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Abstract. Background: Physical plasma is a mixture of
reactive particles and electromagnetic radiation. Due to the
antimicrobial, immunomodulatory,  anti-inflammatory,
wound-healing promoting, and antineoplastic effects of body
tempered physical plasma under atmospheric pressure (cold
atmospheric plasma: CAP), CAP therapy is increasingly
becoming the focus of surgical and oncological disciplines.
However, when applied in practice, a potential emission of
harmful noxae such as toxic nitrogen oxides must be taken
into account, which was investigated in the following study.
Materials and Methods: MiniJet-R Ar CAP device was
characterized with respect to NOx-specific spectra,
ultraviolet radiation C (UVC) intensity in the range of 200-
275 nm and the formation of NOy gases. Instrument-specific
parameters such as gas flow, energy setting of the high-
frequency generator, and flow rate of the carrier gas Ar were
varied. To test the toxic properties of the NO, concentrations
formed by CAP, SK-OV-3 human ovarian cancer cells were
incubated with different NO, concentrations and cell growth
was monitored for 120 h. Results: The operation of MiniJet-
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R led to the formation of NO, in the proximity of the CAP
effluent. Synthesis of NO led to a NO-specific spectrum in
the range of 100-275 nm, whereby UVC radiation produced
reached intensities of up to 90 mW/m?. NO gas itself,
however, was not detectable, as it was converted to NO,
rapidly. Cell culture incubation experiments demonstrated
that NO, in these concentration ranges had no influence on
the cell growth of human cancer cells. Conclusion: Although
no limit values were exceeded in the present study, the
emission of high-energy UVC radiation and toxic NO, is a
risk factor with regard to the legal regulations on workplace
protection (operator hazard) and the approval of medical
devices (patient hazard). This is important for considerations
regarding treatment frequency and duration. The growth
inhibitory effect of CAP treatment on human cancer cells
principally suggests a medical application of the MiniJet-R
device, although more extensive studies will have to follow.

Physical plasma is a mixture of particles of a carrier gas and
ambient air with different ionization and excitation states, as
well as electromagnetic radiation of different wavelengths
including ultraviolet radiation C (UVC). In medical
applications, body-tempered (‘cold’) plasmas up to about
40°C under normal atmospheric pressure (cold atmospheric
plasma: CAP) are utilized (1, 2). CAP has antimicrobial,
immunomodulating, anti-inflammatory, ~wound-healing
promoting, and antineoplastic effects on biological tissue and
is therefore tested for its applicability in various medical
fields. Due to the physical properties of CAP and against the
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background of the equipment available for plasma generation,
investigations into its medical application have so far been
limited to the treatment of surfaces. The therapy of dental and
skin diseases has been the main focus of research (3-5). In
recent years, further applications have become the focus of
interest, since the biological effects of CAP also make its
application in surgical therapy, especially in oncological
surgery, appear promising (6-9). In recent years, this has led
to the development of the innovative research field of plasma
medicine and thus also to the ongoing development of
devices suitable for the production of CAP.

Devices for medical applications must comply with
specifications that largely exclude the risk to both the treated
patient and the operator. In the case of high-frequency (HF)
devices such as CAP devices, the emission of electromagnetic
radiation and gases formed under high-energy conditions is
particularly relevant. The aim of this work was to investigate
the CAP device MiniJet-R (Heuermann HF Technik, Aachen,
Germany) for the formation of NOy components. The device
uses Ar as a carrier gas and generates CAP by employing a
microwave HR generator. So far, this CAP device has only
been used for technical applications. The present study is part
of a comprehensive characterization of the CAP device with
regard to its potential use in medicine. The focus is on the
formation of toxic NOy gases by CAP.

Materials and Methods

MiniJet-R CAP device. The MiniJet-R device from Heuermann HF
Technik (Aachen, Germany) was used to produce CAP (Figure 1A
and B). The CAP was generated by microwaves (2.48 GHz) in an
HF generator with power up to 10 W. The carrier gas was Ar
(purity 99.996%). The temperature of the generated CAP was
slightly below 40°C, and therefore suitable for medical applications
without causing thermal effects on body tissue. The flow rate of
the carrier gas argon and the power of the HF generator were
adjustable.

