aim of the investigation was to assess the mechanisms of cytotoxic effect of gas-discharge plasma radiation on lymphosarcoma and 
breast cancer cells.

Materials and Methods. The experiment was carried out on the strains of rat lymphosarcoma (LSR) and breast cancer (RMK1) cells. 4 ml 
of cell suspension at (4–6)·106/ml concentration was exposed to gas-discharge plasma radiation in various time modes. Plasma radiation was 
generated by impulse device with the following set characteristics: burst time — 100 µs, voltage — 11 kV, energy per pulse — 5.9·10−2 J, pulse 
frequency — 10 Hz. Cytotoxic effect of gas-discharge radiation was assessed using fluorescent dye Hoechst (Sigma ALDRICH, USA), Propidium 
iodide (Sigma ALDRICH, USA) and МТТ-test. Structural changes in cells were studied by electron microscopy. Cytoplasmic membrane condition 
was assessed by microviscosity change using a hydrophobic fluorescent probe pyrene (Sigma ALDRICH, USA). The level of oxidative processes 
was determined by fluorescence of bityrosine, tryptophan, glycated proteins and lipid peroxidation processes. The state of coenzymes was esti-
mated by NAD(P)+/NAD(P)Н+Н+ and FAD+/FADН2. DNA cell damage degree was assessed by DNA-comet assay.

Results. 600-second radiation exposed to LSR and RMK1 cells was found to be a half-lethal dose. Such radiation causes significant chang-
es in the structure of cytoplasmic and nuclear membranes, intracellular content, reduces microviscosity indices both in a lipid bilayer and in 
protein-lipid interaction area of LSR and RMK1 cells. Protein molecules of these cells undergo marked oxidative modification exposed to gas-
discharge plasma radiation. No accumulation of lipid peroxidation products was recorded. The content of reduced NAD(P)Н+Н+ and oxidized 
FAD+ increases in the cells under study under plasma radiation. The number of cells with significantly damaged DNA increases up to 81% by 
600th second of exposure. All changes were in direct relationship to time exposure duration.
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Plasma technologies in biology and medicine is a 
dynamically developing direction, biomedical effects 
of plasma is being actively studied by researchers 

all over the world. Development of plasma devices 
generating pharmacological doses of reactive species, 
and standartization of plasma technologies can solve 
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many problems and open up new prospects both in 
physiological, and biochemical researches, as well as in 
the development of new treatment modalities.

By now, there have been published a great deal of 
studies indicating biological effects of plasma, such as 
bactericidal, sporicidal, cytotoxic effects, and regeneration 
[1–3]. Due to the discovery of pro-apoptotic activity of 
plasma, researchers are actively studying the possibility 
to apply plasma technologies for antitumor therapy [4–6]. 
However, much less is known about the mechanisms 
of plasma cytotoxic effect, and the data obtained in 
numerous research laboratories turn out to be rather 
contradictory in relation to the contribution of various 
factors of plasma (ions, radicals, electromagnetic fields, 
plasma radiation) to bactericidal and cytotoxic effects that 
explains the urgent character of the studies in this field.

Radiation is the main operative factor of spark plasma. 
By now there have already been detected some reactive 
species of plasma radiation formed in gas phase and 
liquid, and found bactericidal, sporicidal and cytotoxic 
effects of plasma radiation; structural and functional 
changes of prokaryotic cells are being under study [7–9]. 
However, no complex study of structural and functional 
condition of eukaryotic cells after spark plasma exposure 
has been carried out so far.

the aim of the investigation was to assess the 
mechanisms of cytotoxic effect of gas-discharge plasma 
radiation on lymphosarcoma and breast cancer cells.

materials and methods. The experiment was carried 
out on the strains of rat lymphosarcoma (LSR) and breast 
cancer (RMK1) cells. LSR strain was obtained from an 
outbread rat that had been given 3.3-dichlorbenzidine, 
the tumor consisting of lymphoid cells of different size. 
RMK1 strain was received from breast ducts of outbread 
female rats; carcinoma occurring spontaneously and 
being presented by alveolar structures and atypical 
epithelial cells. Strains were obtained in N.N. Blokhin 
Russian Cancer Research Center (Moscow).

