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Introduction

The low temperature plasma is an important tool in
scientific and technological processes, and last time it is
increasingly used in industry such as for surface treatment,
ozone synthesis, exhaust gas purification, etc. [1-5] and
other. Some types of [plasma due to its non-equilibrium
nature (gas temperature is much below the temperature
of electrons) ensure creation of active components without
excessive heating of the gas and action on the targets,
including living organisms that are sensitive to heat. So, last
time the greater attention is paid to studies and application
of plasma formations action on biological objects (see for
example reviews [6-8] and literature cited in them ).

Methods of cold plasma generation at atmospheric pres-
sure are well developed, at that different geometry of the
discharge gap, compositions of gas medium and methods of
energy effect on gas are used. Among the many varieties of
low-temperature atmospheric pressure plasma in biomedical
applications the glowing high-frequency discharges, dielec-
tric barrier discharges, and special attention is paid to so
called cold plasma jets (CPJ). In this case the discharge
zone is a dielectric channel, in which the work gas flow is
organized, and contact (gas discharge between electrodes)
or noncontact (UHF, HF, barrier discharge) excitation of
medium is performed. Directly plasma jet is a type of gas
discharge which under definite conditions exits beyond the
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discharge zone and is plasma formation spreading in the
environment in the flow of the inert gas pumped through
the discharge device (see for example [9-15] and other).

The result of the plasma formation action on biological
object is generation in gas and water medium of ions,
nitrogen and oxygen containing radical, which actively
interact with the cells of biological tissue, damaging them
and causing cell death. Of particular interest is the fact
that active components, generated by plasma, suppress vital
activity of malignancies, having selective effect on healthy
and tumor cells. Antitumor effect was reliably demonstrated
on more than twenty various tumor models in vitro and in
vivo [6,13] etc.

Upon positive dynamics of number and quality of the
performed studies there are many unsolved issues, mainly
related the mechanisms of plasma-chemical and plasma-
physical effects on tumor and healthy cells. The processes
and mechanisms resulting in death of cancerous cells upon
interaction with plasma formations are complex, and are
currently studied intensively (see for example,[16]). The
problem also lies in the difficulty of comparison and the non-
reproducibility of study results as result of various geometry
of the experimental set-ups[17,18]; various conditions and
design of physical- biological experiments; absence of the
standard methods of irradiation; differences in plasma
parameters near the target surface and biological objects of
various nature in vivo and in vitro; manifestation of physical
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features during plasma interaction with targets, absence of
monitoring and comparison of the electrical characteristics
of various objects, and effect of the external medium
and other uncontrolled factors. During plasma effect on
the biological objects for CPJ initiation various types of
gas discharge are used in various frequency ranges, with
significantly different initiating voltages and rates of plasma
gas flow (air, helium, argon,their mixtures with oxygen,
nitrogen). Variety of ways for generation and conditions of
the plasma effect results in complexity of comparison of the
study results, and hence, translation of developed methods
for model and, especially, live objects with further transfer
to clinical trials may be challenging.

Note that CPJ kinetics and dynamics of its interaction
with various objects significantly depends on properties of
irradiated target (see for example [19-23]).

Study of physical parameters of CPJ, generated in helium
and argon, and of the effects of their action on the biological
objects [24-30], systematization and summarization of the
results show that plasma jet parameters (amplitude and
frequency of initiating voltage; current reaching the target;
flow rate and grade of plasma generating gas; irradiation
dose), at which selectivity of action and maximal cytotoxic
effect (effect of suppressing the vital activity of cancer
cells) have significant differences. So, we assume as
actual the ,comparative” study of plasma jet parameters
and limiting factors of plasma action on biological objects
upon CPJ initiation by sinusoidal voltage in helium and
argon in same geometry of the discharge device as applied
to the biophysical studies. This is the objective of this

paper.

1. Experimental set-up

The plasma jet source is a discharge cell in form of
coaxial dielectric channel L = 100 mm long with internal
diameter of 10 mm. In channel center a copper electrode
in form of rod with length | and diameter d. The channel
end comprises a nozzle — dielectric capillary with orifice
diameter dy and length ly. The discharge zone was formed
by internal potential electrode and ring grounded electrode
arranged outside the dielectric channel near the nozzle
(Fig. 1).