To determine the Ar flow rate, a type 35810 gas flow meter
(Analyt-MTC, Miilheim, Germany) was connected to the CAP
instrument. A laminar flow element measured pressure differences
in the flow rate in front of and behind the laminar flow element and
the Ar-specific gas flow rate was calculated.

Setup of the measurements of UVC intensity in the range of 200-
275 nm and NOy concentrations were performed at different
distances from the tip of the handpiece and at different angles to the
longitudinal axis of handpiece and effluent (Figure 1C and D).

Spectral analysis. A Maya 2000Pro spectrometer (Ocean Insight,
Orlando, FL, USA) was used for spectral measurement of the CAP
effluent. The spectrometer was equipped with a UV-UPGD 2400 line
grating and a 10 um input port. A Hamamatsu S10420 photodetector
was tuned for the range of 164-275 nm. The photoelectric detection
of the radiation was performed on a semiconductor with 2,068
individual channels with a resolution of 0.05 nm.

For spectral analysis, the plasma handpiece was positioned
directly in front of the entrance slit of the spectrometer, thus
eliminating the need for focusing optics. To determine the angle
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dependence of the spectrum, the spectrometer was rotated by
specified angles of 0°, 30°, 60°, and 90°. The data from the
spectrometer were evaluated with Ocean View software (Ocean
Insight).

Analysis of NO/NO,. The measurement of NO and NO, was
performed with an APNA 370 NOy monitor (HORIBA Europe,
Oberursel, Germany). The APNA 370 works according to the
chemiluminescence principle. NO reacts with ozone in APNA 370
to form NO,. A part of the NO, is in an excited state, which is
decomposed by spontaneous photoemission. The measured intensity
of the light emitted with a wavelength of 600-3,000 nm is
proportional to the amount of NO in the gas sample. The NO,
concentration is measured indirectly. NO, present in the sample is
reduced to NO in a NOy converter in APNA 370. and the NO,
concentration of the gas sample results from the difference between
the NO measurements.

The measuring range went up to a maximum of 1 pg/m3 and
was automatically switched to a maximum of 10 pg/m3 when the
range was exceeded. A suction hose (length 5 m, inner diameter 6
mm) was connected to the sample inlet of the instrument. The free
end of the hose was installed 1 cm in front of the handpiece of the
CAP instrument. Gas samples were aspirated at a flow rate of 0.8
I/min. The values given are cumulative measurements over 1 min.
After each measurement, the CAP generator was switched off, the
NO/NO, sensor was flushed with ambient air for a few minutes and
the measurement was continued with a higher power level of the
CAP device. In addition to the NO/NO, concentrations, the UVC
intensity of the CAP effluent was also continuously recorded in
parallel.

Specific analysis of NO,. An 1-55D gas sensor (IT Dr. Gambert,
Wismar, Germany) was applied for the more sensitive detection of
NO, alone. For the determination of the NO, background in the
laboratory atmosphere, the NO, concentration was recorded over a
period of 90 s without the operation of the CAP device using the I-
55D gas sensor. For measurements during operation of the CAP
device, the CAP effluent was directed to a UVC sensor (SUV 20.2
with MUV 2.4 WR reference radiometer, IL Metronic, Ilmenau,
Germany) 11 mm away as a baffle. In an extension of the surface
of the UVC sensor and at an angle of 40° to it, the tip of the suction
cannula of the NO, gas sensor was placed at 10 cm, 20 ¢cm, and 30
cm distance. A gas sample with a flow rate of 200 ml/min was fed
to the sensor by a suction gas pump. The NO, concentration was
recorded for 400 s.

Analysis of UVC intensity. To measure the UVC intensity, SUV 20.2
UVC sensor and the corresponding reference radiometer MUV 2.4
WR (sensitivity range of 220-280 nm; both IL Metronic) connected
to a traceably calibrated and adjusted MUV 2.4 WR reference
radiometer. The UVC sensor was placed in the longitudinal axis of
the CAP effluent at a distance of 11 mm from the tip of the
handpiece of the CAP instrument.

