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Abstract Low temperature plasma (LTP) sources, which operate at atmospheric pressure, can produce reactive oxygen and nitrogen
species (ROS and RNS) that have a potential to induce cancer cell death. Numerous scientific papers indicate that the cell death
mechanisms following LTP treatment vary with both cell type and plasma source used. In this study, we apply plasma needle suitable
for direct treatment of biological samples with the power delivered to the plasma precisely controlled. Furthermore, we investigated
the effect of our plasma on human cancer cell lines (HeLa and A549) and normal cells (BEAS-2B). The investigation of cytotoxic
activity confirmed the cytotoxic potential of our plasma needle, with lower sensitivity toward normal cells, and a higher sensitivity
toward cancer cell lines. Further investigation of the effect on cell cycle in resistant A549 cell line showed a decrease in the number
of cells in the GO/G1 phase and arrest of cell cycle in the G2/M phase. A significant overexpression of the cyclin-dependent kinase
inhibitor 1 (p21) was also observed at the genetic level in a power dependent manner. However, there was no reduction in growth
of A549 cells in a 3D cell culture of multicellular tumor spheroids (MCTS) after plasma treatment under investigated experimental
conditions. Our results show that the redesigned plasma source has a potential to inhibit proliferation of A549 lung adenocarcinoma
cells in vitro, induce their apoptosis and also a combined treatment with PARP (poly(ADP-ribose) polymerase), inhibitor enhanced
the effect of LTP.

1 Introduction

Low temperature plasmas have been for decades a useful tool in material processing [1, 2], but in the past 25 years, with the
development of the LTPs that operate at the atmospheric pressure, they have become important assets in the now well-established
fields of plasma medicine [3—6] and plasma agriculture [7-9]. The main obstacle for the LTPs operating at atmospheric pressure was
to achieve non-equilibrium conditions and create gas phase chemical environment that contains ions, metastable, reactive (especially
reactive oxygen species ROS and reactive nitrogen species RNS) and exited species, neutrals, weak UV radiation, electromagnetic
fields and more. This is achieved by using different electrode configurations and geometries of the device, types of the power supply
(pulsed/sine wave) operating at different frequencies, different noble gasses or their mixtures as feeding gases, added molecular
species, especially the humidity [10-14] and all other parameters that may affect the plasma.

The most important feature of atmospheric pressure LTPs is that they are rich in reactive oxygen and nitrogen species (RONS)
responsible for their biological/therapeutic effects. So far LTPs have been investigated in wound healing [15, 16], dentistry [17-19],
stem-cell differentiation [20, 21], blood coagulation [22, 23], as a bactericidal agent [24, 25] and also in induction of cancer cell
death [26-30]. In this paper, we shall study the non-equilibrium low-temperature plasma for which we shall also use equivalent
briefer terms: low temperature plasma (or LTP), cold plasma, non-thermal plasma. The different terms should be avoided if possible,
but those terms will be used here to stress the relevant property of the plasma that is relevant or to add variety and relax the writing
style.

Numerous research laboratories reported promising in vitro and in vivo results on anticancer potential of different LTP systems
[31, 32]. A major milestone in the development of the LTP-based cancer therapies was the US Food and Drug Administration (FDA)

Nenad Selakovi¢ and Nevenka Gligorijevi¢ have contributed equally to this work.

3 e-mails: z.petrovic @ulster.ac.uk; zoran @ipb.ac.rs (corresponding author)

Published online: 07 December 2023 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjp/s13360-023-04737-0&domain=pdf
http://orcid.org/0000-0002-9732-2393
http://orcid.org/0000-0002-4787-8318
http://orcid.org/0000-0002-7604-9295
http://orcid.org/0000-0003-1142-8494
http://orcid.org/0000-0003-2356-0652
http://orcid.org/0000-0003-1880-3525
http://orcid.org/0000-0001-6569-9447
mailto:z.petrovic@ulster.ac.uk
mailto:zoran@ipb.ac.rs

1090 Page 2 of 13 Eur. Phys. J. Plus (2023) 138:1090

approval of the first clinical trials in the USA in 2019 [33]. These trials have led to positive results that have been published recently
[34].

In cancer cell treatment, RONS produced in a gas phase atmospheric pressure LTP can induce cell death due to their sensitivity
on overproduction of RONS, while the healthy cells stay less affected [31-34]. Different types of non-thermal plasma systems show
arange of cellular responses including DNA damage, decreased cell viability and clonogenicity, reduced proliferation and cell cycle
arrest [26, 31, 35-38]. The vast majority of studies indicate that the cell death mechanisms following LTP treatment vary with both
cell type and plasma source used reporting apoptosis; however, senescence and non-apoptotic cell death have also been presented
[31]. The multitude of RONS generated by LTPs could provide significant advantage over other cancer therapies, e.g. radiotherapy
and photodynamic therapy which generally produce only ROS [31].

To determine the potential of our plasma system to interfere with various cellular processes in tumor cells, we investigated its
antiproliferative potential in 2D and 3D cell culture models, apoptotic potential, potential of modulating cell cycle and level of ROS
in A549 cells. Adequate time and exposure dose of LTP for our plasma system are determined since both are of great importance.

As a combination therapy, a treatment modality that combines two or more therapeutic agents, is considered a cornerstone of
cancer therapy [39]. Combined effect of our LTP system on cell survival of cancer cells after pre-treatment with poly(ADP-ribose)
polymerase (PARP inhibitor) was investigated. Poly(ADP-ribose) polymerase 1 (PARP-1) is a nuclear enzyme that is activated by
DNA damage by binding to DNA breaks [40]. PARP-1 activation among other functions facilitates the repair of single-strand breaks
by the base-excision repair pathway (BER) [41, 42]. Tumor cells often have defects in DNA damage repair mechanisms which
make them sensitive to combined treatment of DNA damaging agent and inhibitor of repair [43]. It may be inhibited to increase
chemosensitivity to a wide spectrum of DNA-damaging agents including alkylating agents (cisplatin and other metal complexes),
topoisomerase I inhibitors (etoposide), ionizing radiation, etc. [44].

2 Methods
2.1 Experimental setup for LTP treatments

In this work, we used a plasma needle that operates at atmospheric pressure and is well suited for applications in biology and
medicine [45-48].

The schematics of experimental setup is shown in Fig. 1. We have used Kurt J. Lesker R301 RF source, Jefferson Hills, USA,
that includes a power supply, matching box and controller unit to powered the plasma needle at 13.56 MHz. The plasma needle
comprises a Teflon body that houses a centrally positioned glass tube with an outer diameter of 6 mm and an inner diameter of
4 mm. Inside the glass tube is a ceramic insulator tube (2 mm in diameter) that surrounds a tungsten wire (0.5 mm) that protrudes
outside the ceramic tube for few millimeters and acts as the central powered electrode. The discharge occurred solely at the tip of
the tungsten wire. The observed emission profile is stationary, centered around the tip of the wire and it has been presented in [49,
50]. The adopted configuration allowed us to achieve precise and localized plasma production and consequently treatment in the
experiment.

We have used derivative probes [45] designed and built in our laboratory. Inductive probe is applied to measure current, while
capacitive probe is used to record the voltage. Probes, as seen in Fig. 1, were designed and calibrated for precise electrical measure-
ments that allow us to calculate, from the recorded waveforms (using an oscilloscope Agilent DSO 6052a, Santa Clara, California,
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USA), the power delivered to the LTP. Frequency dependent calibration of the system was applied to the signals converted to the
frequency domain. The signals were then converted back to the time domain where power was calculated by multiplying voltages
and current values as a function of the phase within one period.

High accuracy, reproducibility and sensitivity of better than plus/minus 0.1 W have all been achieved. Accurate and highly
sensitive recording and control of the power deposited to the plasma is necessary to ascertain reproducibility and to maintain non-
thermal conditions. Under non-equilibrium (low temperature) plasma conditions, background gas is not heated to temperatures that
could induce thermal necrosis of the living cells (40 °C and more).

Establishing plasma in rare gases at the edge of the tube is the basis of the technique to avoid excessive ionization and optimize
initialization of the plasma chemical reactions. Helium proved to be the best choice in our experiments as it gave us very effective
production of radicals and stable operation of the system without formation of the streamers. The flow of the chosen feeding gas
He was 1 slm (standard liters per minute) controlled by the Bronkhorst flow meter/controller. During the entire experiment, plasma
needle was placed in a laminar chamber in order to avoid possible contamination of the cells. The samples were prepared in 96-well
microplates and placed on a stand below the LTP. Beneath the microplate, we glued a thin layer of grounded copper foil. Its role was
to provide a stable discharge. The plasma needle was positioned perpendicular to the bottom of each well that was being treated.
The distance from the tip of the central electrode to the surface of the liquid was maintained at 5 mm. We have filled 100 w1 of the
prepared nutrient medium liquid on top of the cell cultures placed inside the wells. The 5 mm gap refers to the distance from the
surface of the liquid to the tip of the needle.

The following parameters were varied: exposure time (10 s, 30 s and 60 s) and power delivered to the discharge (1.3 W and
2.2 W). Having experimental device placed inside the Laminar Chamber, that has a strictly controlled flow of the gas, we made sure
that the possible impurities were kept at a low, constant and reproducible level. Yet the fact that plasma is mixed with the air the level
of molecular gases is defined by the act of mixing and not by the impurities in the rare gas. We have used He gas with 5.0 purity.

In addition to the electrical measurements that were constantly made, we have used mass spectrometry, optical emission spec-
troscopy, ICCD recordings of the plasma profile and other techniques to monitor plasma, assure its reproducibility and operation
in the desired conditions [50, 51]. Even after our search for the optimal conditions a more thorough and expansive variations of
different operating parameters could perhaps provide even better operating conditions. Nevertheless, what we adopted as a protocol
provided solid desired effects (without claiming that some further improvements cannot be achieved) and of the reproducibility of
the LTP that was being used.

Measurements of heating of the standard targets proved that no object in the region of interaction with plasma has ever been
heated to temperatures more than a couple of degrees higher than the room temperature [46]. In all measurements, the design of the
plasma source, the parameters such as power and buffer gas flow and the geometry have been selected to allow only operation when
no heating of the treated target may be observed.

2.2 Cell lines and culture conditions

Human lung adenocarcinoma cells (A549), human cervix carcinoma cells (HeLa) and non-cancer human bronchial epithelial cells
(BEAS-2B) were maintained as monolayer cultures in the Roswell Park Memorial Institute (RPMI) 1640 nutrient medium (Sigma
Chemicals Co, USA). RPMI 1640 nutrient medium was prepared in sterile ionized water, supplemented with penicillin (100 U/mL),
gentamicin (50 pg/mL), 4-(2-hydroxyethyl) piperazine- 1-ethanesulfonic acid (HEPES) (25 mM), L-glutamine (3 mM) and 10% of
heat-inactivated fetal calf serum (FCS) (pH 7.2). The cells were grown at 37 °C in a humidified atmosphere of 95% air and 5% CO,.

2.2.1 Cytotoxicity assay

Cytotoxic effect of the low temperature plasma treatment was determined by a 3-(4, 5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazo-lium bromide (MTT, Sigma) assay as described previously [52]. The cells were seeded into 96-well cell culture plates
(Thermo Scientific Nunc™), at an appropriate cell density for each cell line. After 24 h of growth, cells were exposed to the low
temperature plasma. Two experimental parameters were varied: exposure time (10 s, 30 s and 60 s) and power delivered to the plasma
(1.3 W and 2.2 W), all treatments were done in triplicates. The distance between the plasma needle tip and the sample surface was
5 mm and was kept constant during all experiments. After 24 h, 20 wL of MTT solution (5 mg/mL in phosphate buffer, pH 7.2)
was added to each well. Samples were incubated for 4 h at 37 °C in a humidified atmosphere of 5% CO,, and then 100 wL of 10%
sodium dodecyl sulfate (SDS) was added. Absorbance was recorded after 24 h, on an enzyme-linked immunosorbent assay (ELISA)
reader (Thermo Labsystems Multiskan EX 200-240 V), at the wavelength of 570 nm.

2.2.2 Morphological analysis
The A549 cells (5.0 x 103 cells/well) were seeded into 96-well plates (ThermoScientific Nunc™) in nutrient medium. After 24 h

of growth, the cells were exposed to the low temperature plasma. Following 72 h of treatment, the cells were observed under the
inverted microscope for cell culture Olympus CKX53, Tokyo, Japan, equipped with Olympus EP50 camera using 10x/0.5 objective.
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2.2.3 Cell cycle analysis

The analysis of cell cycle phase distribution of A549 cells after treatment with low temperature plasma needle in a time and power
dependent manner was performed by propidium iodide (PI) staining and flow cytometric analysis [53]. Cells were seeded at a density
of 1.5 x 10* cells per well, into 48-well plates (Thermo Fisher Scientific), in the nutrition medium. After treatment, the cells were
incubated for 24 h and then harvested by trypsinization and fixed in ice-cold 70% ethanol. Cells were kept at — 20 °C until further
analysis. For analysis, the cells were harvested by centrifugation and resuspended in 800 L PBS. They were then treated with 100
WL of RNase (1 mg/mL) and 100 wL of propidium iodide (400 pg/ml) and incubated at 37 °C for 30 min. The stained cells were
analyzed using fluorescence activated cell sorter (FACS) on a Calibur Becton Dickinson flow cytometer, at 488 nm excitation line
(Argon-ion laser). The data were analyzed by CellQuest computer software.

2.2.4 Flow cytometric analysis of apoptosis (Annexin-FITC and PI staining)

Flow cytometric analysis of the cell death induced by low temperature plasma treatment was performed using Annexin-V-FITC
apoptosis detection kit, according to the manufacturer’s instructions (BD Biosciences Cat. No. 65874x, Pharmingen San Diego, CA,
USA). The A549 cells (1.5 x 10%) were seeded into 48-well plates (Thermo Scientific Nunc™), in 200 pL of RPMI medium. After
24 h of growth, the cells were treated with low temperature plasma, 1 W and 1.5 W for 20 s. After 24 h treatment, cells were washed
with ice-cold PBS and then resuspended in 200 L of binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl,).
100 WL of the cell suspension (10° cells) was transferred to a 5-mL culture tube and mixed with 5 pL of Annexin-V-FITC and 5 uL
of propidium iodide (PI). After incubation for 15 min, at 25 °C in the dark, 400 uL of binding buffer was added to each tube and
analyzed using a FACS Calibur Becton—Dickinson flow cytometer and CellQuest computer software. A minimum of 10.000 cells
were analyzed per sample.

RNA extraction and cDNA synthesis The A549 cells were seeded into 48-well plates at a density of 1.5 x 10* cells per well. After
incubation for 24 h, the cells were treated with low temperature plasma 1 W and 1.5 W for 20 s and analyzed 24 h after treatment.
The cells were harvested, washed twice with ice-cold PBS and centrifuged (10 min at 2000 rpm). Total RNA was extracted from
pelleted cells by cell lysis using the TRI REAGENT® BD kit (Sigma-Aldrich, St. Louis, USA). The quality and quantity of the
obtained RNA were assessed spectrophotometrically using BioSpec-nano (Shimadzu Scientific Instruments). Complementary DNA
(cDNA) was prepared using random primers by RT-PCR. 2 g total RNA was used as a template for MultiScribeTM Reverse
Transcriptase (50 U/iL) using a high-capacity cDNA reverse transcription kit (Applied Biosystems). The reaction was conducted
in a final volume of 20 pL, using the following program: 25 °C for 10 min, 37 °C for 120 min, and inactivation at 85 °C for 5 min.
cDNA was used as a template for quantitative RT-PCR.