Spark plasma radiation was generated by impulse 
device Pilimin with the following characteristics: burst 
time — 100 µs, voltage — 11 kV, energy per pulse — 
5.9·10−2J, pulse frequency — 10 Hz. The device was 
developed by I.M. Piskarev, a leading research worker 
of Skobeltsyn Institute of Nuclear Physics of Lomonosov 
Moscow State University in 2011.

For analysis the cells were resuspended in Hanks’ 
solution (Biolot, Russia) up to the concentration of (4–
6)·106/ml. 4 ml of cell suspension was exposed to low-
temperature gas-discharge plasma radiation in various 
time modes from 30 to 1800 s.

Cytotoxic effect of gas-discharge plasma radiation 
was assessed using fluorescent dye Hoechst (Sigma 
ALDRICH, USA), Propidium iodide (Sigma ALDRICH, 
USA) and МТТ-test [10, 11]. The measurements were 
made using fluorescent microscope Leica DMIL HC 
(Leica Microsystems, Germany) and spectrofluorometer 
Fluorat-02 Panorama (Lumex, Russia).

Structural changes in cells were studied by electron 
microscopy [12]. Electronic photos were taken using 
electron-transmission microscope Morgagni 268D (FEI, 
USA). Video camera Mega View (Arecont Vision, USA) 
translated an image on a computer screen. The images 
were processed using AnalySIS program.

Cytoplasmic membrane condition was assessed by 
microviscosity changes using a hydrophobic fluorescent 
probe pyrene (Sigma ALDRICH, USA) [13]. The 
measurements were made using spectrofluorometer 
Fluorat-02 Panorama (Lumex, Russia).

Folch method was used to extract lipids from the 
material under study. Total lipids were determined using 
TOTAL LIPIDS BIO-LACHEMA-TEST (PLIVA-Lachema 
Diagnostica, Czech Republic). Lipid peroxidation 
intensity was estimated by relative concentrations of 
low-molecular unoxidized products, diene conjugates, 
molecules with cis- and trans-conjugated olefinic 
bonds, triene conjugates, malondialdehyde, Schiff’s 
bases [14–16]. The measurements were made by 
spectrofluorometer Fluorat-02 Panorama (Lumex, 
Russia).

Total protein concentration was determined by 
biuret method using TOTAL PROTEIN “FL-E” (VITAL 
DIAGNOSTICS, Russia). Protein oxidative modification 
was assessed by bityrosine fluorescence, non-
enzymatic protein glycosylation products and tryptophan 
residues [17–19]. The measurements were made using 
spectrofluorometer Fluorat-02 Panorama (Lumex, 
Russia).

The condition of coenzymes was estimated by 
NAD(P)Н+Н+ and FAD+ fluorescence [20, 21]. The 
measurements were made using spectrofluorometer 
Fluorat-02 Panorama (Lumex, Russia).

DNA cell damage degree was assessed by DNA-
comet assay. To determine a proportion of cells with 
different DNA damage degree we assessed their 
distribution in groups depending on “DNA percentage 
in a comet tail” value: from 0 to 5%; from 5.1 to 10%; 
from 10.1 to 15%; from 15.1 to 20%; over 20% [22]. Gel-
slides were analyzed on fluorescent microscope Leica 
DMIL HC (Leica Microsystems, Germany).

The findings of the experiments were processed using 
software package Excel и Statistica v.6.0.

results and Discussion. 600-second radiation 
exposed to LSR and RMK1 cells was found to be a half-
lethal dose (Fig. 1).

Then we studied structural changes in cells under 
gas-discharge plasma radiation. LSR cells of control 
series (untreated) were found to be rounded with intact 
cytoplasmic and nuclear membrane. Cellular content 
after being exposed to plasma radiation was seen to have 
rarefaction. With exposure time increase, the integrity 
of cytoplasmic and nuclear membrane damaged, and 
pores formed (Fig. 2).

Most control RMK1 cells were ovoid, with a large 
nucleus, nuclear chromatin having fine grained structure. 
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fig. 1. The number of unviable (а) and 
viable (b) LSR and RMK1 cells after plasma 
radiation exposure; * — statistically significant 
in relation to an untreated series, p<0.05

а b c

fig. 2. Electronic photographs of LSR cells after discharge plasma radiation exposure: а — control; b — 15-minute exposure; 
c — 30-minute exposure (length size — 5 µm)

а

b
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Nucleoli were large. 15-minute plasma radiation exposure 
caused intracellular content vacuolization and nuclear 
membrane deformity. 30-minute exposure resulted in 
nuclear membrane ruptures (Fig. 3).