Cell culture incubation experiments. For treatment, SK-OV-3
human ovarian cancer cells (Cell Lines Service, Eppelheim,
Germany) were treated with CAP (power level 5) in suspension
(2x104 cells/300 ul) for 30 s or 60 s. The cell suspensions were
then made up to 1,000 pl with cell culture medium of Dulbecco’s
modified Eagle’s medium/F12 (Life Technologies, Darmstadt,
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Figure 1. MiniJet-R cold atmospheric plasma device from Heuermann HF Technik (Aachen, Germany). A: High-frequency generator including a
power switch and a regulator for the power level. B: The tip of the handpiece with the cold atmospheric plasma effluent. C: Measurement setup for
taking the spectrum in longitudinal direction (0°) and transverse (90°) to the axis of handpiece and plasma effluent. D: Measuring set-up for
determining the NO, concentration at an angle of 90° and 40° to the axis of the handpiece and plasma effluent. The ultraviolet radiation C sensor
served as a baffle. The measurements were performed at a distance of 10, 20, and 30 cm from the point of impact of the effluent.

Germany) with 5% fetal bovine serum (Biochrom, Berlin,
Germany), and 0.125% gentamicin (Ratiopharm, Ulm, Germany)
and the complete 1,000 pl cell suspensions were seeded in 24-well
cell culture plates. Cells treated with Ar gas alone instead of CAP
were used as controls. Up to 120 h after treatment, cell counts
were determined at 4, 24, 48,72, 96, and 120 h using a CASY TT
Cell Counter and Analyzer (Roche Applied Science, Mannheim,
Germany). Cells were separated, 1:100 diluted in CASYton
solution (Roche Applied Science) and 400 pl of each dilution and
counted in triplicate using a 150 um capillary (gate settings:
7.00 pm/15.15 pum).

To determine the impact of NO, on cell growth, SK-OV-3 cells
were seeded in 24-well cell culture plates as decribed above and
without CAP treatment, incubated for 120 h without and with 1.925
pg/m3 NO,, and the cell count was measured at the specified times
as indicicated above.

Results

Spectral analysis for the UVC range was limited to the
wavelength range of 200 nm to 275 nm, as radiation below 200
nm is absorbed under normal conditions by atmospheric oxygen
and nitrogen. The observed UVC spectrum from 200 to 275 nm
exhibited significant intensities above background noise. Six
characteristic double peaks at 214.75+0.05/215.29+0.05 nm,
226.15+0.05/226.73+0.05 nm, 236.15+0.05/236.83+0.05 nm,
246.92+0.05/247.64+0.05 nm, 258.50+0.05/259.36+0.05 nm,
and 271.08+0.05 nm/271.92+0.05 nm appeared (Figure 2). The
spectrum maintained its characteristics independently of carrier
gas flow rate (Figure 2A), HR generator power (levels 4 to 6;
Figure 2B), and the angle to the longitudinal axis of the CAP
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Figure 2. Ultraviolet radiation C (UVC) intensity in the wavelength range of 180-275 nm produced by cold atmospheric plasma. Measurements
were made with a UVC SUV 20.2 sensor coupled to a MUV 2.4 WR radiometer (both IL Metronic, Ilmenau, Germany) at a distance of 11 mm from

the cold atmospheric plasma effluent at different Ar flow rates (A), power levels (B), and angles to the cold atmospheric plasma effluent (C). D:
In-silico simulation of a NO spectrum generated with LIFBASE software (10).

effluent (Figure 2C). Only the intensities of the double peaks
varied marginally (data not shown), for which reason relative
intensities are given in Figure 2 for better comparability. An in
silico analysis of the spectrum with LIFBASE software
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developed for 2-atomic molecules (10) showed a spectrum
almost identical to that for NO (Figure 2D). Based on this
simulation, it can be assumed that the use of CAP led to the
emission of NO.
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Figure 3. Determination of NO and NO, concentrations with an APNA 370 NOy monitor operated at power levels from 1 to 5 with simultaneous
detection of ultraviolet radiation C (UVC) intensity in the range of 200-275 nm with SUV 20.2 sensor coupled to a MUV 2.4 WR radiometer. The
data are given as average values with the device-specific errors as deviation.