Quantitative Real-Time PCR (qRT-PCR) The mRNA levels of Bax (RefSeq. NM_001291428.1), Bcl2 (RefSeq. NM_000633.2),
SKP2 (RefSeq. NM_005983.3) and CDKN1A (p21) (RefSeq. NM_000389.4) were detected by quantitative real-time PCR (qRT-
PCR) using TagMan® Gene Expression Assays and TagMan® Gene Expression Master Mix, (Applied Biosystems). PCR reactions
were performed on ABI Prism 7500 Sequence Detection System (Applied Biosystems). Non-template controls were included in
each amplification. The thermal cycling conditions comprised an initial denaturation step at 95 °C for 10 min followed by 40
cycles of denaturation (15 s at 95 °C) and annealing/extension (1 min at 60 °C) in a final volume of 20 pL. Three independent
experiments were performed, and the fluorescence of the double-stranded products was monitored in real time. To exclude variations
arising from different inputs of total mRNA to the reaction, gene expression data were normalized to an internal housekeeping gene,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, RefSeq. NM_002046.5). Data were analyzed using the classical delta-delta-
Ct method and results presented as mean fluorescence expressed in relative units, with non-treated cells as a control sample (mean
fluorescence 1). GraphPad Prism 9.00 (GraphPad Software, CA, USA) was used to compare means by two-way analysis of variance
(ANOVA) and Dunnett’s method to adjust the p-value for multiple comparisons. Differences were considered significant if p<0.05.

2.2.5 Measurement of intracellular reactive oxygen species (ROS)

The intracellular ROS levels were measured with a fluorescent dye 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma-
Aldrich Co) [54]. The A549 cells were seeded into 48-well plates at a density of 1.5 x 10* cells per well. After incubation for 24 h,
the cells were treated with low temperature plasma 1 W and 1.5 W for 20 s in order to focus on the effects like DNA damage or
markers of the early apoptosis time window. We analyzed results 24 h after the treatment. For analysis, cells were harvested, washed
twice with ice-cold PBS, re-suspended in 1 mL of 25 wM DCFH-DA and incubated for 30 min at 37 °C in the dark. After incubation,
cells were washed with PBS, re-suspended in 500 wL of PBS and immediately analyzed at FL.1 channel of FACS Calibur Becton
Dickinson flow cytometer using CellQuest computer software (Becton Dickinson, Heidelberg, Germany). Excitation wavelength
used in measurements was 485 nm with peak emission measured at 530 nm.
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2.2.6 Combined treatment

The sensitivity of A549 tumor cells to a combined treatment of the PARP inhibitor olaparib and low temperature plasma induced by
our plasma needle system was determined by MTT assay (according to the procedure already described). The combined treatment was
performed by pre-treatment with 10 wM olaparib for 90 min and then treatment with plasma (2 W) for 10, 30 and 60 s. All treatments
were carried out in triplicates and results presented as mean £ SD. The absorbances were recorded 24 h after plasma treatment on an
enzyme-linked immunosorbent assay (ELISA) reader (ThermoLabsystems Multiskan EX 200-240 V) at the wavelength of 570 nm.
Inhibitor olaparib (AZD2281Astra Zeneca) was used.

2.2.7 Growth inhibition investigation in 3D cell culture model

The 3D cell culture model of multicellular tumor spheroids (MCTS) of A549 cells were prepared using the low attachment U96-well
plate Thermo Scientific Nunclon Sphera (Nunclon Sphera 96 well U bottom plates). The A549 cells in the exponential growth phase
were dissociated by a trypsin/EDTA solution to gain single-cell suspensions. A number of 5000 cells/well were transferred to 96-well
plates with 200 wL of RPMI containing 10% serum. The single cells formed MCTS aggregates approximately 400 wm in diameter
after three days. The formation and growth of spheroids were examined using the fluorescent microscope Axio Observer Z1, using
AxioVision imaging software (Carl Zeiss Microlmaging GmbH). The A549 spheroids pre-selected for homogeneous volume and
shape were treated by plasma needle with 1 W for 60 s and 120 s in triplicates. Growth inhibition was monitored by measuring
spheroids’ diameter after 1 day and 7 days of treatment. Brightfield images obtained using a fluorescent microscope Axio Observer
Z1, (10x/0.5 objective) were analysed by AxioVision Rel 4.7 Imaging System by interactive measurement of diameter of MCTSs.

3 Results and discussion
3.1 Results of cytotoxicity assay

Many different low temperature plasma systems have been designed and applied to a range of different cancer cell lines in culture
with numerous promising results [31, 55]. Also, some studies indicated that the cell death mechanisms following LTP treatment
vary with both cell type and plasma design used [31]. Due to a broad versatility in plasma system designs and problematic direct
data comparison [31], every plasma system must be thoroughly examined individually. The effect of our plasma needle system for
non-thermal plasma treatment on the viability of cells of different origin was determined and presented in Fig. 2, as cell survival
curves determined by MTT assay. Photomicrographs are shown in Fig. 3. Two cancer cell lines A549 (human lung carcinoma cells)
and HeLa (human cervix carcinoma cells) and one normal cell line BEAS-2B (human bronchial epithelial cells) were exposed to
the low temperature plasma with two different powers 1.3 and 2.2 W and three different exposure times (10, 30, 60 s). Figure 2
shows representative experiment out of at least three independent experiments (for different cell line samples) with each experiment
performed in triplicates that were used to obtain the standard deviation.

Results presented in Fig. 2 show that HeLa cells displayed greatest vulnerability to the plasma treatment among the investigated
cell lines. The difference between two applied powers was the highest on HeLa cells. The A549 cells as an example of a more
resilient cell line of human non-small cell lung cancer (NSCLC) type show less sensitivity to the treatment. Some decrease in cell
viability was detected for the normal cell line, BEAS-2B but it did not reach 50% of reduction of cell survival upon treatment. The
antiproliferative and cytotoxic potential of many different non-thermal plasma systems were observed and confirmed in many tumor
types including cell lines used in our experiments [55]. Our experiments confirmed the potential of our plasma needle system for
non-thermal plasma treatment to decrease the viability of cancer cells.

The cause of the decrease in the viability of treated cells with plasma is not determined by this test. We can see only that the
number of cells is decreasing and that cells changed their morphology (morphological analysis) and metabolic activity (MTT test).
We cannot observe directly what induced those effects, the temperature or other resulting plasma effects like production of ROS.
We assumed according to the literature and our experiment measuring the intracellular ROS level that the production of ROS is the
cause of the observed effect.

3.2 Morphological analysis of cell death

The morphological characteristics of A549 cells following plasma needle treatment were analyzed by using inverted microscopy
(photomicrographs presented in Fig. 3). After 72 h, the number of cells was reduced in time-dependent manner. Cells lost their
elongated morphology, become rounded and detached. Power-dependent cytotoxicity was observed with higher power treatment of
2 W being more aggressive than the 1 W treatment.
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Fig. 2 Representative cell survival
curves determined by MTT assay
24 h after treatment of A HelLa, B
A549 and C BEAS-2B cell lines
with plasma needle treatment.
Two different powers were
applied, 1.3 and 2.2 W, for three
different exposure times (10, 30,
60 s). The distance from the tip of
the needle to the surface of the
liquid sample was 5 mm
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Fig. 3 The photomicrographs of
untreated A549 cells (control) and
treated A549 cells with LTP for
different powers of plasma and
exposure times

3.3 Results of cell cycle analysis

Results of the cell cycle analysis presented in Fig. 4 show that treatment with our low temperature plasma needle system has a
potential to induce cell cycle perturbations of A549 cells. After the treatment with 1W of power as short as 10 s, the percentage of
cells in GO/G1 phase decreases. Prolongation of treatment to 20 s and 30 s induced a more pronounced decrease in cell percentage
in GO/G1 phase up to 45% (for 30 s treatment) compared to the control which had 60% of cells in GO/G1 phase. LTP treatment also
induced an increase in the percentage of cells in the G2/M phase, while the percentage of Sub-Gl1 cells (which represents fragmented
DNA) increased up to 12%, compared to 2% in the control. However, changes in the cell cycle, that were insignificant, showed
the same trend, as the decrease of percentage of cells in GO/G1 phase and the increase in the percentage of cells in G2/M phase
dependent on the power used. The occurrence of cell cycle arrest has been confirmed in numerous other cold plasma treated cancer
cells [56].

3.4 Results of flow cytometric analysis of apoptosis (Annexin-FITC and PI staining)

The potential of our low temperature plasma needle system to induce apoptosis in A549 cells was investigated by flow cytometric
analysis after Annexin-V-FITC and propidium iodide (PI) staining [56—59]. Treatment of A549 cells with plasma did not induce
apoptosis after 4 h after treatment (results not shown), while in the samples 24 h after treatment early apoptosis was detected (Figs. 5
and 6). This is in accordance with literature data that indicate that induction of apoptosis by plasma treatment is slow and effects may
be expected after 24 h. Also, the time window of detecting apoptosis depends on the cell type and inducer [60]. Results presented in
Fig. 5, show that after treatment of A549 cells with low temperature plasma for 20 s with 1 W and 1.5 W and subsequent analysis
after 24 h majority of cells are still alive (81%). Only 12% of cells after 1W treatment and 10% cells after 1.5 W treatment were
introduced in early apoptosis (detected by staining only with Annexin-V-FITC) compared to 2% cells in control sample. On the
basis of dot plot graphs (Fig. 6) we can see that the cells in the treatment with 1 W and 1.5 W of low temperature plasma for 20 s
are slightly moving toward lower right (early apoptotic cells) and upper right (late apoptotic cells) quadrants. Having in mind that
numerous different plasma designs are being investigated direct data comparison is not easy. In discussion, we assumed that the
mechanism leading to the apoptosis is the effect of produced ROS in the medium according to the literature data and our experiment
measurement of the intracellular ROS level. The main aim of this research was to determine whether our plasma system has a
potential to induce cell deaths and the type of cell deaths. We can only give the conclusion in the based on our experiments with
additional input from the literature.

However, by investigating the performances of our in house-made plasma needle system, it was confirmed that it is able to induce
apoptosis in A549 cells.
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Fig. 4 A Time (10, 20, 30 s) and
B Power (1 and 1.5 W) dependent
cell cycle perturbations of cell
cycle of A549 cells 24 h after
treatment. A representative
experiment is shown, each sample
analyzed in duplicate

Fig. 5 The detection of
externalization of
phosphatidylserine (as an early
apoptotic change in the plasma
membrane) in A549 cells after low
temperature plasma treatment and
dual staining with
Annexin-V-FITC and PI and flow
cytometric analysis. Bar graphs
represent the percentage of cells
in: early apoptosis
(Annexin-V-FITC + and PI —
cells), late apoptosis
(Annexin-V-FITC + and PI +
cells), live cells
(Annexin-V-FITC—and PI —
cells) and already dead cells
(Annexin-V-FITC + and PI +
cells). Results present a
representative experiment out of 3
independent experiments,
whereby each experiment was
performed in duplicates

3.5 Results of qRT-PCR
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In order to elucidate the mechanisms underlying the effect of low temperature plasma treatment, the changes in Bax, Bcl-2, TP53,
SKP2 and CDKNIA gene expressions in A549 cells were analyzed by quantitative real-time PCR 24 h after treatment (1W and

1.5W) (Fig. 7). P values are indicated in Fig. 7 Legend.

Compared to non-treated cells, the quantitative analysis showed an insignificant upregulation of pro-apoptotic Bax, downregula-
tion of anti-apoptotic Bcl-2 and downregulation of the oncogenic cell cycle regulator SKP2 mRNA expression. This suggests a cell
cycle arrest potential of our low temperature plasma on A549 cells leading to mild apoptosis-inducing effect.

A significant overexpression of the cyclin-dependent kinase inhibitor 1 (CDKN1A) was also observed at the genetic level in a
power-dependent manner. Treatment with 1 W induced a 6.1-fold increase, while the 1.5 W treatment induced a 9.3-fold increase
in mRNA expression of CDKNIA, which encodes for the p21 protein, a known cell cycle arrest promoter [61].
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Fig. 6 Detection of apoptotic changes in plasma membrane in A549 cells after treatment with low temperature plasma and dual staining with Annexin-V-
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3.6 Results of measurement of intracellular reactive oxygen species (ROS)

Numerous studies have shown that anticancer therapies that manipulate ROS levels, including immunotherapies, produce promising
in vitro as well as in vivo results [62].

A significant rise of intracellular ROS is the well-known response of LTP treated cells [56], also the measured ROS levels in
cancer cells is higher than that determined in normal cells after the NTP treatment [56, 63]. One of the models that explain the
observed trend proposed that such a different rise of ROS in the normal and cancerous tissue is due to different basal intracellular
levels between cancer and normal cells [56]. As a result, selective anti-cancer effect is determined, as cancer cells experience more
apoptosis than normal cells upon LTP treatment [56].

The effect of our plasma needle treatment on ROS level in A549 cells was investigated with a fluorescent dye DCFH-DA and
subsequent flow cytometric analysis. Results presented in Fig. 8. show a change in ROS level 24 h after 20 s treatment compared with
the amount in the untreated cells. The fluorescent signal curves are shifted to the right indicating a fluorescence intensity increase
in a power dependent manner (Fig. 8). Results of DCFH-DA fluorescence intensity shown in Fig. 9 confirmed the potential of our
plasma needle to induce an increase in intracellular ROS [9].

3.7 Results of combination study

The potential effect of the low temperature plasma treatment induced by our plasma needle system on the level of ROS in A549
cells was determined by a fluorescent dye DCFH-DA and subsequent flow cytometric analysis confirmed an increase in intracellular
ROS as one of the most common responses of cells treated with low temperature plasma [45]. Results of combined treatment
(Fig. 10) with PARP-1 inhibitor olaparib and low temperature plasma treatment with our plasma needle system showed that olaparib
at concentration of 10 uM, potentiated the cytotoxicity of LTP only after applying the treatment for 30 s, while with longer LTP
treatment (60 s) the influence of olaparib pre-treatment on cytotoxicity is lost. This may indicate that 30 s LTP-induced single-strand
breaks exert an influence on cytotoxicity to a greater extent, while 60 s treatment probably managed to induce a variety of different
DNA damages leading to a loss of olaparib’s major pre-treatment effect on LTP cytotoxicity. As previously reported, the prolonged
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treatment probably produced a variety of ROS and RNS (reactive nitrogen species) in different amounts, compared to the shorter
treatment [57, 58]. These species might trigger numerous responses which have different importance on cell survival [57, 58].

Similar more comprehensive research of Ji Ye Choi et al. investigating a combinatorial regimen targeting PARP-1 pathways
during LTP treatment has also shown that inhibition of PARP-1 augments apoptosis in human lung carcinoma A549 and melanoma
SK-MEL2 cells during LTP and LTP combined with oxygen flow treatment using their plasma jet device [64]. The increasing number
of studies of combined action of different types of drugs and LTP indicate that LTP might have the potential for development as an
enhanced cancer therapy with favorable therapeutic responses [65].