For the plasma jet generation the sinusoidal voltage
source with regulated frequency fy = 10—52kHz and
voltage with amplitude U up to 7kV was used. Volt-
age (current reaching the irradiation object) value was
specifically limited to ensure safe CPJ treatment conditions
for future experiments with animal models. Experiments
were performed with helium He (volume fraction of
helium 99.995%) and argon Ar (volume fraction of ar-
gon 99.99%). For voltage U measurement the ohmic high
resistance divider was used. Current was measured by a
sensor located at distance from the nozzle z at right angle
to CPJ spreading axis, and it is a collector — flat metal
electrode (copper plate). With the collector grounded via
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a low-inductance resistor, one could register amplitude and
frequency of current pulse | reaching the collector.

As CPJ treatment object a target was used — ceramic
plate of Al,O3 1 mm thick located on the collector. In all
experiments the earthed metal collector was used as
additional electrode to create a plasma streamer—grounded
electrode for configuration of electric field with increased
strength. This results in generation intensification of active
radicals in contact zone of CPJ and target [23,26]. Distance
from the nozzle to the target z is set such that the plasma
jet touches the target, and is optimized by maximum
suppression of vital activity of cancer cells in biophysical
experiments [23-30]. Spectral measurements were per-
formed by spectrometer ,Kolibri-2“ [31] set to wavelength
band 4 = 190—360 nm with optical resolution 0.17 nm. The
optical irradiation of the contact area of plasma jet and target
was registered at distance 3 mm at angle 30° from vertical.
Then irradiation was transmitted to the spectrometer via
multimode quartz optical fiber waveguide. All experiments
were accompanied by temperature measurement of inter-
action area of plasma jet and object using thermal camera
Testo 872 [32].

2. Experimental results and discussion

When work gas helium is supplied with flow rate
v > 1-2L/min, and sinusoidal voltage with frequency
fu > 12kHz and amplitude U > 1kV is applied to elec-
trodes in the discharge zone potential electrode—earth
electrode the discharge occurs. In helium CPJ devel-
opment reduced to stages that are well separated by
voltage: occurrence on potential electrode of luminous spots
(U =~ 1.1kV); discharge formation (U > 1.4kV) followed
by its spreading in the channel upon voltage increasing;
occurrence of plasma jet outside the discharge channel and
spreading in free space (U > 2kV). In argon the discharge
ignites at v > 1L/min, at U > 2.8kV and at frequency
fu > 20kHz. In this case, the breakdown of the discharge
gap and the formation of the plasma jet extending beyond
the nozzle occur almost simultaneously.

In helium and argon visually a significant difference is
observed between the nature of the discharge glow inside
the dielectric channel and, respectively, by nature of current
flow inside the channel. In helium the discharge is a stable
unidirectional current cord (Fig. 1,a), in argon unstable
(stochastic) nature of the discharge is observed (Fig. 1, 5).
Note that at decrease in inner diameter of the dielectric
channel (below 5mm) the discharge in argon stabilizes, and,
as in helium, i becomes unidirectional. CPJ photographic
registration demonstrates that the plasma jet in the gap
nozzle—target is heterogeneous. In helium at the nozzle
output the unidirectional current channel is observed, which
in area before the target stratifies — in each pulse the
formed streamer spreads via different spatial path. This
phenomenon can be explained by charge accumulation on
the dielectric target in the point where the streamer touches
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Figure 1. Design of device for CPJ generation and photography in helium (a) and in argon (b): I — dielectric channel, 2 — internal
potential electrode, 3 — external grounded electrode, 4 — ceramic plate, 5 — additional grounded electrode.

4 I I I I I I I I I
10 12 14 16 18

t, us

1
N
S

1 1 1 1 L1 _60
10 12 14 16 18

t, us

Figure 2. Fragments of oscillograms of CPJ in: a — helium (v = 9L/min, Z = 20mm); b — argon (v = 4L/min, Z = 15mm).

the surface. Due to heterogeneous distribution of the surface
charge the radial electric field occurs, it ensures deviation
of the next streamer head upon approaching the target
surface. In argon this effect is stronger — CPJ stratification
is observed along entire length of the jet.