This hypothesis was tested in the state laboratory of the
Berlin Air Quality Network with the APNA 370 NOy monitor
(HORIBA). The qualitative series of measurements allowed the
verification of NO production and also a further investigation
into the possible formation of NO,. The monitoring of
NO/NO, concentrations was performed continuously while the
CAP device was operated at power levels from 1 to 5 for
several minutes (Figure 3). Ambient air without the operation
of the CAP device gave concentrations of 3+13 ug/m> NO and
38+13 ug/m3 NO,. During the operation of the CAP device
over power levels of 1 to 5, the NO concentration did not
change and remained below the limit of detection (power level
1: 3+13 ;,Lg/m3 NO; power level 2: 3+13 ug/m3 NO; power
level 3: 013 ug/m3 NO; power level 4: -1+13 ug/m3 NO;
power level 5: 8+13 ;xg/m3 NO). The NO, concentration during
CAP operation was much higher than the NO, content of
ambient air and peaked at the highest power level (power level:
1: 230420 pg/m® NO,; 2: 340+20 pg/m> NO,; 3: 32020
ug/m® NO,; 4: 27020 pg/m® NO,; 5: 1,900+20 pg/m? NO,).
Under the selected operating conditions the measured UVC
intensities during CAP operation remained comparatively
constant at 53+5 mW/m?2 (power level 1), 47+4 mW/m?
(power level 2), 454 mW/m? (power level 3), 55£5 mW/m?
(power level 4), and 61+5 mW/m? (power level 5).

Since NO was not detected during the operation of the CAP
device, the following measurements were carried out with an
I-55D gas sensor specific for NO, determination and much
more sensitive. Continuous analysis of the environmental NO,

over 100 s without CAP but with and without Ar flow showed
relatively large variations in the background NO,
concentration (Figure 4A). Cumulative values over the
measurement period varied independently of the Ar flowing
through the device, ranging from 8 to 20 ug/m3 NO, without
Ar flow and 7 to 20 pg/m® NO, with Ar.

During the operation of the CAP device, the formation of
NO, was verified. The NO, formation rate remained constant
at low Ar flow rates of 500 to 800 ml/min but then increased
from 900 ml/min and finally reached 7,010£360 pg/m?> of
NO, at 1,100 ml/min Ar flow (Table I).

The formation of excited NOyx molecules in physical
plasma leads to the emission of UVC radiation. Table II
shows that increasing NO, formation was accompanied by an
increased intensity of high-energy UVC radiation in the CAP
effluent.

When determining gas concentrations, dilution effects must
be expected with increasing distance from the emission source.
The NO, concentration was thus determined at angles of 40°
and 90° to the longitudinal axis of the CAP effluent at distances
of 10, 20, and 30 cm from the CAP effluent (measurement
setup, see Figure 1). In this setup, the UVC sensor acted as a
baffle to simulate the surface of a treated material or patient.
The NO, concentrations measured at an angle of 40° to the
longitudinal axis of the CAP effluent were in the range of
ambient air and did not change with increasing distance from
the CAP effluent (Table III). In contrast, measurements at an
angle of 90° demonstrated much higher NO, concentration,
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Figure 4. Determination of the NO, ambient concentrations with the cold atmospheric plasma high-frequency generator device switched off and
with the Ar flow running using the NO,-specific I-55D gas sensor (IT Dr. Gambert, Wismar, Germany). The data represent the time course of a

representative measurement series.

Table 1. Determination of NO, formation with NO,-specific I-55D gas
sensor (IT Dr. Gambert, Wismar, Germany) at increasing Ar flow rate
in the cold atmospheric plasma instrument. The data are given as
average values with the device-specific errors as deviation.

Ar flow rate (ml/min) NO, (ug/m3)
500 1,450+150
600 1,280+410
700 980+290
800 600+50
900 1,960+350
1,000 4,510+270
1,100 6,710+£560

Table II. Determination of ultraviolet radiation C (UVC) intensity in the
range of 200-275 nm with a SUV 20.2 UVC sensor with increasing cold
atmospheric plasma mediated NO, formation. The data are given as
average values with the device-specific errors as deviation.