3.8 Results of investigation of growth inhibition in 3D cell culture model

Finally, 3D cell culture model of multicellular tumor spheroids (MCTS) was employed to predict the in vivo antitumor effects of our
system for low temperature plasma treatment in A549 cells. The MCTSs provide insight into metabolic properties similar to solid
tumor profiles such as nutrient and oxygen gradients, hypoxic/necrotic regions, cell-cell matrix interactions and gene expression
[66].

The results shown in Fig. 11 indicate that there was no reduction in growth of A549 cells MCTS after 60 s and 120 s plasma
treatment for investigated experimental conditions. The majority of published studies concerning spheroid treatment by the LTP jet
showed that plasma induced cell damage was limited to surface [31]. Because of the complexity of the 3D model, further extensive
investigations are needed, varying duration, power as well as other experimental conditions, for a more comprehensive study of the
effect of our LTP system.

@ Springer



Eur. Phys. J. Plus (2023) 138:1090 Page 11 of 13 1090

Control 1.5 W (605s) 1.5W (1205)

<

1 day

7 days

Fig. 11 Growth inhibition monitoring of low temperature plasma treated A549 MCTSs

4 Conclusion

LTP as emerging technology has numerous outstanding potentials in pharmaceutical field as future treatment modality. A wide
range of plasma sources that have been developed and applied for biomedicine give us an opportunity to seek numerous different
approaches to specific applications. This variety also means that it is difficult to compare results from one platform to another [31-33].
Our group developed plasma generating device that induces cell cycle arrest in A549, lung cancer cells, leading to apoptosis in
direct treatment in 2D cell culture model. However, further extensive investigations are needed, varying treatment conditions, for
more comprehensive study of the effect of our LTP system on 3D cell culture model and for finding most adequate application in
anticancer combat. Our results with combined treatment with PARP inhibitor direct us to the conclusion that the LTP will probably
have the greatest potential in combined treatment with chemotherapeutic drugs in agreement with conclusions of Robert et al. [67].
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Abstract

The aim of this study was to explore the effectiveness of cold atmospheric plasma (CAP)
treatments for reducing the deoxynivalenol (DON) content in spiked white wheat flour
samples containing 750 ug kg~! DON. The flour samples were treated with plasma gen-
erated in air for durations of 30s, 60,90 s, 120 s, 150 s, and 180 s and at four distances
from the cold plasma source: 6 mm, 21 mm, 36 mm, and 51 mm. An artificial neural
network (ANN) model with three layers utilizing the Broyden—Fletcher-Goldfarb-Shanno
(BFGS) iterative algorithm was developed to predict the reduction in deoxynivalenol (DON)
content, moisture content, and temperature in wheat flour samples following cold atmo-
spheric plasma (CAP) treatment. The model accounted for two key variables: the distance
from the plasma source and the treatment duration. The ANN model exhibited excellent
predictive performance, achieving coefficient of determination (r?) values of 0.999, 0.996,
and 0.996 for DON reduction, moisture content, and temperature, respectively, during the
training phase. The ANN model successfully identified the experimental optimal CAP
conditions (51 mm distance and 150 s treatment), resulting in a 71% reduction in DON
content. Multi-objective optimization (MOO) using the ANN further predicted the same
level of reduction but at 168 s while maintaining acceptable moisture and temperature
levels, representing the model-derived optimal treatment within the investigated design
space. The study highlights the potential of ANNSs to model complex relationships and
optimize CAP treatment for efficient mycotoxin reduction in wheat flour.

Keywords: wheat flour; cold atmospheric plasma; deoxynivalenol reduction; HPLC-DAD;
mathematical modelling

1. Introduction

The most commonly found mycotoxin in wheat and wheat-based products worldwide
is deoxynivalenol (DON), categorized as a type B trichothecene. DON, as a secondary
metabolite mainly of Fusarium culmorum and Fusarium graminearum, represents a significant
hazard to the food and feed processing chain, causing economic losses as well. Spoilage
fungi in cereal crops can produce mycotoxins (secondary metabolites) under optimum
conditions in the field or during storage, which can be toxic to humans and animals.
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Consumption of mycotoxin-contaminated food can cause hepatic, gastrointestinal, and
carcinogenic diseases [1]. With over 140 identified fungal metabolites, Fusarium myco-
toxins are the biggest class of mycotoxins. Numerous fungal species, primarily Fusarium
(F. graminearum and F. culmorum), synthesize them [2]. Trichothecenes, especially DON, are
prevalent in cereal crops and their concentrations very often exceed permissible levels [3].
DON contamination of wheat is widespread and frequently detected in the majority of
samples tested globally [3]. Since wheat (Triticum aestivum L.) ranks as the second most
produced grain crop worldwide, with about 800.79 million metric tons in 2024/25, its safety
is of particular urgency [4].

DON is resistant to standard processes like milling, baking, and heating. Chemical
reagents like ammonia, calcium hydroxide, chlorine, hydrochloric acid, ozone, sodium
bisulfite, and sodium hydroxide can degrade DON, but none have been applied due to
interference with standard grain processing or health hazards [2]. At the cellular level, DON
has been found to have immunosuppressant or immune stimulatory effects depending
on the dose and duration of exposure. DON is less toxic than other toxins, like T-2, but
high doses can cause shock-like death [5-7]. Stimulatory effects are observed depending
on the dose and duration of exposure. Symptoms include abdominal distress, increased
salivation, malaise, diarrhea, emesis, and anorexia in sensitive species [6,8]. Chronic
toxicity studies in experimental animals show decreased weight gain, anorexia, and altered
nutritional efficiency. Animal species are sensitive to DON, with pigs being more sensitive
than mice, poultry, and ruminants. In vivo, DON suppresses the immune response to
pathogens and induces autoimmune-like effects similar to human immunoglobulin A (IgA)
nephropathy [6,8].

In 1993, DON was placed in Group 3 (not classifiable as to its carcinogenicity to
humans) of the International Agency for Research on Cancer [9]. Until July 2024, according
to EU Commission Regulation No. 2023/915 [10], the maximum level for DON in cereals
placed on the market for the final consumer, cereal flour, and semolina, bran, and germ
as final products placed on the market for the final consumer was limited to 750 ug kg ~?.
The most recent Commission Regulation (EU) No. 2024/1022 [11] changed Regulation
(EU) No. 2023/915 related to the maximum level of DON in certain foods. Now, in
milling products of cereal, except for milling products of maize, its content is limited to
600 ug kg’1 [11]. Traditional technological processes for DON reduction may lead to food
quality decline, but biodegradation and innovative processes and/or techniques offer mild
conditions and high efficiency [12], which ensure the preservation of product quality with
a significant reduction in DON content.

Among novel decontamination approaches, cold atmospheric plasma (CAP) has
gained significant attention due to its ability to generate a broad range of reactive oxy-
gen and nitrogen species (RONS) under mild, non-thermal conditions. CAP operates at
atmospheric pressure, without any pumping facilities for pressure reduction, does not
require chemical additives, and leaves no harmful residues, making it suitable for direct
application to food products and simple integration into existing food processing systems.
Unlike thermal, chemical, or UV-based treatments—which may compromise nutritional or
sensory quality—CAP offers a residue-free and energy-efficient alternative that preserves
the functional integrity of food matrices [13-15]. Furthermore, several recent studies have
demonstrated its ability to effectively degrade DON and other mycotoxins in cereal-based
systems through oxidation and structural disruption of toxic moieties [16,17].

Chemical processes induced by cold plasma have been studied extensively for many
years in a wide range of applications, including recently established applications in plasma
agriculture field and food technology [13-15,18]. Given these advantages, CAP has emerged
as a promising tool for mycotoxin mitigation, particularly in food matrices where thermal or
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chemical treatments may be unsuitable. This is especially relevant for dry food powders like
wheat flour, which presents a challenging matrix due to its heat-sensitive nutrients, the risk
of denaturing functional gluten proteins, and the practical difficulty of treating a flowing,
particulate material in vacuum. The underlying mechanism involves the interaction of
plasma-generated reactive species—such as ozone (O3), nitric oxide (NO), and hydroxyl
radicals (-OH)—with target contaminants, often resulting in molecular breakdown or
functional group disruption. Due to their light mass, electrons in the gas are accelerated,
gain high energies (1-10 eV), and are not in thermal equilibrium with other particles (ions,
neutrals). The collisions of high-energy electrons with bulk gas molecules (N, Oy, and
H,O) result in the formation of highly reactive short-lived (e.g., -O, :N, and -OH) and
long-lived species (O3, HyOp, NO, Ny*, Oy*, etc.) that can react with samples, performing
processes of oxidation or reduction [19]. Considering the types of plasma sources, DBD
sources are particularly convenient with respect to other atmospheric-pressure cold plasma
sources as they can create large effective surfaces of active plasma, enabling treatment of
larger areas. Electrode geometry in the case of surface DBD (SDBD) allows for the creation
of a stable discharge close to the surface of the dielectric, which is not influenced much by
the target type. Moreover, the source is modular, so many sources can be stacked together,
increasing the effective surface for treatment.

The gas-phase plasma chemistry and reaction pathways that result in the formation of
plasma-generated chemical species depend on various parameters, such as input power, gas
mixture, sample distance, etc. The species created in CP operating at atmospheric pressure
have very short mean free paths between collisions (order of um); therefore, the plasma
chemistry varies with the distance from the CP source. Determination of the precise plasma
chemistry is a crucial input parameter for studying interaction processes and revealing the
plasma mechanisms against particular pathogens. Mass spectrometry is a straightforward
plasma diagnostic technique that can provide information on the created neutral and ionic
species in plasma [20,21].

As many plasma decontamination studies have demonstrated that reactive oxygen
and nitrogen species (RONS) generated by cold plasma sources play a crucial role in the
interaction with pathogens [22], plasma diagnostics using mass spectrometry have focused
on characterizing these species. As plasma technology begins to enter the food sector,
this study presents findings on a promising new technique for mitigating mycotoxins.
Although cold atmospheric plasma shows considerable potential as an innovative and
effective approach for mycotoxin reduction, this technology is still under investigation
and requires further validation and standardization before it can be considered ready for
industrial application. To our knowledge, so far, there is no specific, universally established
regulatory pathway for the use of plasma technology by food producers to reduce the
mycotoxin content in food in most major jurisdictions, such as the United States (FDA), the
European Union (EFSA), or other countries.

In years with severe DON contamination, conventional wheat processing steps may
not be adequate to reduce toxin levels in white flour below the maximum allowed limit.
Therefore, they may not ensure compliance under severe contamination. In a previous
study, low-pressure RF helium and oxygen plasma for homologous wheat flour was studied,
and the results indicated considerable reduction in DON content after 90 s and 150 s [23].

Artificial neural networks (ANNSs) are increasingly used in food processing to
model complex, nonlinear relationships between processing conditions and product re-
sponses [24,25]. For non-thermal technologies such as cold atmospheric plasma, where the
treatment time and plasma-sample distance simultaneously affect reactive species gener-
ation, energy transfer, and mass and heat exchange, conventional modeling approaches
are often inadequate [26]. ANN models provide an effective data-driven framework for

https:/ /doi.org/10.3390/foods15030573


https://doi.org/10.3390/foods15030573

Foods 2026, 15, 573

4 of 25

capturing these interconnected effects and reliably predicting multiple responses, including
contaminant degradation, moisture changes, and temperature variation [27-29].

In this study, we precisely determined the reactive species formed in plasma employing
mass spectrometry and used ANN modeling for the first time to identify the CAP conditions
that yielded the highest reduction in DON content. Therefore, the objective of this study was
to investigate the possibility of predicting the reduction in DON content, moisture content,
and temperature of wheat flour samples after cold atmospheric plasma treatment using a
DBD source operating in air, based on the distance of the cold plasma source to the sample
and process time. The study was performed using an artificial neural network (ANN)
model with three layers and data obtained from mass spectrometry measurements. Various
network topologies with 5 to 20 hidden neurons were evaluated over 100,000 training
iterations, and the optimal configuration was selected by minimizing the validation error.

This study presents significant progress in mycotoxin mitigation for cereal processing,
primarily through the first application of an artificial neural network (ANN) in modeling
cold atmospheric plasma (CAP) treatment of deoxynivalenol (DON) in wheat flour. It
addresses a significant gap in the literature by focusing directly on wheat flour, rather
than on whole grains or liquid matrices. The research also includes a unique mechanistic
analysis of reactive oxygen and nitrogen species using mass spectrometry, providing
insights into the efficacy of plasma treatments. Furthermore, a genetic algorithm-based
multi-objective optimization framework is utilized to enhance CAP treatment conditions,
maximizing DON reduction while maintaining flour quality, thereby facilitating safer food
processing practices.

To our knowledge, this is the first study to integrate predictive modeling, mechanistic
diagnostics, and multi-objective optimization in the context of CAP-mediated mycotoxin
(DON) reduction in wheat flour.

2. Materials and Methods
2.1. Material and Chemicals

For this study, white wheat flour was purchased at the market. The initial moisture
content of white wheat flour was 14.1%. Before further procedures, a white wheat flour
sample was analyzed to confirm that it was a blank sample without DON. To investigate
the effect of atmospheric cold plasma on DON content, 10 g of white wheat flour was
artificially contaminated, spiked, with DON standard solution (750 ug kg~ ! in flour). This
value was chosen to represent the maximum regulatory limit for DON in wheat flour as set
by the European Union prior to July 2024 (Commission Regulation (EU) No. 2023/915) [10],
and to reflect contamination levels commonly encountered in naturally contaminated
samples. After spiking, the wheat flour sample was thoroughly mixed and then allowed
to equilibrate at room temperature overnight to ensure homogenous distribution of DON
within the matrix and to better mimic natural contamination scenarios. Subsequently, the
spiked flour sample was stored at —20 °C until CAP treatment. The DON standard (10 mg)
was purchased from Supelco™ (Bellefonte, PA, USA). The stock solution was prepared by
diluting the DON standard (100.1 pg mL~!) to a concentration of 10 pg mL~! in a normal
10 mL vessel, from which further dilution series were made. Acetonitrile and methanol
(all HPLC grade) were purchased from Merck (Darmstadt, Germany). Deionized water
(Millipore, Bedford, MA, USA) was used for HPLC analysis.
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2.2. Treating Spiked Samples with SDBD
2.2.1. Plasma System for Treatment

A schematic of the DBD plasma system for wheat flour treatment is shown in Figure 1.
The DON-spiked wheat flour samples were kept in the sample holder during the treatments.
The sample holder was positioned at four different distances from the plasma region.

Surface
DBD ‘ Plasma
region
Positioning [ ] Sample
ofthe —p holder
samples
—
? Box for
treatments

Figure 1. Schematic of the DBD plasma system for wheat flour treatment.