The spatial localization of the plasma jet outside the
source was governed by the channel geometry, the cap-
illary size, the gas flow rate, and the voltage amplitude.
Preliminary studies and optimization of the plasma jet by
linear dimensions, required to manipulate and to perform
biological experiments, as well as by glow intensity of
hydroxyl radical OH (4 =~ 309 nm was registered, transition
A’Z—X*I) ensure selection geometry of the discharge
gap, nozzle, parameters of initiating voltage and work gas

flow rate. At length of potential electrode | = 50 mm, its
diameter d = 2 mm; dimensions of nozzle: orifice diameter
dp = 2.3—2.6mm and length lp = 5mm, in helium at volt-
age amplitude U ~ 3—-5kV and flowrate v = 6—9 L/min
the jet length was ~ 70mm; in argon at U ~ 4-5kV
and v = 4L/min the jet length was ~ 25—30mm. Note
that ratio of glow intensity of radical OH (1 ~ 309 nm)
upon contact with the ceramic target/culture liquid upon
presence/absence of grounded collector was ~ 10 and ~ 3
in helium and argon, respectively.

Fig. 2 shows oscillograms of one period of voltage and
current of plasma jet reaching the target located on the
grounded collector at distance z = 20 and 15 mm in helium
and argon respectively. In helium at positive half-wave
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Figure 3. Dependences I(fy), z=15mm: He (U =3.5,

43 and 52kV (v=9L/min), Ar (U =3.5, 43 and 4.5kV,
v = 4L/min).

we observe positive current pulse (which is typical for the
used scheme of current registration). In argon the current
pulses are observed at positive and negative half-waves of
voltage, at that they have different amplitudes. Note that in
experiments in helium at small distances z < 5 mm current
pulses are also observed at positive and negative half-waves
of the initiating voltage.

In [33] it was shown that interaction of the plasma jet
generated under sinusoidal excitation in the helium flow
(U =2-5kV, fy =25-50kHz), with target located on
earthed metal collector, resulted to effect of self-stabilization
of current frequency. Frequency of target touching by
plasma jet f; differs from frequency of applied initiating
voltage fy and can be a stable multiple of it — | = /2,
fu/3, fu/4. The effect depends on frequency, amplitude
of applied voltage, and also on type of target, distance
to it, and is determined by ratio of density of plasma
formed in the streamer head to residual density of plasma
above target surface. The streamer is formed and spreads
inside the dielectric channel in each cycle of voltage, but
after exit form the nozzle the streamer can reach the
target or extinguish upon interaction with cloud of quasi-
neutral plasma produced by previous streamers [26]. This
results in that dependences of current amplitude reaching
the target on frequency of initiating voltage |(fy) are
irregular in nature, dependences of current amplitude on
voltage amplitude 1(U) in wide range U for various fy
are ambiguous. As electromagnetic, chemical, thermal
processes on the target surface depend on frequency of
contacts of plasma and target, then ambiguity of CPJ
parameters and respectively of the parameters of irradiation
of biological object can result in uncertainty o the results of
biophysical experiments.

Fig. 3 shows frequency characteristics — dependences
I[(fu) at z = 15mm in helium for U = 3.5, 4.3 and 5.2kV
(v =9L/min) and in argon for U = 3.5, 42 and 45kV
(v = 4L/min). In helium the common tendency is increase
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in amplitude of current reaching the target, upon increase
in frequency of applied voltage for same voltages, and
upon increase in voltage for same frequencies. Maxi-
mum achieved current amplitudes doe not exceed 15mA.
Upon fy increasing the current frequency f is proportional
to fy, fu/2 and fy/4. Experiments performed for three
fixed frequencies of the initiating voltage fy ~ 52, 26
and 13kHz at v = 9 L/min and z = 20 mm, demonstrated
that on target the current pulses are registered with same
frequency f| ~ fy = 52/4, 26/2 and 13kHz respectively
(Fig. 4).