Thus, plasma radiation causes certain abnormalities 
in the structure of cytoplasmic and nuclear membranes 
and intracellular content of LSR and RMK1 cells, the 
significance of these abnormalities being in direct 
relationship to exposure time duration.

The study of the cell cytoplasmic membrane condition 
showed microviscosity parameters to decrease with 
exposure duration increase: both in lipid bilayer — by 1.6–
1.7 times, and in the area of protein–lipid interaction — 

by 1.5–2.6 times (Table 1). Microviscosity change is 
known to produce a significant effect on membrane-
bound processes, such as permeability for ions and 
molecules participating in cell metabolism, and on the 
action of membrane enzymes and receptor systems [23] 
that is likely to have an impact on cell viability as well.

Membrane microviscosity is a total index, which 
depends both on protein component state, and the state 
of lipid molecules [23]. In this regard, next we studied 
oxidation processes of proteins and lipids.

The study of lipid peroxidation in LSR and RMK1 
cells under plasma radiation revealed no changes in 
relation to concentrations of primary, secondary and 
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а b c

fig. 3. Electronic photographs of RMK1 cells after discharge plasma radiation exposure: а — control; b — 15-minute exposure; c — 
30-minute exposure (length size — 5 µm)

T a b l e  1

Viscosity of lipid bilayer and protein-lipid membrane areas of lymphoid and epithelial cells  
after spark discharge plasma radiation exposure, relative units

Exposure time, s
LSR cells RMK1 cells

Lipid bilayer Protein–lipid zone Lipid bilayer Protein–lipid zone

No exposure 2.65±0.17 15.92±1.10 3.39±0.09 17.4±0.9

60 2.40±0.18 13.62±1.00 3.10±0.10 16.40±1.37

300 1.98±0.11* 11.92±1.20* 2.62±0.20* 13.20±1.13*

1200 1.68±0.08* 6.22±0.40* 2.02±0.07* 11.70±1.12*

* — statistically significant difference in relation to an untreated series, p<0.05.

end products. These findings are consistent with data 
we obtained in 2012 and 2013 [9, 24]. The researches 
showed that relative concentrations of diene and triene 
conjugates did not increase, and the intensity of lipid 
peroxidation processes of bacterial cells decreased after 
liposome suspension of common lipids, cholesterol and 
triglycerides being exposed to spark discharge plasma 
radiation.

The study of oxidative modification of protein molecules 
showed the level of bityrosine and glycated proteins 
to increase by 2.4 and 2.3 times respectively, and 
tryptophan content to decrease by 7.6 times in LSR cells 
under plasma radiation by 1200 s of exposure (Fig. 4).

fig. 4. Bityrosine and tryptophan fluorescence intensity of tumor cells after plasma radiation exposure; 
* — statistically significant in relation to an untreated series, p<0.05

In RMK1 cells the growth of bityrosine and glycated 
proteins was less marked — by 15 and 43% respectively, 
and tryptophan level decreased by 9 times by 1200 s of 
exposure (See Fig. 4).

Thus, protein molecules of LSR and RMK1 cells 
undergo a marked oxidative modification under gas-
discharge plasma radiation that will certainly result in 
numerous malfunctions of protein complexes. Enzymatic 
function is one of the most significant protein functions. 
Many enzymatic reactions include transfer of electrons 
or atomic groups from one substrate to another. Such 
reactions involve coenzymes, which function as 
intermediate transporters of atoms or functional groups. 

*

*

*

*

*

*

*

*
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It is known that pyridine nucleotides are coenzymes of 
dehydrogenases, flavin nucleotides are coenzymes of 
dehydtogenses, oxidases and mono-oxygenases [25]. 
NAD(P)Н+Н+ was found to fluoresce intensively, while 
NAD(P)+ does not fluoresce, and flavin nucleotides, on 
the contrary, are easily reduced and after that they lose 
their fluorescent property [20, 21] .