The SDBD source was based on a 2 mm ceramic dielectric plate (length 70 mm X
width 40 mm). The ceramic dielectric plate consisted of nine comb-like stripe electrodes
(~1 mm width), with a 4 mm inter-stripe spacing on the bottom side and a conductive layer
on the top side of the plate. Electrodes on both sides were connected to the HV transformer.
We used a commercial HV transformer with a maximum output power of 85 W and floating
signal output, so direct measurement of the voltage supplied to generate the plasma was not
possible. A Variac regulator was used to control the input voltage to the transformer, and it
was powered through the standard electrical grid at a frequency of 50 Hz. The output signal,
supplied to the electrodes, was a high-frequency signal with several peaks 4-5 kV (peak-to-
peak) modulated in continuous pulses at around 100 Hz. This enabled discharge ignition
and stable operation. The detailed characteristics of the DBD system are described in more
detail in ref. [30]. For the treatments, the SDBD source with an active cooler on the top side
was mounted on the box lid. Spiked flour for treatment was weighed (10 g) in a Petri dish
of 100 mm in diameter and placed in the box for treatment. The samples were spread in a
thin layer (3 mm thickness) so that the screening effect and possible temperature gradients
were minimized. For each plasma treatment, the distance between the flat dielectric surface
of the SDBD emitter was precisely set to the required distance from the top surface of the
flour layer inside the Petri dish. This was made possible by the compact dimensions of
the plasma plate (70 mm x 40 mm), which fit within the Petri dish opening. Moreover,
for further analysis, a complete amount of treated sample was homogenized and used to
effectively average the effects of the treatment. The two-factor design assessed distance,
which governed reactive species flux, and time, which determined the treatment dose, as
key parameters for a scalable process. Specifically, 4 combinations of distances, (6 mm,
21 mm, 36 mm, and 51 mm) and 6 time points (30, 60, 90, 120, 150, and 180 s) resulted in
24 experimental conditions. Distances were selected to cover the operational range of our
plasma source, from the point of near contact (6 mm) to a distance where significant plasma
effluent dissipation was observed (~51 mm). The range of treatment times from 30 s to
180 s was chosen based on preliminary trials to identify the optimal treatment window.
Shorter times (<30 s) showed negligible decontamination, while times exceeding 180 s
risked inducing undesirable physical changes due to the observed temperature rise and
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moisture loss in the flour. Our preliminary trials also showed that 30 s intervals provided
sufficient resolution to capture kinetic trends.

Plasma was formed on the lower side of the SDBD source in air, uniformly covering
the surface of the SDBD source for an input voltage of 200 V, which was controlled by
the Variac. The plasma thickness was around 1 mm, and it was checked visually that the
operating regime was the same for all treatments. All plasma treatments were carried out
under laboratory conditions, with a stable relative humidity of 45 & 1%. Although the
same humidity conditions were maintained for all experiments, minor fluctuations could
not be entirely excluded. Since relative humidity may influence the plasma chemistry and
the formation of reactive oxygen and nitrogen species, its potential impact represents a
limitation of the present study and should be addressed in future investigations using
controlled gas environments. However, as the humidity conditions were identical for all
treatments, relative differences in the plasma chemistry and reactive species reaching the
contaminated samples can be attributed primarily to the treatment distance and exposure
time. After the treatments, the spiked samples were transferred from the box to sealed bags
and stored at 4 °C until mycotoxin analysis.

2.2.2. Mass Spectrometry

In this study, we employed mass spectrometry to investigate RONS formation in a cold
atmospheric plasma system used for flour treatment. Specifically, the analysis of neutral
species was performed using a commercial HIDEN Molecular Beam Mass Spectrometer
(MBMS) HPR60 (Hiden Analytical Ltd., Warrington, UK). The unique design of this in-
strument enables direct sampling from atmospheric conditions, making it particularly
suitable for the investigation of gas-phase plasma discharges and the identification of
neutral species produced by DBD sources, as previously shown by Cech et al. [31]. To
ensure accurate representation of the conditions used for plasma treatment process, the
sampling orifice of the mass spectrometer was positioned at the same distance from the
plasma source as the treated sample (6 mm, 21 mm, 36 mm, and 51 mm). The difference in
the longest distance was because of experimental capabilities. Since we were not measuring
absolute concentrations of the species but their time-resolved creation and development,
this did not influence the results a great detail. Additionally, the discharge conditions
during mass spectrometric measurements were maintained identical to those used during
the plasma treatment of the sample—the input voltage on the voltage regulator was 200 V,
while the total consumed power from the power grid was determined to be 76 W. RONS
identification was carried out using the residual gas analyzer (RGA) mode of the MBMS in
two different operational settings: (1) recording the integral spectrum of the plasma dis-
charge to obtain a comprehensive overview of species present, and (2) the MID scan mode,
which enabled real-time monitoring of radical evolution under both active and inactive
discharge conditions. A shutter (swagelock-SL) in the inner side of the sampling orifice
of the MBMS enabled closing the influx of particles from the surroundings and allowed
us to measure the contribution of the signal from the species present only in the device
itself. This distinguished the foreground and the background signals measured by the
mass spectrometer. To ensure the reliability of the MS measurements, the instrument was
tuned according to the manufacturer’s procedure prior to the beginning of the experimental
series. Background spectra were recorded with the internal shutter closed and subtracted
from all foreground signals to remove the signals of species from the unit itself. As the
aim of the MS analysis was to follow the relative evolution of plasma-generated species
rather than determine absolute concentrations, we did not perform absolute calibration.
Measurements were repeated at least 3 times and they generated reproducible signals with
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sufficient signal-to-noise ratios. Signal intensities expressed in counts per second (c/s)
correspond to the particular m/z value count rate registered by the detector.

In this study, mass spectrometry was employed as a diagnostic tool to qualitatively
characterize plasma-generated reactive oxygen and nitrogen species and to monitor their
relative evolution as a function of distance from the plasma source. The MS results were
used to support the mechanistic interpretation of the observed DON reduction trends by
identifying dominant long-lived reactive species and their relative changes under different
treatment conditions. The MS analysis was not intended to provide absolute quantitative
concentrations of species or to establish direct kinetic correlations with DON degradation.

2.3. Moisture Content

Moisture content in white wheat flour samples before and after the applied treatments
was determined using an IM 9500 NIR instrument with the optional flour module (Perten
Instruments, Hagersten, Sweden) and is expressed on a dry basis.

2.4. Quantification of DON Content Before and After Cold Atmospheric Plasma Treatment
2.4.1. Sample Preparation

Sample preparation involved utilizing using MycoSep®225Trich SPE columns (Romer
Lab, Inc., Union, MO, USA) for clean-up. Briefly, subsamples of spiked white wheat flour
(5 g) underwent extraction with 20 mL of acetonitrile/deionized water (84:16, v/v) and were
shaken for 30 min in a laboratory Griffin flask shaker (Griffin and George, Wembley, UK).
The extracts were filtered through Whatman No. 4 filter paper (Whatman International Ltd.,
Maidstone, UK), and 5.0 mL of the filtrate was collected in the glass tube. The MycoSep
clean-up column was employed to filter the extract upward, followed by transferring 2.0 mL
of the upper layer into a glass cuvette for nitrogen evaporation (Reacti-Therm 1#18821,
Thermo Scientific, Bellefonte, PA, USA). The dry residue was dissolved in 0.40 mL of mobile
phase and transferred to an HPLC vial through a regenerated cellulose (RC, 4 mm, 0.2 pm)
premium syringe filter (Agilent Technologies, Strathaven, Lanarkshire, Scotland, UK).

2.4.2. Instrumental Conditions and Method Performance

The DON content was determined using an Agilent 1260 Infinity HPLC system (Ag-
ilent Technologies Inc., Boblingen, Germany) consisting of a solvent degassing unit, a
quaternary pump, an autosampler, a thermostated column, and a diode array detector
(DAD). The DAD was set to 220 nm. Water/methanol/acetronitrile (90:5:5 v/v/v) at a
flow rate of 0.60 mL min~! under isocratic conditions were used as the mobile phase. The
total run time was 25 min (15 min run, 10 min post-run). Separation was achieved us-
ing a Poroshell 120 EC-C18 column (4.6 x 100 mm, i.d. 2.57 pm) (Agilent Technologies
Inc., Santa Clara, CA, USA) at 25 °C, and 15.0 pL standards and samples were injected
into the duplicate. The retention time of DON was 3.80 min. The chromatograms were
analyzed using Chemstation LC software ver. C.01.06 (Agilent Technologies Inc., Santa
Clara, CA, USA). European Commission Regulation (EC) No. 401 [32] and Technical Report
CEN/TR 16059 [33] from the European Committee for Standardization were utilized to
establish and express validation parameters for the HPLC-DAD method. The method was
validated concerning linearity, limit of quantification (LOQ), recovery, repeatability, and
reproducibility with a standard curve obtained from duplicate injections at 5 concentrations
ranging from 100 to 1000 ng mL~! DON. The squared correlation coefficient (r?) was above
0.9990 for the calibration curve. For analytical methods to determine contaminants with
prescribed maximum permitted concentrations, the LOQ should be well below the regula-
tory threshold. As per Technical Report CEN/TR16059 [33], the LOQ for deoxynivalenol
(DON) must be 100 pg kg~!, which was confirmed by accuracy and repeatability tests
on white wheat flour samples spiked to this level. The analytical method’s quality was
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evaluated using spiked white wheat flour samples, focusing on recovery, repeatability, and
reproducibility. Recovery studies indicated high trueness, with values of 109.6%, 108.1%,
and 107.8% for concentrations of 500, 750, and 1000 pig kg™! DON, respectively. The relative
standard deviation (%RSDr) was used to measure repeatability, and the results were 4.43%,
1.48%, and 1.36% at 500, 750, and 1000 pg kg‘1 DON, respectively. The within-laboratory
reproducibility (%RSDR) over three days yielded values of 8.38%, 7.69%, and 4.43%. The
method met the criteria set by the European Official Decision procedure for confirmatory
methods [32] and CEN/TR 16059 [33] from the European Committee for Standardization.

All flour samples were prepared and analyzed twice. The obtained results, i.e., con-
centration of DON before and after treatments, are expressed on a dry matter basis. The
reduction in DON content was calculated as follows:

Reduction of DON content (%) = 100 — (Cx.lc()()) (1)
0
where C, is the concentration of DON in the wheat flour sample after treatment, and C is
the initial concentration of DON in the spiked wheat flour sample before treatment.

2.5. Mathematical Modelling
2.5.1. Kinetics Modeling

To evaluate the deoxynivalenol reduction rate during cold atmospheric plasma treat-
ment in wheat flour, kinetic modeling was performed. The temporal kinetics of the DON
reduction rate, tested with different distances of the cold plasma source to the sample, were
described using a four-parameter sigmoidal mathematical model (Equation (2)), which is
highly suitable for biological systems. This model was used due to the complexity of the
treated matrix (flour) and it was not related to plasma chemistry.

T @

In Equation (1), the DON reduction rate (%) is represented as y(t), whereas the re-
gression coefficients are denoted as follows: a;—minimum of the experimentally obtained
values (at f = 0); d;—the maximally acquired value; c;—the inflection point (the point
between a1 and d1); and b;j—the Hill’s slope (the steepness of the inflection point c1).

2.5.2. ANN Modeling

A three-layer multilayer perceptron (MLP) model—comprising input, hidden, and
output layers—was used to develop an artificial neural network (ANN) for predicting the
reduction in DON content, as well as the moisture content and temperature of wheat flour
after treatment, based on the distance of the cold plasma source and process time. The ANN
approach has been shown to effectively approximate nonlinear functions [34-37]. Prior to
modeling, all input and output data were normalized to improve network performance.
The input data were iteratively presented to the network [38,39], and the Broyden-Fletcher—
Goldfarb-Shanno (BFGS) algorithm was applied to solve the unconstrained nonlinear
optimization problem during ANN training.

The experimental database (72 data points from 24 plasma treatment conditions, each
in duplicate) was randomly divided into training (60%), validation (20%), and testing
(20%) sets. During model development, the number of hidden neurons (5-20) and the
corresponding weight coefficients were optimized. To reduce dependence on random ini-
tialization, network training was repeated 100,000 times with different randomly assigned
initial weights and biases, and the model with the lowest validation error was selected. The
optimized ANN architecture consisted of a multi-layer perception with 8 input neurons,
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11 hidden neurons, and 3 output neurons, resulting in 157 adjustable parameters (weights
and biases). Although the dataset comprised 72 data points, overfitting was controlled
through data normalization, early stopping, and independent testing. Model performance
metrics and residual analysis confirmed adequate generalization within the studied experi-
mental domain. Model robustness was assessed by 10-fold cross-validation and learning
curves constructed from data subsets. Successful training was achieved when learning and
validation errors converged toward zero, ensuring a conservative data-to-parameter ratio
and minimizing overfitting.

Data acquisition for studying DON reduction in wheat flour after cold atmospheric
plasma treatment was limited by the complexity, cost, and time required for each con-
trolled experiment and chemical analysis. Despite the small dataset, the applied modeling
strategy—with optimized network topology, extensive training, and cross-validation—
ensured stable convergence and minimized overfitting.

Coefficients associated with the hidden layer (weights and biases) were grouped in
matrices W1 and Bj. Similarly, coefficients associated with the output layer were grouped
in matrices W, and B,. It was possible to represent the neural network by using matrix
notation (Y is the matrix of the output variables, f1 and f, are transfer functions in the
hidden and output layers, respectively, and X is the matrix of input variables [40]:

Y = fi(Wa-o(Wi-X + B1) + B2) 3)

Weight coefficients (elements of matrices Wi and W) were determined during the
ANN learning cycle, which updated them using optimization procedures to minimize
the error between the network and experimental outputs [38,41,42], according to the
sum of squares (SOS) and BFGS algorithm, and were used to speed up and stabilize
convergence [43]. The coefficients of determination were used as parameters to check the
performance of the obtained ANN model.

2.5.3. Global Sensitivity Analysis

Yoon’s interpretation method was used to determine the relative influences of the
reduction in DON content, moisture content of wheat flour samples after treatment, and
temperature of wheat flour samples after treatment, based on the distance of the cold
plasma source to the sample and process time [44]. This method was applied on the basis
of the weight coefficients of the developed ANN:

Yk—0 (wik ' wkj)

?1:0‘2;’3:0 (wik ' wkj) ‘

RI;j(%) = (4)

Global sensitivity analysis was performed using Yoon's interpretation method to assess
the relative influence of the input factors, such as the distance of the plasma source (d) and
treatment time (), on the predicted outputs: DON reduction, moisture content (MC), and
sample temperature (T). The method, based on ANN weight coefficients, provided a global
measure of the contribution of each input parameter to the outputs, aiding in identifying
the most influential variables for process optimization.

2.5.4. Standard Score Calculation

Normal scores were calculated for each variable and were used for complex compari-
son of the observed samples, regarding the technological and chemical properties of the
samples listed in Table 1. The ranking procedure between different samples was performed
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based on the ratio of raw data and extreme values for each applied assay [45], according to

these equations:
max X; — X;
1

r=1-—— Vi 5)
max x; — min x;
1 1
in the case of “the higher, the better” criteria, or
max X; — X;
1

Y= ———————, Vi (6)
max x; — min x;
1 1

in the case of “the lower, the better” criteria, where x; represents the raw data.

Table 1. The results of cold atmospheric plasma treatments on reduction in DON content in
wheat flour.