Between the regions of one-to-one correspondence be-
tween the frequency of the initiating voltage and cur-
rent reaching the target there are transition zones with
irregular (,,floating”) frequency f|, shown in Fig. 3 with
vertical dashed straight lines. For all frequencies the
distance increasing between the nozzle and target z results
in current | decreasing. For example, at U =3.5kV
and fy =52kHz (f; = fy/4~13kHz) at z=15; 20
and 25mm current reaching the substrate is | ~ 6.8, 6.2
and 5.1 mA, respectively.

In argon the dependences |(fy) have another nature.
In entire studied range of amplitude and frequency of
initiating voltage we observe the regular nature of current
pulses f; = fy is observed with tendency of current
decreasing upon increase in fy and accompanied ~ 40%
modulation, and increase in current amplitude with voltage
increasing for same frequencies. Upon U decreasing there is
increase in frequency fy, at which discharge ignites inside
the dielectric channel. For example, at U < 3.5kV the
discharge ignites at fy > 38kHz, and at U ~ 4.5kV the
discharge ignites at fy ~ 20kHz. The current amplitude
achieved ~ 80mA at U > 4.5kV. At comparable initiating
voltages of the plasma jet currents of CPJ in argon are sig-
nificantly larger than in helium, which can be uncomfortable
and dangerous upon the living objects irradiation from the
point of view of electrical safety.

Fig. 5 shows the dependences |1(U) for CPJ in helium
and argon. For helium sets of curves |(U) are given
at z =20mm for the following conditions: fy ~ 13kHz,
v =06 and 9L/min (conditions under which the one-to-
one correspondence f| ~ fy is observed, curves 1,2);
fu = 26kHz, v = 6 and 9 L/min (conditions under which
fi ~ fu/2, curves 34); fu ~ 52kHz, v = 9 L/min (condi-
tions under which f| =~ fy/4, curve 5). For argon the de-
pendences | (U) are given at z = 15mm for: fy ~ 50kHz
and v=3; 4 and 6L/min (curves 6-8 respectively),
fu ~ 24kHz and v = 4L/min (curve 9) and fy = 13kHz
and v =4L/min (curve 10). In helium the dependences
have same nature: with voltage U increasing the current |
sublinearly increases; in the studied range of flow rates v
the current weakly depends on v. Opposite to [34], where
dependences |(U) were studied upon CPJ contact with
metal collector, here, upon CPJ contact with dielectric
target the achieved current is below | ~ 3—4mA. In argon
upon regular nature of |(fy) with voltage increasing the
amplitude of current pulses increases for all fy and all v.
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Figure 4. Dependences |(z) and oscillograms of CPJ at different fy; He, 9 L/min, z = 20 mm.

At same voltages with increase in flow rate v = 1—5L/min
the larger current are achieved. For lower fy =13
and 24kHz the nature of dependences |(fy) does not
change. In helium at v > 12 L/min, in argon at v > 5 L/min
in such geometry of nozzle and discharge cell the gas
flow exiting the nozzle becomes unstable in space, and
irregularly reaches the collector, this is linked with the
transition from laminar to turbulent mode of gas flow.

One of factors of CPJ action on the biological objects
is the thermal effect. The therapeutic use of plasma
action limits the allowable heating of the object thus
decreasing the possible range of parameters of plasma jet.
Set of biological experimental results of authors [25-30]
demonstrates that suppression of the vital activity of
malignant cells are more effective with more intense
interaction of plasma with the object. ~With increase
in voltage (current) and frequency of touch of streamer
and object the intensity of CPJ interaction with target
increases. It is obvious that temperature of the biologi-
cal object T =Ty + AT (where Ty — own temperature,
AT — temperature increasing due to irradiation by CPJ)
shall not exceed the maximum allowable T = 42°C, as
this can result in burn and destabilization of protein
tissues.