Reduced NAD(P)Н+Н+ is also known to be necessary 
for cell growth, differentiation and programmed cell 
death. The direction of cell death processes towards 
apoptosis or necrosis significantly depends on 
intracellular concentration of NAD+ and ATP. NADН+Н+ 
and ATP level decrease results in necrosis induction 
[26]. FADН2 is a cofactor of DNA-photolyase replication 
enzyme involved in “excision” of thymine dimers.

Relying on the study findings it can be argued that 
the content of reduced NAD(P)Н+Н+ and oxidized FAD+ 

increases under plasma radiation: for 
cell types under study — by 1.5–2 
and 2–5 times respectively (Table 2). 
Such changes can result from 
damaged metabolic pathways in cells 
and serve as an inductor of apoptotic 
processes.

By now it has been found that 
a nucleotide of prokaryotic cells 
exposed to plasma radiation 
degrades [9]. We can assume that 
plasma radiation can damage DNA of 
eukaryotic cells as well.

The experiments showed that 
the number of LSR cells with more 

than 20% DNA in a tail grows up to 81% by 600th s of 
exposure (Fig. 5).

Thus, research findings indicate that spark discharge 
plasma radiation has a destructive effect on DNA 
molecules of eukaryotic cells that is in agreement with 
data reported earlier in the studies on bactericidal and 
sporicidal effect of this radiation [8, 9].

Since in our earlier studies [7] we showed the 
formation of nitro compounds, in particular, nitric oxide, 
under plasma radiation in liquid, we might assume that 
it is they that are actively involved in cytotoxic effect. 
Nitric oxide, on the one hand, is known to be able to 
inhibit cell proliferation, and on the other — to induce 
apoptosis [27, 28]. Cell proliferative activity decrease 
under nitric oxide can be due to its capability to inactivate 
iron-containing enzymes involved in the processes of 
ATP synthesis and DNA molecule replication [29]. It is 

T a b l e  2

nAD(P)Н+Н+ and fAD+ levels in cells after plasma radiation exposure,  
relative fluorescence units

Exposure time, s
LSR cells RMK1 cells

NAD(P)Н+Н+ FAD+ NAD(P)Н+Н+ FAD+

No exposure 0.046±0.001 0.0375±0.0025 0.050±0.001 0.08857±0.01

30 0.050±0.0007 0.070±0.018 0.058±0.001 0.09286±0.01

60 0.065±0.001* 0.050±0.005 0.058±0.0003 0.08714±0.0076

300 0.070±0.001* 0.070±0.005* 0.068±0.0045* 0.10±0.001

600 0.080±0.0003* 0.10±0.004* 0.069±0.001* 0.12429±0.0049*

1200 0.098±0.006* 0.1925±0.0075* 0.078±0.006* 0.170±0.0045*

* — statistically significant difference in relation to an untreated series, p<0.05.

fig. 5. Percentage ratio of LSR cells with different DNA damage degree after plasma radiation exposure: type 0 — from 0 to 5% DNA in 
a tail; type 1 — from 5.1 to 10% DNA in a tail; type 2 — from 10.1 to 15% DNA in a tail; type 3 — from 15.1 to 20% DNA in a tail; type 
4 — 20% DNA in a tail; * — statistically significant difference in relation to an untreated series, p<0.05
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also known that in the process of free-radical reactions 
with NO involved, there is possible the formation of 
high-intensity peroxynitrite oxidant causing covalent 
alterations in cell protein molecules, DNA damage, and 
subsequently, apoptosis activation [30, 31]. Thus, it can 
be concluded that spark discharge plasma radiation has 
a cytotoxic effect on lymphoid and epithelial LSR and 
RMK1 tumor cells.

Conclusion. Gas-discharge plasma radiation has 
a cytotoxic effect on LSR and RMK1 tumor cells, 600-
second radiation exposed to LSR and RMK1 cells 
were found to be a half-lethal dose. Cytotoxic effect 
is manifested in the changes in cytoplasmic and 
nuclear membrane structure, in intracellular content, 
in the increase of cytoplasmic membrane fluidity, in 
accumulation of oxidative modifications of protein 
molecules and DNA damage. All changes were in direct 
relationship to exposure time duration.

study funding and Conflict of interests. The study 
was not supported by any funds, and the authors have 
no conflict of interest to disclose.
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