Inputs Outputs
Run d (mm) t(s) DON, g (%) * MC (%) T Q) Standard

Score
1 6 30 61.0 & 1.6 1k 13.6 + 0.2 2P 3744241 0.477
2 6 60 56.6 + 2.3 hi 14.14+04P 29.0 + 1.2 bedef 0.506
3 6 90 59.7 +£3.11 13.8 + 0.4 2P 33.2 + 1.0 fshi 0.500
4 6 120 65.4 + 1.1 7K 13.0 + 0.52P 416 + 3.1k 0.596
5 6 150 480+ 1.6°8 12.6 + 0.5 2P 459 + 0.6 0.463
6 6 180 51.5 + 0.7 8h 123+ 022 50.0 +3.0! 0.497
7 21 30 493 +35f8 14.1 £ 0.8P 27.0 + 1.7 abe 0.439
8 21 60 47.0 + 0.7 defg 14.0 + 0.3 2P 27.9 + 1.2 abede 0.426
9 21 90 50.0 +£2.1f8 14.0 + 0.5 P 30.0 =+ 1.2 bedefg 0.425
10 21 120 41.1 £ 1.6bd 13.8 + 0.4 2P 32.0 + 0.6 defgh 0.359
11 21 150 422 4 (.9 cde 13.8 +0.52P 34.1 + 1.0 8N 0.342
12 21 180 43.9 + (.8 def 135+ 0.52P 36.0 + 0.8 M 0.388
13 36 30 47.7 +1.5¢8 14.14+0.7" 25.7 +0.82b 0.441
14 36 60 67.5 +3.71 141+ 06" 26.9 + (.7 abe 0.599
15 36 90 482 +1.1°¢8 141+ 06" 28.7 + 1.1 bedef 0.408
16 36 120 37.4 + 0.5 abc 14.14+04P 30.5 + 1.1 cdefg 0.291
17 36 150 353+ 1.12b 139 + 0.6 2P 32.2 + 1.9 ¢fgh 0.287
18 36 180 328+0.62 135+ 0.9 2P 34.0 + 1.1 8N 0.316
19 51 30 33.1+1.2¢2 141 +£1.0b 240+ 032 0.336
20 51 60 51.9 + 2.1 8h 141+ 06" 259 +0.62b 0.476
21 51 90 66.2 + 22K 14.0 + 0.4 2P 27.5 + 1.5 abed 0.598
22 51 120 51.4 + 1.28h 14.0 + 0.1 2P 29.1 + (.9 bedef 0.449
23 51 150 71.0 + 441 139 +1.12b 30.8 + 1.3 cdefg 0.617
24 51 180 51.6 + 1.7 8h 139 + 0.6 2P 32.5 + 1.2 fgh 0.425

Polarity + - -

d—distance of the cold plasma source to the sample; t—treatment duration; MC—moisture content of wheat
flour samples after treatment; T—temperature of wheat flour samples after treatment; DONred *—reduction in
deoxynivalenol content; polarity—negative sign is associated with “the lower the better” criteria, while positive
sign is associated with “the higher the better” criteria, as explained in Section 2.5.4. Values are calculated (see
Section 2.5.4). Values designated by the same letter in a row are not significantly different (p > 0.05).

2.5.5. The Accuracy of the Model

The numerical verification of the developed model was tested using the coefficient
of determination (r?), reduced chi-square (x?), mean bias error (MBE), root mean square
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error (RMSE), and mean percentage error (MPE). These commonly used parameters can be
calculated as follows [46]:

N 2
. (xexp,i - xpre,i) 1 N 2 12
2 _i= RMSE = | = - i '
X N-n ' N b e = Sepd ] 7)
1 N 100 N |xprei — Xexp i|
MBE = — - |~ Xexpji)y MPE = —&+ }, (——— ———
N igl (xp”’" xeXp'l) N igl ( Xexp,i )

where x,y, ; denotes the experimental values; x,,,; indicates the predicted values calculated
by the model; and N and 7 represent the number of observations and constants, respectively.

2.5.6. Multi-Objective Optimization (MOO)

The developed ANN model was employed as a surrogate model in a multi-objective
optimization (MOO) framework to determine the cold atmospheric plasma (CAP) operating
conditions. The optimization problem was formulated to maximize the reduction in
DON content while simultaneously minimizing moisture content and process temperature.
Mathematically, the MOO problem can be expressed as follows:

- maximize f1(x) = DON reduction,

- minimize f»(x) = moisture,

- minimize f3(x) = temperature,

where x represents the vector of CAP process variables. The solution of the MOO problem is
a Pareto front consisting of non-dominated solutions, where improvement in one objective
cannot be achieved without deterioration in at least one other objective [47].

A genetic algorithm (GA) was applied to solve the MOO problem using a stochastic
evolutionary approach based on selection, crossover, mutation, and inheritance opera-
tors [48]. The optimization was performed in MATLAB, ver. R2018b using the gamultiobj
function. The initial population was randomly generated within the defined design space,
and successive generations were obtained using non-dominated sorting and distance-based
diversity preservation [47,49,50].

2.6. Statistical Analysis

The normality of the data distribution was evaluated using the Shapiro-Wilk test.
Results showed that most variables did not significantly deviate from normality (p > 0.05).
Data are expressed as mean values (n = 3). Differences between sample means were
analyzed using Tukey’s HSD test. The statistical analysis was conducted using the STATIS-
TICA V14.0.0.15 software package [51].

3. Results and Discussion
3.1. Mass Spectrometry of Plasma Source

In Figure 2, we present the integral mass spectrum recorded at a 6 mm distance
from the plasma source. This spectrum, obtained using the RGA mode of the MBMS,
provides an overview of all neutral species detected during operation of the plasma
source in ambient air at 200 V input voltage controlled by the Variac. Apart from the
species coming from the surrounding air, distinct alterations in RONS peaks were no-
ticed in the rich spectrum of neutrals, e.g., NO (nitric oxide), NO; (nitrogen dioxide), O3
(ozone), etc. When plasma is ignited, nitrous oxide is created in the plasma through the
reaction -NOy + -N — N>O + O- [52]. At m/z = 44, the detected signal corresponded to
the combined contribution of N,O and CO,, as these species share the same molecular
mass and cannot be distinguished by quadrupole mass spectrometry. Such overlap at
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m/z = 44 is a well-known limitation of residual gas and molecular beam mass spectrometry
in atmospheric-pressure plasma diagnostics and has been reported in previous plasma
chemistry studies [52-54]. Therefore, the recorded intensity at this mass-to-charge ratio
represented the cumulative signal of both species rather than a single compound.
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Figure 2. Complete neutral mass spectrum for 6 mm distance. Measurement was performed with the
energy of electrons set to 70 eV in the ionization chamber. Data represent the averaged result of three
independent measurements recorded under identical discharge conditions (1 = 3).

Although atomic species such as H, N, and O were detected in the mass spectrum,
their presence was mainly attributed to fragmentation in the ionization chamber of the
mass spectrometer. Due to their extremely short lifetimes and limited transport distances
at atmospheric pressure, it was hypothesized that these short-lived species play a minor
role in DON degradation under the applied treatment conditions. Instead, longer-lived
reactive species were more likely to contribute to the observed effects. Therefore, further
analysis focused on longer-lived, oxidizing species such as NO, NO;, and O3, which were
more likely to contribute to chemical interactions with the wheat flour matrix. Figures 3-5
illustrate the real-time evolution of NO, NO,, and O3 concentrations at different distances
(6 mm, 21 mm, 36 mm, and 51 mm) between the plasma source and the mass spectrometer’s
sampling orifice. The y-axis is given as counts per second (c/s), which is proportional to the
concentration of particular species and enables relative comparison between concentrations.
The black vertical lines on the graphs separate the different operating conditions under
which the signals were recorded. In the graphs, one can distinguish between plasma-off
(0 V) and plasma-on (200 V) conditions. Also, the mass spectrometer was operated in
2 regimes: SL open—when it recorded the sum of both foreground (outside the mass
spectrometer) and background (inside the mass spectrometer) signals, and SL closed—
when only the background signal was acquired. The duration of recording of the mass
spectrometer for each operating condition was set to 3 min to allow enough time to stabilize
after changing the conditions.
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Figure 3. NO time evolution in cases of plasma-off (0 V) and plasma-on (200 V) conditions for different
distances (6 mm, 21 mm, 36 mm, and 51 mm) from the plasma source to the mass spectrometer’s
sampling orifice. SDBD was operating at 200 V input voltage. SL = internal shutter of the MBMS
(open/closed).
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Figure 4. NO, time evolution in cases of plasma-off (0 V) and plasma-on (200 V) conditions for differ-
ent distances (6 mm, 21 mm, 36 mm, and 51 mm) from the plasma source to the mass spectrometer’s
sampling orifice. SDBD was operating at 200 V input voltage. SL = internal shutter of the MBMS
(open/closed).
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Figure 5. O3 time evolution in cases of plasma-off (0 V) and plasma-on (200 V) conditions for different
distances (6 mm, 21 mm, 36 mm, and 51 mm) from the plasma source to the mass spectrometer’s
sampling orifice. SDBD was operating at 200 V input voltage. SL = internal shutter of the MBMS
(open/closed).

The NO signal (Figure 3) exhibited a strong dependence on the distance and plasma
conditions. At 6 mm, the NO concentration was the highest, with an average value of
around 19,000 c/s, indicating its primary formation near the plasma region. At 21 mm, the
NO concentration reached its peak at around 20,100 c/s, suggesting a region of high NO
stability before dilution began. As the distance increased, NO levels gradually decreased
(8400 c/s at 36 mm and 7400 c¢/s at 51 mm), indicating dilution and oxidation into NO,.
Under plasma-on conditions (200 V), the NO signal was significantly stronger compared to
that under plasma-off conditions (0 V), confirming its production in the discharge.

The NO, concentration followed an inverse trend to NO, increasing with distance
(shown in Figure 4). At 6 mm, NO, was present at 1500 c/s, while at 21 mm, its con-
centration increased to 1800 c¢/s, showing active oxidation of NO. At 36 mm, NO, levels
slightly decreased to 890 c/s, and at 51 mm, they further dropped to 560 c/s, likely due to
secondary reactions reducing the NO, concentration in the sampled region. The difference
between SL open and SL closed signals confirmed that NO, was actively formed in the
plasma and not a background contaminant inside the spectrometer, particularly for the two
shorter distances, which was apparent.

As shown in Figure 5, the O3 concentration in all cases exhibited a significant peak at
the moment of plasma inception (point at 6 min after start of the recording). At that moment,
there was a gradual increase in the voltage by using a potentiometer on the power supply,
and within 10 s, plasma covered the whole surface of the SDBD source. This behavior
suggested that ozone formation was initially enhanced at a lower plasma power, while
increasing the voltage up to 200 V led to a stabilization effect. At larger distances (36 mm
and 51 mm), the ozone levels were the highest, indicating that its formation was favored
further from the plasma source, where three-body recombination reactions stabilized Os3.
Compared to Figure 3, which presents the NO signal, the measured intensities presented in
Figures 4 and 5 were of the same order or lower than the NO signal intensity. To be able to
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compare signals obtained for all three compounds, the settings of MS had to be the same.
This led to a lower signal-to-noise ratio in the cases of NO, and O3 molecules.

3.2. Reduction in DON Content by Atmospheric Cold Plasma Treatments

The results obtained through the analysis of DON content are presented in Table 1.
Depending on the treatment applied, the reduction in DON content in wheat flour samples
ranged from 33.1 & 1.2% to 70 £ 4.4%. It can be observed that, by decreasing the distance
of the plasma source from the flour sample and increasing the duration of treatment, the
temperature increased while the moisture content in the flour decreased. The evaporated
water present in the plasma-treated environment may theoretically participate in plasma-
induced reactions, potentially leading to the formation of reactive species such as -OH
and HyO,, as suggested by established plasma chemistry mechanisms. In the present
study, these species were not directly measured and are discussed here solely to support
the theoretical interpretation of plasma—water interactions. Wheat kernels with optimal
moisture content experienced more effective decreases in deoxynivalenol (DON) compared
to drier kernels, demonstrating a factor that influences the degradation mechanism of
DON [53].

Larger standard score (SS) values were assigned to more efficient DON reduction. SS
analysis showed that the maximum reduction in DON content (71.0%) in wheat flour was
obtained with the treatment performed at 51 mm for 150 s (Table 1). From the point of
view of economic viability, the obtained optimal treatment that provided a satisfactory
reduction rate (67.5%) of DON was achieved when wheat flour was treated for 60 s at a
36 mm distance from the plasma source.

The two main degradation pathways of mycotoxins induced by plasma are outlined
in the literature. The double C=C bond undergoes addition reactions or it is reduced,
and the lactone ring mainly undergoes ring opening and reduction of the carbonyl group.
Additionally, reactions of oxidation, side chain shedding, and skeleton structure breaking
are among the complex degradation mechanisms [54].

The specific formation pathways of DON degradation products and the mechanisms
of each reaction site revealed that RONS mainly react with the C9=C10 double bond, the
C12-C13 epoxy ring, and hydroxyl groups [55,56]. More specifically, O3 attacks the C9-C10
double bond and oxidizes the allylic carbon at C8 [57]. This is in agreement with the
results of O3 concentrations in our study. At larger distances, ozone levels were the highest,
and the treatment with the greatest DON reduction was at the distance of 51 mm. This
effectively indicated that O3 exhibited a considerable effect on DON reduction, as the
results of mass spectrometry of the plasma source indicated that its formation was favored
further from the plasma source.

This study achieved a 71% reduction rate of DON after just 2.5 min at a distance of
51 mm from the cold plasma source. As previously noted, O3 levels were the highest
at larger distances (36 mm and 51 mm), suggesting that its creation was more favorable
farther away from the plasma source, where O3 was stabilized by three-body recombination
processes. Based on the above, we assume that the degradation of DON at a 51 mm distance
from the cold plasma source from the sample was favored by the oxidation process, since O3
is a strong oxidizing medium that can also cause the structure of DON to be destroyed [12].
Furthermore, Zhang et al. [54] identified ozone as a key oxidizing agent in their proposed
degradation mechanism during DBD plasma treatment, confirming its role in disrupting
the molecular structure of DON. These findings align with our results, where an increase in
ozone levels corresponded to an increase in DON reduction.

The complex mixture of RONS generated by CAP, including hydroxyl radicals and
ozone, leads to non-selective oxidation. Insights about the toxicity of the produced oxy-
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genated compounds can be drawn from other advanced oxidation processes. For instance,
a study on DON degradation by saturated aqueous ozone found that the resulting degra-
dation products did not exhibit a significant change in overall toxicity compared to the
parent DON molecule when assessed via in vitro cytotoxicity assays [58]. This suggests
that the chemical structure of DON can be broken down by CAP, but also that the overall
toxicological profile after CAP treatment may not be immediately exacerbated.

It is well-established that the reactive oxygen and nitrogen species (RONS) central to
the degradation of deoxynivalenol (DON) can also initiate and propagate lipid oxidation
in foods [59]. These effects of CAP also occur in wheat flour, leading to the oxidation of
free fatty acids and phospholipids. However, it is noteworthy that at lower intensities
of treatments, no significant lipid changes were detected [60]. CAP also can inactivate
lipase and lipoxygenase in wheat flour, which can have beneficial effects [61]. All stated
underscores the importance of process modulation to control changes in lipids in an
intended direction.

Given that during this study neither the degradation products of DON nor the toxicity
of the degradation products or changes in lipids were analyzed, future research should
focus on these aspects.