100
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Figure 5. Dependences |(U): He (fu ~ 13 (1,2); 26 (3.4)
and 52kHz (5), v =6(1,3) and 9 (2,4,5) L/min, z = 20mm); Ar
(fu ~ 50 (6-8); 24 (9) and 13kHz (10), v =3 (6); 4 (7,9,10)
and 5 (5) L/min, z = 15 mm).

Fig. 6 shows temperature increase of target vs. time of
exposure AT (t) upon irradiation by the plasma jet generated
in helium (Fig. 6,a), at U = 3.5 and 3.9kV, fy = 13kHz,
z=20mm, v=3 and 9L/min (mode f, ~ fy) and
U=29 and 33kV, fy=52kHz, z=20mm, v=26
and 9L/min (mode f, ~ fy/4) and in argon (Fig. 6,b)
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at U =3.5 and 39kV, fy =13 and 50kHz, z = 15mm
and v = 4 L/min.

In helium the characteristic time for target temperature
setting does not exceed t ~ 60s and further the depen-
dence AT(t) has practically stationary view. In opera-
tion modes CPJ with frequency of the initiating voltage
fu =13kHz (mode f, = fy) at fixed distance nozzle —
target z with increase in voltage amplitude U at constant
flow rates v (Fig. 6,a, curves 1,2) and upon decrease
in v at constant U (Fig. 6,a, curves 2,3) the target
temperature T increases. At specified parameters the
target temperature increase is in range AT = 4.5—15°C.
Similarly at fy = 52kHz (mode f, = fy/4) the target
temperature increases upon increase in U at constant v
(Fig. 6,a, curves 4,6) and decrease in v at constant U
(Fig. 6,a, curves 5,6) with AT = 10—20°C. At larger
frequencies fy at U > 4.5kV (f| ~ fy/2) increase in AT
can exceed 30°C [35]. For AT decreasing it is necessary
either to decrease the work voltage or to increase distance
between the nozzle and irradiated object, which is not
always acceptable, as it leads to decrease in current reaching
the target, and which value is linked to the intensity
of generation of active radicals on its surface. Another
method is flow rate increasing of the work gas, which, in
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Figure 6. Dependences AT (t): a — He, v =9 (1,2,5); 6 (4);
3 (3)Umin, fy=13 (I-3); 52 (4—6)kHz; U =3.9 (2,3);
35 (1); 33 (5,6) and 29 (4)kV;, z=20mm; b — Ar, v=4
(1,34); 3 (2)Umin, fy = 52 (1-3); 13 (4)kHz; U = 3.5 (I); 3.9
(2—4)kV, z = 15mm.
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for v=6 (a) and 9 (b)L/min at fy =52 (12); 26 (34)
and 13 (5,6) kHz.

its turn, is associated with deviation from the conditions
of optimal concentration of the active radicals being the
extreme function of flow rate [25]. If the temperature of
surface (skin) of the vital object is T &~ 34—35°C then the
allowable value is AT =~ 6—8°C, which predetermines the
choice of the necessary CPJ parameters, dose and distance
to the irradiated object. So, in experiments of animals —
mouses (8—12 week males of the line BALB/C with
average weight 25—30g breeding of vivarium of ICBFM
of Siberian Branch of RAS) irradiation with helium plasma
jet with parameters U = 4.5kV, fy ~ 13kHz, z = 20 mm,
v =9 L/min, irradiation time t = 1—-2min average skin
temperature achieved T ~ 37.8 £ 0.7°C [26]. Under similar
conditions with fy =~ 52kHz ¢ f|, = fU/4 ~ 13kHz the
average skin temperature can exceed T ~ 41°C.