NO, (pg/m?3) UVC Intensity (mW/m?2)

850+80 45
1,310£150 56
2,027£130 66
2,480+150 85
2,790£150 90
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Table III. Determination of NO, formation with the NO,-specific gas
sensor I-55D (IT Dr. Gambert, Wismar, Germany) on a baffle plate
according to angle and distances from the center of the baffle plate of
10 cm, 20 cm, and 30 cm. The data are given as average values with
the device-specific errors as deviation.

Angle (°) Distance (cm) NO, (pg/m?3)
40 10 23+4

40 20 22+4

40 30 22+4

90 10 478+68
90 20 87+37

90 30 27+6

which decreased rapidly with increasing distance from the
contact point of the CAP effluent and the baffle.

Due to its toxicity, NO, production must be taken into
account when applying CAP for two reasons. Firstly,
prolonged exposure to NO, may potentially endanger both
the patient and the operator. Secondly, among other factors,
CAP-generated NO, may also be responsible for the
biological effect of medical CAP treatment, e.g. in oncology.

To address this issue, NO, incubation experiments with
human cancer cells were performed. CAP treatment of SK-
OV-3 ovarian carcinoma cells led to a significant inhibition of
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Figure 5. Growth analysis of SK-OV-3 human ovarian cancer cells over a 120-h period (A) after single cold atmospheric plasma treatment of 30 s
and 60 s, and (B) without cold atmospheric plasma treatment but in the presence of 1.925 ug/m?> NO,. The cell number was determined using a
CASY TT Cell Counter and Analyzer (Roche Applied Science, Mannheim, Germany). The data are given as meanzstandard deviation.

exponential cell growth depending on the duration of
treatment (Figure 5A). After an incubation period of 120 h,
the cell count was reduced 2.3-fold compared to control cells
by a single initial CAP treatment of 30 s. With a single initial
treatment of 60 s, cell growth was reduced 7.7-fold. To
examine whether this growth-inhibitory effect was also
mediated by newly produced NO,, cancer cells were incubated
with 1,925 pg/m?® NO,, and cell growth was determined by
cell counting (Figure 5B). A short NO, incubation for 15 min
corresponding to the NO, concentration achieved with CAP
treatment showed no effect on cancer cell growth. Even
continuous incubation with 1,925 pg/m? for 120 h did not
indicate any growth-inhibitory effects on the cells.

Discussion

By spectral analysis in the UVC range, excited NO was
detected during CAP operation. The recorded spectrum was
very close to an in silico-simulated NO spectrum (10) and,
with a few exceptions in the short wavelength range, matched
with maximum deviation of +0.05 nm. This is the width of
one channel of the photodetector, which means that these
variations are within the range of the instrument’s resolution.
However, it was not possible to carry out temperature
determination for the molecules, atoms, and their energetic
states with the used device, because the resolution was too low
(11). The recorded spectra of the CAP source were confirmed
by spectral data where a comparable Ar (95%)-N, (5%)
plasma and a pure N, plasma were analyzed (12, 13).

In plasma, N,, O,, and H,O molecules diffusing from the
ambient air into CAP effluent are converted into radicals or
into excited states by splitting off individual atoms or by
ionization (14, 15). The concentrations of the individual
reactive species change both temporally and spatially within
the plasma. The type and number of species produced

Baffle plate =———

sl

MiniJet-R

Plasma jet

Detected

effluent

Figure 6. Circular gas dispersion when a cold atmospheric plasma gas
Jjet (light grey) hits a surface (dark grey) perpendicularly (20). The gas
generated at the plasma effluent is transported along with the Ar stream
and spreads in all directions along the surface (middle grey). The gas
concentration is clearly lower along at a 40° angle to the plasma effluent
than at an angle of 90°, i.e., in the immediate proximity of the surface.

depend on the operating conditions of the plasma device
(14). Varying humidity in the carrier gas (16) or differences
in the electrode length (17) influence the composition of the
reactive oxygen and nitrogen species, which makes it
challenging to compare different CAP devices.
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Examinations with the APNA 370 NOx monitor did not
detect NO as predicted by spectral analysis. However, clearly
increased concentrations of NO, were detected. Since
formation of NO in atmospheric plasma has already been
described (15), it can be assumed that the newly formed NO
was converted very quickly and quantitatively into
comparatively stable NO, (14, 15). A total of 73 reactions
for the degradation of NO are described, and another 87
reactions are described on how NO, can be formed from
primary reactive oxygen species; 21 reactions alone lead
directly to the formation of NO, from NO (14).