3.3. Kinetics Model

The diagrams in Figure 6 depict the deoxynivalenol reduction rate during cold at-
mospheric plasma treatment in wheat flour using different distances of the cold plasma
source to the sample, with data points representing sample treatment times from 30 to 180 s.
The results demonstrate (Table 1, Figure 6) that both electrode distance (d) and treatment
time (t) strongly influenced the efficiency of DON reduction in wheat flour subjected to cold
atmospheric plasma treatment, with trends indicating a complex and nonlinear interaction
between the two factors. At short distances (d = 6 mm), the plasma intensity was the
highest and DON reduction generally improved with increasing treatment time, reaching
a maximum at around 120 s (65.4%), after which efficiency declined, most likely due to
the recombination of reactive species, energy saturation, or structural changes in the flour
matrix that hindered further degradation.
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Figure 6. Kinetic modeling of deoxynivalenol reduction rate during cold atmospheric plasma
treatment in wheat flour using different distances of the cold plasma source to the sample (points
indicate calculated results, while lines represent experimentally obtained results).

At intermediate distances (21-36 mm), the reduction effect was noticeably lower
(32-50%) and tended to decrease further with longer treatments, reflecting the weakening
of plasma intensity as the distance increased. By contrast, at the largest electrode distance
(d = 51 mm), the plasma effect became less predictable, with reductions ranging from
only 33% at 30 s to the highest recorded value of 71% at 150 s, suggesting that extended
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exposure was necessary to compensate for reduced plasma density, although treatment
efficiency became less stable. These findings emphasized that both underexposure (short
time or large distance) and overexposure (excessive treatment times) can lead to suboptimal
performance, and that an optimal treatment window exists. Overall, the data highlighted
that effective DON degradation can be achieved through a balance of plasma intensity
and duration, with the most favorable outcomes observed at moderate treatment times
(90-150 s) combined with either short or long electrode distances, while intermediate
distances appeared less effective. This behavior underscores the importance of carefully
optimizing cold plasma parameters, as excessive treatment may compromise efficiency
while unnecessarily increasing processing time and energy consumption.

Table 2 presents the kinetic parameters (a1, b1, ¢1, and dq) of a four-parameter sigmoidal
model (Equation (2)) describing DON reduction as a function of the cold plasma source to
the sample in millimeters. The upper asymptote a1, which denotes the highest predicted
response level prior to the sigmoidal transition, decreased with increasing d; parameter,
indicating a reduction in DON content at greater distances, with the lowest value observed
at d; = 51 mm (33.1%). The inflection point 1, representing the midpoint of the transition,
also declined (134.5 to 59.5), suggesting that the transition occurred earlier as the distance
increased. Furthermore, the slope parameter b; exhibited a decreasing trend (162.5 to
93.5), indicating a more gradual sigmoidal transition at greater distances. These findings
suggested that DONred (%) was influenced by distance, potentially due to diffusion,
degradation, or other spatial factors affecting its reduction.

Table 2. Kinetics model parameters for a four-parameter sigmoidal mathematical model of deoxyni-
valenol reduction rate during cold atmospheric plasma treatment.

d (mm) 6 21 36 51
dq 49.7 424 35.2 60.0
a 60.7 48.8 57.6 33.1
€1 134.5 103.9 90.3 59.5
by 162.5 100.4 98.2 93.5
2 0.775 0.872 0.749 0.659

The coefficient of determination (r?) was used to assess the goodness of fit of the
four-parameter sigmoidal model in describing the temporal kinetics of DON reduction.
Atd =21 mm, the highest r? value (0.872) indicated the strongest agreement between the
experimental data and the model predictions. By contrast, the lower 7 value observed
at d = 51 mm (0.659) reflected a reduced ability of the model to capture the observed
variability in the data. Intermediate 12 values at d = 6 mm (0.775) and d = 36 mm (0.749)
indicated moderate model performance. The variation in 7 values across treatment dis-
tances suggested distance-dependent differences in model fit, without implying specific
underlying mechanisms.

3.4. ANN Model Results

The number of neurons in the hidden layer has a critical effect on model performance.
To reduce the influence of random correlations caused by initial weight assumptions,
each network topology was trained 100,000 times with different randomly initialized
weights and biases, and the model with the lowest validation error was selected. This
repetition was distinct from the number of training epochs in a single run. Among the
tested configurations, the highest coefficient of determination (r?) during training was
obtained with nine hidden neurons (Figure 7a). The model was trained for 100 epochs, and
the corresponding performance metrics—training accuracy and error (loss)—are presented
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in Figure 7b. Accuracy consistently improved with increasing epochs and began to plateau
between the 70th and 80th epoch, where the highest accuracy and lowest loss were recorded.
After this point, only marginal gains in accuracy and minimal decreases in loss were
observed, suggesting that extending training further would provide little benefit and
could increase the risk of overfitting. Consequently, limiting training to approximately
70 epochs was considered optimal for achieving high accuracy while maintaining model
generalizability (Figure 7b). After this point, only marginal gains in accuracy and further
decreases in loss were observed, indicating the onset of overfitting. Consequently, limiting
training to approximately 70 epochs was considered optimal for achieving high accuracy
while minimizing the risk of overfitting (Figure 7b).
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Figure 7. ANN calculation: (a) The dependence of the r* value of the number of neurons in the
hidden layer in the ANN model, (b) Training results per epoch.

The acquired optimal neural network model showed a good generalization capability
for the experimental data and could be used to accurately predict the reduction in DON
content, moisture content of wheat flour samples after treatment, and temperature of
wheat flour samples after treatment based on the distance of the cold plasma source to the
sample and process time. Network MLP 8-11-3 obtained the highest values of 2 during
the training cycle. The 2 values for the output variables were 0.999, 0.996, and 0.996,
respectively (Table 3).

Table 3. Artificial neural network model summary (performance and errors), for training, testing,
and validation cycles.

Network Performance Error Training Error Hidden Output
Name Train Valid Train Test Valid Algorithm  Function  Activation Activation
MLP BFGS . .
8-11-3 0.997 0.999 0.275 0.189 0.203 4179 SOS Logistic Identity

The performance term represents the coefficient of determination (r?), indicating the goodness of fit between ex-
perimental and predicted values. The error terms correspond to prediction error metrics (SOS), which quantify the
deviation between model outputs and measured data and thus reflect the predictive accuracy of the ANN model.

The obtained ANN model for the prediction of output variables was complex
(157 weights-biases) because of the high nonlinearity of the observed system [62,63]. The
slight inconsistency in 72 values among the predicted parameters likely reflected differences
in the complexity of underlying relationships between input variables and each output.
DON reduction, for instance, may be more directly influenced by distance and time than
moisture content or temperature, which can be affected by additional uncontrolled factors
(e.g., ambient humidity and sample variability). All 72 values exceeded 0.95, indicating
excellent predictive performance of the ANN model across the evaluated datasets.

The goodness of fit between experimental measurements and model-calculated out-
puts, represented as ANN performance (sum of r*> between measured and calculated output
variables), during the training, testing, and validation steps are shown in Table 4.
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Table 4. The “goodness of fit” tests for the developed ANN model.

Output 2 >

. X RMSE MBE MPE SSE AARD r
Variable
DON/eq 0.304 0.515 29 x 107 0.703 6.376 8.103 0.998

MC 0.002 0.040 29 x 107 0.231 0.039 1.660 0.993
T 0.324 0.533 -39 x 107 1.372 6.806 10.336 0.993

DON,eg—reduction of deoxynivalenol; MC—moisture content of wheat flour samples after treatment;
T—temperature of wheat flour samples after treatment.

Artificial neural network (ANN) models demonstrate clear advantages over traditional
kinetic models due to their ability to capture complex, nonlinear relationships between
multiple input variables (treatment time and distance from plasma source) and output
responses (DON reduction, moisture content, and temperature). Unlike kinetic models,
which require predefined mathematical equations based on assumptions of reaction order
or rate-limiting steps, ANN models learn directly from experimental data without assuming
a specific functional form. The ANN model predicted the experimental variables reasonably
well for a broad range of process variables. For the ANN model, the predicted values were
very close to the measured values in most cases in terms of 72 values. The performance of
the ANN model was evaluated using multiple goodness-of-fit metrics, including RMSE,
MBE, MPE, SSE, AARD, and 72 (Table 4). These metrics quantify the deviation between
predicted and experimental values and provide a statistically valid assessment of model
accuracy and predictive performance. Comparisons to experimental error were removed,
as SSE and other model-dependent metrics cannot be directly interpreted as experimental
uncertainty. The ANN model had insignificant lack of fit tests, which meant that the model
satisfactorily predicted output variables. A high r? value was indicative that the variation
was accounted for and that the data fit the proposed model satisfactorily [64,65].

The residuals from a fitted model were observed and the corresponding prediction
of the response was computed using the ANN regression model. Residuals represent the
differences between predicted and experimental values. Their random distribution around
zero indicates that the unexplained variance behaves randomly and that no systematic
patterns remain, confirming that the ANN model adequately captures the underlying
relationship between the explanatory and response variables. The residuals appeared to
behave randomly, which suggested that the model fit the data well (Table 5).

Table 5. The residual analysis tests for the developed ANN model.

Output Variable Skew Kurt StDev Var

DON/eq —1.039 2.962 0.527 0.277
MC 0.665 1.069 0.041 0.002
T 0.237 —0.329 0.544 0.296

DONred—reduction in deoxynivalenol content; MC—moisture content of wheat flour samples after treatment;
T—temperature of wheat flour samples after treatment.

Residual analysis of the developed model was also performed. Skewness measures
the deviation of the distribution from normal symmetry. If the skewness is clearly different
from zero, then the distribution is asymmetrical, while normal distributions are perfectly
symmetrical. Kurtosis measures the “peakedness” of a distribution. If the Kurtosis is
clearly different from zero, then the distribution is either flatter or more peaked than
normal; the Kurtosis of a normal distribution is zero. A high r? value indicates that a large
proportion of the variance in the experimental data is explained by the model; however,
satisfactory model performance also requires randomly distributed residuals, low RMSE,
and unbiased MBE. Together, these metrics confirmed that the ANN model adequately
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captured the relationship between input and output variables [62,66]. The ANN model
predicted experimental variables reasonably well for a broad range of process variables, as
shown in Figure 8.
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Figure 8. Experimentally measured and ANN model-predicted values of (a) reduction in DON
content, (b) moisture of wheat flour samples after treatment, (c) temperature of wheat flour samples
after treatment, and (d) the relative importance of input variables on outputs, determined using
Yoon'’s interpretation method.

For the ANN model, the predicted values were very close to the measured values in
most cases, in terms of 72 values. The SOS values obtained with the ANN model were of
the same order of magnitude as experimental errors for output variables reported in the
literature [38,42]. The ANN model had insignificant lack of fit tests, which meant that the
model satisfactorily predicted output variables. A high 72 value was indicative that the
variation was accounted for and that the data fit the proposed model satisfactorily [62,63].

In practical, real-world settings, however, several factors can affect the success the
ANN prediction rate. While the ANN model provided accurate predictions under con-
trolled experimental conditions, variations in the grain matrix (such as homogeneity of the
sample, wheat variety, and initial DON levels), ambient environmental factors (relative
humidity and temperature), and plasma treatment system stability (plasma intensity or
uniformity) may lead to fluctuations in the effectiveness of CAP treatment. The ANN model
can be expanded in future studies to predict reductions in the levels of various mycotoxins
across different grains or food matrices, offering a generalized tool for optimizing plasma
treatment. It could also be integrated into industrial-scale CAP treatments to ensure precise
control over factors like plasma source distance and exposure time while maintaining
effective mycotoxin degradation and product quality. Additionally, the model could be
used in real-time monitoring systems for dynamic adjustments during production. Future
research may incorporate variables like relative humidity or flour composition to improve
the ANN model’s predictive accuracy and broaden its applicability. The ANN model could
help identify optimal treatment conditions for different agricultural products, enhancing
the versatility of CAP as a decontamination method.
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3.4.1. Global Sensitivity Analysis—Yoon’s Interpretation Method

In this section, the influence of input variables on the reduction in DON content,
moisture content of wheat flour samples after treatment, and temperature of wheat flour
samples after treatment, based on the distance of the cold plasma source to the sample
and process time, was studied. The sensitivity analysis revealed that time was the pre-
dominant factor influencing all observed parameters, exerting a profound positive effect
on DON reduction (96.18%) and sample temperature (65.63%), while showing a strong
negative correlation with moisture content (—64.86%). Conversely, distance demonstrated
a relatively minor influence, contributing most significantly to moisture content (35.14%)
and temperature regulation (—34.37%) but remaining negligible (3.82%) in the context of
DON degradation. These results indicated that while increasing processing duration is
the most effective strategy for maximizing toxin reduction and thermal energy transfer, it
simultaneously drives significant dehydration; meanwhile, adjusting the distance serves as
a secondary control mechanism for modulating the sample’s physical state (moisture and
heat) without substantially altering the efficacy of chemical reduction.

3.4.2. Multi-Objective Optimization of the Outputs of the ANN

One of the main goals in this investigation was to maximize results, and these nu-
merical tasks were solved using the MOO calculation in Matlab. The MOO procedure
was defined by simultaneously maximizing reduction in DON content and minimizing
moisture content and temperature in the ANN model.

The reduction in DON content is critical for improving flour safety, as high DON
levels pose health risks. However, changes in moisture content and temperature during
CAP treatment can influence flour quality parameters such as color and baking perfor-
mance. Excessive drying or heating may negatively affect protein functionality or starch
behavior. Thus, while maximizing DON reduction is desirable, it is essential to optimize
CAP parameters to maintain desirable flour quality characteristics. Constraints used in the
optimization procedure were applied within the experimental range of parameters. The
number of generations reached 569 for the ANN model, while the size of the population
was set to 200 for each input variable. The number of points on the Pareto front was 49 for
the ANN model. The calculated maximum reduction in DON content during the plasma
treatment was 71.0%, and the minimal moisture content and temperature were 12.5% and
30.7 °C, respectively. The distance was 51 mm, while the process time reached 168.4 s.