In argon the characteristic time for setting the target
temperature is t = 30s with further tendency of slow setting
of stationary state. The target temperature increases with U
increasing at constant v (Fig. 6,b, curves 1,3); upon fy
increasing at constant v and U (Fig. 6,b, curves 3,4);
upon v increasing at constant U. Under similar nature of de-
pendences and patterns of target heating AT (t) and AT (U),
typical for CPJ in helium, the temperature increase can
achieve significant values AT ~ 15—30°C and over. The
same temperature increase is acceptable during study of the
plasma action on cells in vitro with own temperature To,



686 E.V. Milakhina, P.P. Gugin, D.E. Zakrevsky, |.V. Schweigert, M.M. Biryukov, E.A. Patrakova, O.A. Koval

a
© 100 - = e sia & A549
gﬁ 80
S 60F
.§ =25 mm
S 40 - o35 mm
O 20} 245 mm

0 I I I
0 30 60 120
Treatment time, S

b
° 100 MCF-7
= 80t = Without ground
= B Grounded
S 60
S 40 i
\')

O 20t
0 1 1 1 1
5 60 120

Treatment time, S

Figure 8. Viability of cancer cells A549 (a,c), MCF7 (bd
35, 45mm; b — U = 4.9kV, fy

~ 40kHz, v =4L/min, z =25mm; ¢ — U

100k Control c
< Ryt AS49
°. 80 fr=13kHz
§ Jf1=52/4kHz U 3.6kV
= 60 U=3.6kV
S
T 40t Jf1=52/4kHz
S U=3. 6kV
O 20

0

120
T reatment tlme, S
Control d
100 b fI =13 kHz

o =4.1kV MCEF-7
= 8o f, =26 kHz
= =49kV
;.; 60
= 40 J1=52/2kHz J1=52/4kHz
3 U=4. 9 kV U= 4 1kV
O 20

0

Treatment tlme, S

); He (acd); Ar (b): a — U =4.5kV, fy ~ 23kHz, v = 9 L/min, z = 25,

=3.9kV, fu ~ 13 and 52kHz, v = 9L/min, Zz = 25 mm;

d—U =4.1and 49kV, fu ~ 13; 23 and 52kHz, v = 9L/min, z = 25mm, t = 1 and 2 min.

close to room temperature, but is unacceptable for action
on vital organisms. Besides the above factors of AT
decreasing the dose — irradiation time shall be limited.
For example in [29] at CPJ with parameters U = 4.9kV,
fu ~40kHz, z = 25mm, v = 4 L/min typical irradiation
time t = 30—120s depending on volume of holes of culture
plate and irradiated biological material. Upon action on
the vital objects the irradiation time shall be more limited.
Results of experiments show that the argon plasma jet has
more narrower range of allowable modes for action on the
biological, especially vital objects.

Fig. 7 shows dependences of current amplitude |
(curves 1,3,5) and target temperature increase AT
(curves 2,4,6) on voltage amplitude U for flow rates
v=6 (Fig. 7,a) and 9 (Fig. 7,b) L/min at fy =52
(curves 1,2); 26 (curves 3,4) and 13kHz (curves 5,6),
z = 25 mm. Figures show that at similar voltages the current
amplitude with f| ~ fy = 52/4kHz exceeds the current
amplitude with fy = 26/2kHz and current amplitude with
fu =13kHz. In its turn the target heating is greater the
greater current reaching the target is.

As illustration of the above mentioned we provide further
the experimental results of action of plasma jet generated
in helium and in argon, on cells of adenocarcinomas of the
lung A549 and human breast adenocarcinoma cells MCF7
(Fig. 8). After irradiation by CPJ in all experiments the cells
were grown up in nutrient media. The cells were cultured
in the medium DMEM (A549) and IMDM (MCF7)
in presence of 2mmol L-glutamine, 10% fetal bovine

serum (FBS), 1x antibiotic-antimycotic (100 u/mL penicillin,
100 ug/mL streptomycin sulfate, 0.25 ug/mL amphotericin)
at temperature T = 37.04+1.0°C and atmosphere CO,
5.0 £0.5%.

Cell viability was assessed using the MTT assay (a
colorimetric test of cell metabolic activity) performed
in 24h after irradiation. All results are presented as
average value of fraction of living cells in three independent
experiments=*standard deviation.