NO, formation was influenced by the operating parameters
of the CAP device. With increasing flow rate of Ar carrier gas,
the flow velocity of the plasma increases, and, due to the
Kelvin—Helmholtz instability of flow interfaces, more
intensive turbulence of Ar and ambient air takes place. The
increased input of molecules from the ambient air, in turn,
enables an enhanced formation of NO, (18). The increasing
NO, synthesis rates also led to an increase in UVC intensity.
The measurement of UVC intensity, however, varied widely.
This may be due to the technical characteristics of the HF
generator. Moreover, particles emitted from the ambient air
may disturb the homogeneity of the plasma, leading to
disturbances of the NO, formation and the UVC radiation
emitted in this process (19).

Aspects of application and operational safety are essential
points in the characterization of new potential treatment
procedures for medicine. With regard to increasing medical
indications for CAP, it must be ensured that the formation of
toxic agents can be excluded when CAP devices are used. In
this context, both regulations for medical devices for the
protection of the treated patients and legal regulations for
occupational health and safety must be taken into account so
that the operators themselves are not harmed. When a gas jet
hits a surface perpendicularly, the gas spreads over the
surface like a circular disk (20). During this process, NO, is
transported along with carrier gas of the CAP (Figure 6).
When treating patients, any such generated gases might
potentially be inhaled by the patient or operator, demanding
that concentrations be below the required levels. Depending
on the distance to the CAP effluent tip, measurements of the
NO, concentration at an angle of 90° to the longitudinal axis
of the CAP effluent showed that concentrations of up to 500
ug/m3 NO, were generated. However, these concentrations
were still below the limit of 950 ug/m3 specified in Europe
(21). Investigations with tumor cells showed that the
experimental conditions did not exert any toxic effect on the
cells. A comparable single CAP treatment of the cells of 30
s and 60 s led to strong inhibition of cellular growth.
However, CAP-mediated NO, emission did not seem to play
a role in this. Incubation of the cells with 1,925 ug/m3 NO,
for 15 s, which should be equivalent to a short CAP
treatment, showed no effect. Even prolonged incubation of
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the cells for 120 h showed no evidence of antiproliferative
effects of 1,925 ug/m3 NO, under these conditions.
However, it remains an open issue as to whether NO, can
cause other changes in cells.

In the medical application of HF devices under atmospheric
conditions, the formation of toxic gases such as NO or NO,
must be taken into account in addition to the possible emission
of electromagnetic radiation. Before any medical application,
appropriate analyses must be carried out and compliance with
occupational exposure limits must be ensured. The emission of
harmful agents can be minimized in the development phase by
optimizing the individual technical components of a CAP
device. However, in studies with healthy individuals it was
confirmed that NO, concentrations from 1.880 to 13.500 pg/m>
had no effect on lung function or the O, and CO, load of the
blood (22). Even in patients with asthma, NO, concentrations
in these ranges did not lead to restrictions in lung function (23).
Therefore, it cannot be assumed that the NO, concentrations
detected when using this CAP device lead to health risks.

Conclusion

The operation of the MiniJet-R CAP device (Heuermann HF
Technik) led to the formation of NO, via the intermediate
stage NO. UVC radiation was also emitted, reaching energy
intensities of up to 90 mW/m?.

Thus, the use of physical plasma in medical applications is
potentially associated with both the release of toxic NO, and
the emission of high-energy UVC radiation. Consequently, the
legal regulations for the protection of the workplace (user
hazard) as well as for the application safety of medical devices
(patient hazard) must be considered. Although no limits were
exceeded in the present study, the frequency and duration of
CAP treatments must also be kept in mind.

However, in vivo experiments with human cancer cells have
demonstrated the fundamental efficacy of the CAP device in
reducing tumor cell growth. While avoiding the risks outlined
above, for instance through gas venting and radiation shielding
at the therapy site, treatment with the MiniJet-R certainly
represents a promising option for the therapy of cancer.
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