4. Conclusions

This study presents a novel application of CAP treatment of wheat flour, demonstrat-
ing significant DON reduction in the direct and static treatment of wheat flour as a powder
matrix. The highest observed reduction in DON content (71%) occurred at a treatment
distance of 51 mm from the plasma source, with a duration of 150 s. Under these conditions,
the moisture content and the temperature of wheat flour samples after treatment were
13.9% and 30.8 °C, respectively. Mass spectrometry measurements of the plasma showed
the presence of RONS in plasma. In particular, the creation and existence of O3, NO, and
NO; species at different distances between the active plasma zone (SDBD surface) and
the flour sample were analyzed. As expected, increasing the distance between the plasma
source and the sample reduced the concentration of RONS. However, the relative decrease
was more pronounced for NO and NO, species in comparison to O3. Additionally, O3
production rose during the transition period, when the input voltage is increased from zero
to the operation voltage, thus resulting in higher overall production of ozone. The observed
variability in reduction efficiency across different treatment times and distances suggests
that matrix-related factors, such as moisture content and relative humidity, may also influ-
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ence plasma efficacy. Additionally, since all samples in this study were spiked with a single
DON concentration, further research is needed to determine whether the initial toxin level
in naturally contaminated wheat flour affects reduction efficiency under plasma treatment.
The artificial neural network model was shown to be adequate for the prediction of output
variables (the 72 values during the training cycle for these variables were: 0.999, 0.996,
and 0.996, respectively). By utilizing the ANN model, we were able to identify optimal
conditions for maximizing DON reduction (71%) while maintaining acceptable flour quality.
This highlights the advantages of ANNs in guiding experimental design and optimizing
treatment parameters, which would be difficult to achieve using traditional experimental
methods alone. While these findings are promising, the path to industrial application
requires addressing clear limitations identified in this study. Future work must validate the
treatment’s efficacy on naturally contaminated wheat flour, moving beyond the controlled
model of artificially spiked samples used in this study. Although we monitored key RONS,
a mechanistic validation of their role in the detoxification process and a comprehensive
toxicological assessment of any resulting degradation products are needed to guarantee
food safety. Finally, the influence of humidity, a factor not fully controlled in this study,
must be taken into account and characterized, as it is an important factor affecting plasma
chemistry. Therefore, for successful industrial-scale adoption of CAP technology, resolving
these scientific questions is a prerequisite for tackling the broader regulatory and technical
challenges in scaling CAP technology for the wheat processing industry.
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Nonlinear Imaging of Dentin-Adhesive Interface Treated by Cold
Atmospheric Plasma

T. Lainovi¢!, A. Krmpot? M. D. Rabasovié, N. Selakovié, L. Plesti¢!, L. Blazi¢"®, N. Skoro?, N. Pua¢?
'Faculty of Medicine, School of Dental Medicine, University of Novi Sad, Novi Sad, Serbia
2Institute of Physics, University of Belgrade, Belgrade, Serbia
3Dental Clinic of Vojvodina, Novi Sad, Serbia
e-mail: tijana.lainovic@mf.uns.ac.rs

The Nonlinear Laser Scanning Microscopy (NLSM) could be considered as a useful tool for the analysis
of hard dental tissues, and tissue-material interfaces in dental medicine. Two-photon excitation
fluorescence microscopy (TPEF) is able to detect the two-photon excited autofluorescence of dental
tissues, and the second harmonic generation (SHG) can detect second-order nonlinear susceptibility of
collagen type I, the most abundant dentinal organic substance [1,2].

The objective of this study was to microscopically test the effect of Cold Atmospheric Plasma (CAP)
[3,4] on the morphology of the dentin-adhesive interface, using NLSM.

Human molar teeth were cut in half for the CAP-treated and control samples. The influence of CAP on
standard etch-and-rinse (ER) or self-etch (SE) procedures was investigated. The following CAP
configurations were used: feeding gas He, gas flow 1 sIm, deposited power in the plasma power input
1 W or 2 W, and tip-to-surface distance 2 mm or 4 mm. The CAP-treated ER group was firstly etched
and treated by CAP, before adhesive application. The SE group was treated by CAP before the adhesive
placement. The control groups underwent the same process omitting the CAP phase. NLSM was used
to image the morphology of hybrid layers.

The results demonstrated that the CAP causes the removal of the smear layer and opens the tubules.
The tubules are not only more open but changed by CAP regarding their surface properties so that the
permeation of the adhesive is highly favored. Compared to the control groups of around 20-30 um
hybrid layers, the length of resin tags in the CAP treated ER group was measured to even up to 600 pum,
and in the CAP-treated SE group they were extended up to 100 pm.

CAP treatment of dentin drastically changes the morphology of the hybrid layer and the extension of
resin tags. There is a need for additional analysis in the field to examine the influence of these changes
on the quality of the dentin-adhesive interface.

Acknowledgment: Supported by the Ministry of Education, Science and Technological Development
of Republic of Serbia (under contract No. NIO 200114 and No. 451-03-68/2021-14/200024), Project
HEMMAGINERO, No. 6066079 from Program PROMIS, Science Fund of the Republic of Serbia and
by the program “Start up for science. Explore. Make a change.", Funded by Leadership Development
Center, Phillip Morris for Serbia, 2019.
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Mass spectrometry and ICCD imaging of atmospheric pressure plasma jet
with spiral electrodes

N. Selakovié*!, D. Maleti¢! 2, G. Malovi¢', Z. Lj. Petrovié’
1. Institute of Physics Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2. Institute of Physics, Bijenicka 46, 10000 Zagreb, Croatia
3. Serbian Academy of Sciences and Arts, Kneza Mihaila 35, 11000 Belgrade Serbia

Here we use spiral electrodes for generating an atmospheric pressure plasma jet APPJ. Their geometry allows the
formation of discharges along relatively large source lengths [1]. We use ICCD fast imaging and mass spectrometry
to observe discharge propagation as well to determine the chemical composition [2]. A possible application of this
type of non-thermal plasma could be in medicine for sterilization of catheters and infusion hoses [3].

In this study, the source that we used was made of a 30 cm long glass tube around which two copper wires were
wrapped into a spiral. These two wires did not touch at any point and were set at approximately equal distances
of about 10 mm compared to each other. We used 4 slm of helium as a feeding gas during all experiment. One
of the wires was powered with sine wave at 70 kHz excitation frequency and the other one was grounded. The
applied voltage was generated using signal generator. The signal was amplified with custom made amplifier and
transformer before it was applied to the powered electrode. We have used high voltage probe in order to measure
the high voltage. The oscilloscope was used to capture signals of current and voltage in order to calculate power
delivered to the discharge [4].

A molecular beam mass spectrometer MBMS (HIDEN HPR60) was used to detect neutrals, positive and neg-
ative ions mass spectra derived from APPJ discharge. In Fig. 1 one can notice a rich spectrum of negative ions
obtained in APPJ’s plume dominated by oxygen species such as O, OH", O™ and O3". Also, water clusters
O -(H,O)n and OH -(H,O)n can be observed. ICCD and electrical measurement results showed the appearance
of a pulsed streamer at the maximum of the positive half-cycle of the voltage signal. In addition, we could no-
tice the appearance of discharge within the glass tube which was following powered electrode during the negative
half-cycle and grounded electrode during the positive half-cycle.

Fig. 1: Negative ions mass spectra 0-100 amu (15 mm distance between APPJ and MBMS, applied voltage 8.0
kV, helium flow rate 4 slm)

Mass spectrometry results showed similar concentrations of positive and negative ions for the same experimen-
tal conditions dominated by oxygen and nitrogen species. No water clusters were observed for positive ions. The
ICCD acquisition provided insight into the propagation of discharge within the glass tube as well as within the
plume which propagates in ambient room.
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MASS SPECTROMETRY OF PLASMA JET AND APPLICATION OF
ELECTRICAL DISCHARGES OPERATING AT ATMOSPHERIC
PRESSURE IN BIOMEDICINE

N. SELAKOVIC!, D. MALETIC', N. PUAC', G. MALOVIC' and
Z.LJ. PETROVIC?

Unstitute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade,
Serbia
E-mail nele@ipb.ac.rs

2Serbian Academy of Sciences and Arts, Kneza Mihaila 35, 11000 Belgrade, Serbia

Abstract. In the last few decades, the study of plasma jets has been the focus of interest for
a large number of scientists especially because of its potential application in biomedicine.
The physical phenomenon that characterizes plasma jets is the appearance of a "pulsed
atmospheric pressure streamer" (PAPS), a fast ionization front that cannot be detected by a
human eye, but its observation is enabled by the use of high-speed ICCD cameras. In order
to integrate this type of plasma into biomedical applications it is necessary to perform
analysis of the electrical discharge’s behavior and its composition. In this work, we present
mass spectrometry of three different atmospheric pressure plasma sources (plasma jet,
multijet plasma device and dielectric coplanar surface barrier discharge). The results show
different mass spectra of neutral, positive and negative ions whose composition and
concentration significantly depend on the geometry of the source and the applied
parameters: the power delivered to the plasma, the type of working gas and flow rate,
humidity, etc. This diagnostic method gave us an insight into the dominant reactive species
of oxygen and nitrogen, the so-called RONS, which play a crucial role in biomedical
applications. In addition, we have used plasma needle, the atmospheric pressure plasma
source, in treatments of bacteria, plant stem cells and cancer cells. and discussed numerous
effects obtained by treatment.
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PHYSICS OF NON-EQUILIBRIUM COLLISIONAL PLASMAS: KINETIC
PHENOMENA AND THEIR EFFECT ON REAL-WORLD APPLICATIONS

Z.Lj. Petrovi¢'?, D. Mari¢3, S. Dujko?, N. Selakovié?, J. Marjanovié?, J. Atié?,
D. Bosnjakovi¢?, I. Simonovié?

'Serbian Academy for Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia
2School of Engineering, Ulster University, Jordanstown, Co. Antrim BT37 0QB, UK
JInstitute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

Low-temperature plasmas have been the basis of a wide range of applications. While thermal
plasmas have been the basis of a number of productive and wide-spread applications in the last
150 years, non-equilibrium low-temperature plasmas have become the front of development of
the new generations of high-tech applications ranging from nano electronics, micro light sources,
to medical plasma applications. The basis of most applications is to employ some set of circum-
stances that produce a non-equilibrium distribution of plasma constituents favoring specific ac-
tions. Such situations may be named kinetic phenomena that have been defined in the physics of
non-equilibrium plasmas as the manifestation of their non-equilibrium nature. In this talk, we
shall illustrate how several kinetic phenomena may be explained and, based on those explana-

tions, may be optimized and controlled. We shall illustrate the close coupling of fundamental

research with subsequent development of new technologies by discussing:

-the reactive ion and fast neutral etching in nano electronics;

-control of the electron energy distribution function by selecting gas mixtures components and

the resulting plasma chemical kinetics;

-optimization of gas dielectrics and gas breakdown conditions;

-modelling of positron emission tomography;

-plasma medical applications and applications in agriculture.
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Comparison of Two Atmospheric Pressure Plasma Sources for Eradication of
Methicillin-resistant Staphylococcus aureus Biofilm
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Abstract

Non-thermal (cold) Atmospheric Pressure Plasmas (APPs) are known to be an efficient tool for various
biomedical applications (wound healing, blood coagulation, as a tool in cancer therapy, in stomatology etc.).
One of the most widespread application is in inhibition and eradication of bacteria. Here APPs, with its rich
chemistry full of Reactive Oxygen and Nitrogen Species (RONS), play an important role, especially in case
of strains resistant to antibiotics. Eradication of methicillin-resistant Staphylococcus Aureus (MRSA) still
presents a challenging task for modern medicine. Due to rapidly evolving mechanisms of resistance MRSA
usually skips multimodal antibiotic therapies making it a perfect candidate for novel approach that APPs can
offer. The effects of APPs depend on variety of different parameters such as geometry of the plasma source,
power deposited to the plasma, exposure time etc. This makes the comparison between different systems
highly inconvenient and difficult. We have used two APPs for treatment of MRSA biofilm in order to estimate
their efficiency and to identify the most important plasma parameter(s) that can serve as a reference for
comparison between plasma sources. Plasma needle operates at atmospheric pressure and it is powered by a
sine wave signal @13.56 MHz. In all experiments the working gas was helium and it was kept at 1 slm. For
the plasma needle treatments we have varied three experimental parameters: power (2 and 2.5 W), distance
from the tip of the plasma source and the surface of the sample (2, 4 and 6 mm) and exposure time (30, 60,
90 and 180 s). In case of atmospheric pressure plasma jet (APPJ) we have used Dielectric Barrier Discharge
(DBD) APPJ with two copper electrodes wrapped around the glass tube. The width of the electrodes was
15 mm with 15 mm gap between them. As with plasma needle the working gas was helium with flows of 1
slm and 2 slm. The distance from the samples was 10 mm and treatment times 15 s, 1 min, 2 min, 5 min, 10
min and 15 min. Both plasma sources successfully reduced the viability of bacteria with the increase of the
treatment time. Plasma needle was more efficient due to the fact that it reduced the viability to 50% for
maximum 3 min while with DBD APPJ treatments needed to be longer than 5 min. The most important
parameters for reducing the viability of bacteria in both cases are power deposited to the plasma correlated
with treatment time. In case of inhibition zones the results show that with DBD APPJ we can obtain larger
zones without bacteria of up to 14 mm compared to maximum of 9 mm obtained for plasma needle. Again,
DBD APPJ demands much longer treatment times (15 min) to achieve inhibition zones that are significantly
larger than the diameter of the glass tube (6 mm).

This research was supported by the Science Fund of the Republic of Serbia, 7739780, Atmospheric pressure
plasmas operating in wide frequency range —a new tool for production of biologically relevant reactive species
for applications in biomedicine - APPerTAin-BIOM.
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Treatment of Burkholderia cepacia biofilm by atmospheric pressure plasma jet
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Abstract

Due to its rich chemistry plasma sources are in the last decade deemed as potential novel tool for biomedical
applications such as wound healing, cancer therapy and antimicrobial activity. APPJs are simple in
construction, easy to use, need low power during treatments and at the same time are rich in Reactive Oxygen
and Nitrogen Species (RONS) that are responsible for the plasma efficiency in all these applications [1-2].
One of the challenges that APPJs face is inhibition and eradication of bacteria that already formed a biofilm.
Here we will present the results of APPJ treatment of Burkholderia cepacia biofilm. B. cepacia is an
opportunistic pathogen causing serious respiratory infections in patients with underlying illnesses, primarily
cystic fibrosis (CF), and healthcare-associated infections. Biofilm formation is among the virulence traits
contributing to pathogenesis of the infections, while the major host-related risk factor is the use of indwelling
medical devices [3]. The B. cepacia strain used in the study was recovered from a respiratory CF sample and
identified as a strong biofilm- producer. The APPJ used in this research operates at atmospheric pressure with
helium as a working gas. In experiments gas flows were 1 slm and 2 slm. It consists of a Pyrex glass tube (1.
D. 4 mm and O. D. 6 mm) and two transparent electrodes. Both electrodes were 15 mm wide and the gap
between them was 15 mm. The position of the powered electrode relative to the jet nozzle (edge of the glass
tube) was also 15 mm. The power supply of APPJ was a high voltage power supply based on the TDA7293
chip and high voltage transformer. To generate plasma jet we have used sine wave with operating frequency
at 80 kHz and the applied voltage was adjusted between 6 kVpp and 8 kVpp. For the APPJ treatment, we
used constant distance of 10 mm from the jet nozzle to the surface of the sample. The exposure times were 1
min, 5 min and 10 min. The power was kept constant at 4 W in all treatments. As samples we have used 24
hour old biofilm of B. cepacia. After the plasma treatments we have evaluated the biofilm biomass and
viability by the crystal violet assay and the MTT assay, respectively. Both the biomass and viability of the
bacteria in biofilm reduced with the increase of the treatment time and with the increase of the working gas
flow, but no complete eradication was achieved. This can be correlated with the concentration of the RONS
delivered to the bacteria forming the biofilm [4]. The maximum viability reduction was 50% due to the fact
that bacteria positioned in biofilm matrix at lower layers were shielded from direct contact with RONS.

This research was supported by the Science Fund of the Republic of Serbia, 7739780, Atmospheric pressure
plasmas operating in wide frequency range — a new tool for production of biologically relevant reactive
species for applications in biomedicine - APPerTAin-BIOM.
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Mass Spectrometry Analysis of Positive Ion Composition in APPJ

P12
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With facing the difficulties in global food security, plasma agriculture provides
promise for a sustainable and environmentally friendly farming techniques by utilizing
the special characteristics of plasma chemistry, such as the ability to generate reactive
species and modify surfaces [1]. Since mass spectrometry (MS) has such high sensitivity
and specificity in identifying reactive species, it is one of the best methods for figuring
out the complex chemical composition of plasma. In this study, we conducted mass
spectrometry measurements of an atmospheric pressure plasma jet (APPJ) with
transparent electrodes [2], where we introduced less than 1% water vapor into the
working gas (helium in our case) by using a water bubbler.