Fig. 8, a presents the results of study of viability of human
lung adenocarcinoma cells A549 upon treatment by plasma
jet initiated in helium, with U =4.5kV, fy =23kHz
and v =9L/min at different distances from nozzle to
level of culture liquid with cells in plate with z = 25,
35 and 45mm at irradiation time t = 30, 60 and 120s.
The Figure shows that increase in dose—CPJ irradiation
time; decrease in z, accompanied by decrease in current
reaching the biologic object, definitely leads to decrease in
the survival of cancer cells, but the effectiveness will be
limited by thermal factors of influence (Fig. 6). Fig. 8,b
shows the effect of treatment by argon cold plasma with
U =49kV, fy =40kHz and v = 4 L/min on viability of
breast adenocarcinoma cells MCF7 using the grounded
collector with installed studied objects and without it.
Irradiation doses are determined, and, as in case of helium
plasma jet [33], strengthening of the electric field in zone
of interaction of argon plasma jet and cells, accompanied
by generation intensification of hydroxyl radical OH, results
in strengthening of the effect of suppression of vital activity

Technical Physics, 2024, Vol. 69, No. 5



Investigation of electrophysical parameters of cold plasma jet in helium and argon 687

of cancer cells. Fig. 8,c provides results on interaction of
plasma het generated in helium, initiated by sinusoidal volt-
age, with frequency fy = 13kHz (f| = fy) and 52kHz
(fi =fu/4=~13kHz) with U =39kV, v =9L/min,
Z =25mm on lung adenocarcinoma cells A549 during
t = 1min. It is evident that CPJ treatment is maximum
if initiated by voltage with fy = 52kHz, corresponding to
large current reaching the biological object, as compared
with conditions fy = 13kHz.

Fig. 8, d shows the similar results on treatment by plasma
jet generated in helium,initiated by sinusoidal voltage
with U =4.1 and 49kV with frequency fy = 13kHz
(f| = fu), 23kHz (f| = fu), 52 Hz (f| = fu/2 for
U=49kVand f; = fU/4 forU =4.1kV), v = 9 L/min,
z =25mm of human breast adenocarcinoma cells MCF7
with t =1 and 2min. It is evident that in this case CPJ
treatment is maximum when initiated by voltage with higher
frequency, corresponding to lower contact frequency of
current and higher current.

Conclusion

Study of the regeneration parameters of cold plasma jet in
different modes and their optimization to achieve maximum
cytotoxic effect when acting on cancer cells is necessary for
the development of original methods of plasma medicine.
In paper we perform comparative experimental studies of
generation parameters of CPJ initiated by sinusoidal voltage
in helium and argon in same geometry of discharge device
and its interaction with model dielectric plate and culture
medium comprising cancer cells. Effects of CPJ treatment
are characterized based on amplitude and touch frequency
of current pulses reaching the target, intensity of spectra of
hydroxyl radical OH, and temperature on surface of the
irradiated object. We determine the optimal parameters
(amplitude and frequency of initiating voltage, geometry
of interaction zone) and dose of irradiation by helium
and argon plasma jet to suppress viability of human lung
adenocarcinoma cancer cells A549 and adenocarcinomas of
the mammary gland MCF7 under various conditions. It
is shown that presence of the grounded collector under
the culture plate with the irradiated cells strengthens the
cytotoxic effect. Under other comparable parameters of
excitation CPJ in argon is characterized by smaller spatial
length, as compared to CPJ in helium, which determines
the necessary closer location of the irradiated object to the
source of plasma formation and achievability of much larger
(practically by order of magnitude) currents on biological
object. This in its turn is accompanied by increase in
heating of the irradiated object, and this can be dangerous
for the vital objects and limits the possible range of CPJ
parameters in argon as per irradiation dose. In its turn
the particularity of interaction of helium plasma jet and
target is mismatch of touch frequency of jet and object
and frequency of applied initiating voltage. This results
in that the frequency dependences |(fy) have unregular

Technical Physics, 2024, Vol. 69, No. 5

nature, and dependences |(U) in wide range of voltages
and frequencies are ambiguous. Such situation results to
uncertainty and unpredictability of the results of biophysical
experiments. In this regard, based on the set of parameters,
the pulsed initiation of CPJ with controllable pulse width
at higher voltage seems more promising, as compared to
the sinusoidal voltage which ensures larger current on the
irradiated surface at limited heating, and generation of
higher electric fields on surface [36].
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