: . . : . . . ‘ . . :
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Fig. 1. Positive ions mass spectra of APP]

In Figure 1, we observe the rich spectrum of positive ions with added water vapor,
wherein H O, N*, O,7, N* and O* emerge as the dominant species. The ions derived
from helium such as He*, HeH* and He,* are diminished due to water vapor influence.
Experiment showed that minor variations in water vapor content within the working
gas led to significant alterations in mass spectra. This has demonstrated MS potential
to be of immense significance in tailoring the desired chemical composition of plasma,
thereby offering substantial benefits for treatments in agriculture.

Acknowledgment: This work was supported by MSTDI Republic of Serbia grant number 451-
03-68/2023-14/200024. Z. Lj. P. is grateful to the SANU Project F155 for partial support.
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Mass spectrometry measurements of the capillary single electrode helium
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Plasma jets are simple in construction, but with unique and complex physical and chemical properties
that have been in focus of extensive research in the last two decades. These nontermal plasma jets
produce complex mixture of reactive species such as ions, radicals, electrons and RONS (reactive
oxygen and nitrogen species) and have the potential to revolutionize material processing, biomedicine,
agriculture and gas conversion. For example, plasma jets such as micro plasma jet, can be used to etch
or deposit thin films on surfaces with high precision, making them useful in the manufacture of
microelectronic devices. In biomedicine, plasma jets have been shown to have a range of therapeutic
effects, including the ability to kill bacteria and promote wound healing [1]. Plasma jets are streams of
highly ionized gas that are generated by an electric discharge. They typically consist of a plasma plume
surrounded by a sheath of neutral gas. The electrons can reach high energies while ions and neutral
molecules are close to room temperature. Low gas discharge temperatures are crucial in treatment of
the thermo sensitive samples such as biological and polymer materials. Some of the recent applications
are in production of plasma activated water (PAW) that has been used in sterilization of bacteria and in
agriculture to promote plant growth [2]. Many different methods have been used for diagnostics of
plasma jets such as optical emission spectroscopy, ICCD imaging, ultra fast imaging, electrical
measuremts, mass spectrometry, laser diagnostics [3, 4, 5].

Here, we report mass spectrometry of atmospheric pressure plasma jet. The body of the jet is made
of Teflon, the glass capillary (inner diameter of 1 mm and outer diameter 1.5 mm) and electrode copper
wire (100 um), see Fig. 1. The working gas was helium at a constant flow rate of 2 slm. The distance
from the mass spectrometer HPR-60 was 15 mm in all measurements. We measure the current and
voltage signals at the plasma jet electrode, while changing the output power of the high voltage power

1. Electrode

2. Glass capillary
3. Gas connector
4. Plasma jet body
5. HV connector

Fig. 1: Plasma jet

supply. Mass spectrometer was used to measure the neutrals and ions present in the plasma jet plume.
Before each measurement we record ion energy distribution for the most abundant ion present in plasma
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N," to confirm that the discharge is not entering the mass spectrometer. The maximum of the ion energy
distribution should be below 5 eV and there should be no additional maxima at higher energies (not
shown here).

In figure 2 we presented the yields for the positive ion mass spectra (SIMS+ mode) for the 5.7 Vpp
and feeding gas flow rate of 2 slm. From the graph we can see that the plasma jet plume is rich with ion
species that are needed in treatment of surfaces for cleaning or sterilization.

100 T T T T T
B vied
* water clusters
10 5
] N
S,
s
= 1s He*
HeH*
0.1+
] NH+
HeJ
0.01 -/ 1 T .
0 10 20 30 40 50 60 70

Mass [m/z]

Fig. 2: Yields of the positive ions formed in plasma jet, 5.7 KVpp, 2 sIm

In Figure 2 one can see mass spectrum of positive ions where the most abundant species are oxygen
and nitrogen. The species formed by ionization of the working gas such as He*, HeH" and He," are also
significant.

Humidity in atmosphere influences production of OH*, H,O", H;O" and appearance of water clusters
H'( H20)n, which are shown in the image with an asterisk. The rich spectrum of positive ions obtained
from the plasma jet indicates its potential application. The mass spectrometer technique itself is a
powerful tool for monitoring and designing the spectrum itself.

Acknowledgment: This work was supported by MSTDI Republic of Serbia grant number 451-03-
68/2023-14/200024. Z. Lj. P. is grateful to the SANU Project F155 for partial support. This work was
supported by the project Adaptation of vegetables to new agrometeorological conditions in Slavonia
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The potential use of cold atmospheric pressure plasma sources has emerged in recent decades in
number of fields, including metalurgy, agriculture, biology, medicine, and more. The use of atmospheric
pressure plasma jet (APPJ) with spiral electrodes introduces an interesting approach to plasma
generation, offering increased source length and extention of potential applications in medicine [1]. In
this study, we explore the experimental setup and diagnostic techniques employed to characterize the
APPJ and its chemical composition. Our focus lies on the potential application of non-thermal plasma
in sterilization, particularly in sterilizing catheters and infusion hoses [2]. By utilizing spiral electrodes
wrapped around a glass tube, we aim to harness the benefits of APPJ for practical applications, while
also gaining insights into discharge dynamics and chemical composition through diagnostic techniques
such as time resolved ICCD imaging and mass spectrometry [3].

The experimental setup (shown in Fig. 1) consisted of a 30 cm long glass tube wrapped with two
isolated copper wires arranged in a spiral configuration (10 mm interelectrode gap), ensuring no contact
between them. One wire was powered by a sine wave at 70 kHz excitation frequency and the second
wire served as grounded electrode. A signal generator was used to provide a sine voltage of few volts,
which was then amplified to the range of kV and applied to the powered electrode. A high voltage probe
and oscilloscope were employed to measure voltage and current signals, enabling the calculation of
power delivered to the discharge. Helium gas was used as the feeding gas at a rate of 4 slm The discharge
appeared inside the glass tube as the ionization front that followed closely the shape of electrodes and
then propagated as a plume a few centimeters outside the glass tube.

Signal
generator

70 kHz Output A 1
Transformer &

Amplifier Osciloscope H— PC

A 4

e - ~ [
Y
Voltage
probe
IccD |
canon Resistor
101 KQ Voltage > TTL

"5 probe comparator
= =4
t A s — | T

TTL

Fig. 1: Experimental setup of APPJ with spiral electrodes
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We have performed time resolved ICCD imaging for various applied voltages and used these images
to determine the velocity of PAPS (Pulsed Atmospheric Plasma Streamer). A frame of the temporal
evolution captured by the ICCD camera is shown in Fig. 2, where the occurrence of PAPS (Pulsed
Atmospheric Plasma Streamer) is displayed for the highest voltage value. This demonstrates that the
discharge is not continuous but rather it consisted of plasma packages traveling at a velocity far faster
than the working gas flow.

Voltage [kV]
Current [mA]

0
Time (us)

Fig 2.: Time-resolved ICCD frame synced with V-I signals

The positive ion mass spectrum acquired by the Hiden HPR60 MBMS mass spectrometer is shown
in Figure 3. The predominant ions of N*, O*, N*, O*, H.O", H3O", He*and HeH" were produced by
ionization in a combination of the working gas with atomic and molecular species from the surrounding
air, humidity and atmospheric impurities.

Additionally, oxygen species like O°, OH", O2, and Oz dominate the mass spectra of negative ions
that we have obtained (spectra not shown here). Observations of the O -(H.0), and OH"-(H20),
indicated a potential for water cluster chemistry in the APPJ plume.
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Fig 3.: Positive ions mass spectra

The rich spectrum of positive and negative ions produced in APPJ with spiral electrodes makes this
source of non-thermal plasma interesting for potential application in sterilization of long tubes. The
appearance of the discharge outside of the glass tube expands the potential application to the other area
of interest such as medicine, biotechnologies, agriculture, and more.

Acknowledgment: This work was supported by MSTDI Republic of Serbia grant number 451-03-68/2023-
14/200024. Z. L. P. is grateful to the SANU Project F155 for partial support. This work was by the Science Fund
of the Republic of Serbia, 7739780, Atmospheric pressure plasmas operating in wide frequency range — a new
tool for production of biologically relevant reactive species for applications in biomedicine - APPerTAin-BIOM.
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Mass spectrometry of plasma reactive species produced by a
surface DBD source

N. Skoro?, N. Selakovi¢'and N. Puag!

Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

In this study a Molecular Beam Mass Spectrometer was used to investigate production of reactive species
by a DBD source. The source was operated at different powers and frequencies, in air and gas mixtures and
measurements were conducted at different distances from the electrode. The analysis revealed dependence
of concentrations of reactive species on operating parameters of the discharge.

1 Introduction

As non-thermal plasmas at atmospheric pressure
can be generated in ambient air or gas mixture, they
have been studied extensively for different
applications,  including  recently  established
applications in agrifood field [1]. Dielectric barrier
discharge (DBD) sources are particularly convenient,
with respect to other atmospheric pressure sources, as
they can create large effective surfaces of active
plasma region. So, plasma treatments with DBD
source can be utilized for effective decontamination
of molds, mycotoxins and other pathogens from food
products [2]. In these processes ratio between
concentrations of reactive short-lived and long-lived
species plays a key role. Formation of reactive species
depends on several parameters, e.g. input power,
driving signal frequency, gas mixture etc. Mass
spectrometry is a plasma diagnostic technique that
can provide immediate information on created neutral
and ionic species in the interaction volume which
presents a crucial input parameter for studying
interaction  processes and revealing plasma
mechanisms in plasma treatment [3].

2 Experimental setup

In this study mass spectrometry was used to
investigate production of reactive species by a DBD
source. The source was operated at different powers
and frequencies, in air and gas mixtures and
measurements were conducted at different distances
from the electrode. The analysis of reactive species
was performed using HIDEN Molecular Beam Mass
Spectrometer (MBMS) HPRG60 device.

For detection of neutral reactive species, the
Residual Gas Analyzer (RGA) mode of the MBMS
was employed in two operational ways. In the MID
scan mode, a real-time monitoring of radical
evolution under both active and inactive discharge
conditions was performed. A shutter in the inner side
of the sampling orifice (SL) allowed to measure the
sum of foreground and backgound (SL open) and the
background signal (SL closed).

3 Results and conclusion

In Fig.1 we show measurement of O
concentration at 2 distances from the source. There is
a significant peak at the moment of plasma inception
(6 minutes after start of the recording) when there was
a gradual increase in input voltage from 0 V to 200 V.

10°4——— . £ 10°
oV 200V | f
3
10° = 10°
1 SL closed SL ope SL ope 1
close open open
10° P P —+10°
i
10? = 107
10t +—HH———t— 10
0 3 6 9

Figure 1. O3 time evolution in case of plasma off (0 V)
and on (200 V) conditions for different distances (6 mm
and 36 mm) from the plasma source to the mass
spectrometer sampling orifice.

This behaviour suggests that ozone formation is
initially enhanced at lower plasma power, while
increasing voltage up to 200 V leads to a stabilization

effect.
Acknowledgments: This work was supported by the MSTDI
Republic of Serbia grant no. 451-03-66/2024-03/200024.

References

[1] Bilea, F. et al. Non-Thermal Plasma as
Environmentally-Friendly Technology for
Agriculture: A Review and Roadmap. Ciritical
Reviews in Plant Sciences 43, 428-486 (2024).

[2] Jani¢ Hajnal, E. et al. Effect of Atmospheric Cold
Plasma Treatments on Reduction of Alternaria
Toxins Content in Wheat Flour. Toxins 11, 704
(2019).

[3] Maleti¢, D. et al. Detection of atomic oxygen and
nitrogen created in a radio-frequency-driven micro-
scale atmospheric pressure plasma jet using mass
spectrometry. Plasma Phys. Control. Fusion 54,
124046 (2012).

126



XXXVI ICPIG, July 20-25, 2025, Aix-en-Provence, France

Tu-54

Topic number 11

Investigation of reactive species formation in surface dielectric
barrier discharge with liquid electrodes
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This study focuses on the characterization and quantification of reactive species produced by cold plasma
generated using liquid electrodes in a surface dielectric barrier discharge system. By varying experimental
conditions, the production of reactive oxygen and nitrogen species in both gas and liquid phases was
systematically analysed. Several analytical techniques were employed to assess the chemical composition

of the plasma-treated medium.
1 General

The typical surface dielectric barrier discharge
(SDBD) systems, produce plasma along a thin
dielectric layer and are not capable of direct
interaction with liquids. This limitation restricts the
formation of short-lived, highly reactive species,
such as hydroxyl (-OH) and oxide (-O) radicals and
their transport to liquids. To overcome this
challenge, we use a liquid electrode SDBD system,
where plasma is ignited directly from the liquid
surface [1,2]. This approach significantly enhances
plasma-liquid interactions, making the system more
versatile for applications such as water activation,
material surface treatment, and biomedical
sterilization.

Liquids that are plasma-treated and contain a
mixture of various reactive oxygen and nitrogen
species (RONS) are typically referred to as plasma-
activated liquids (PAL). Key reactive species such
as -OH, 03 , NO, NO, , and H,0, play crucial roles
in plasma-driven surface modifications and
decontamination processes [3,4]. The interaction of
these species with target surfaces during plasma
treatment significantly influences the reaction
pathways and outcomes.

This study presents an investigation of the
electrical discharge properties of a cold plasma that
is created using liquid electrodes. The chemical
species that are created during the discharge and
subsequently transferred into the liquid are
systematically characterized and quantified.

To characterize the reactive species formed in the
gas phase, Fourier-transform infrared (FTIR)
spectroscopy was used to quantify gas-phase
species, such as NO, NO, , N, O, and Os . The
concentration of nitrogen-containing species showed
fluctuations with increased discharge power,
peaking at approximately 50 ppm. Meanwhile, O

concentrations reached up to 150 ppm, varying
based on reactor type and discharge power.

In addition, the analysis of these species, as well
as the detailed composition of the plasma were
studied by using mass spectroscopy. The spatial
evolution of Oz within the liquid phase was further
analyzed using in-situ UV-VIS spectroscopy.

In parallel, absorption spectroscopy was
employed to quantify key plasma-induced species in
the plasma-treated liquid, with concentrations
measured in the mM range.
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The Division of Plasma Physics of the Association of Asia Pacific Physics Societies (AAPPS-DPP) has been successfully organizing annual conferences
on plasma physics in the Asia Pacific region for the past 8 years. The 1* Asia-Pacific Conference on Plasma Physics (AAPPS-DPP2017) was held during
September 18-23, 2017 in Chengdu, China (http://aappsdpp.org/DPP2017rogramlatest/index.html) followed by AAPPS-DPP2018 during November 12-17,
2018 in Kanazawa, Japan (http:/aappsdpp.org/DPP2018/index.html), and AAPPS-DPP2019 during November 4-8, 2019 in Hefei, China
(http://aappsdpp.org/DPP2019/index.html). The subsequent three conferences AAPPS-DPP2020 (http://aappsdpp.org/DPP2020/index.html), AAPPS-DPP2021
(http://aappsdpp.org/DPP2021/index.html) and AAPPS-DPP2022 (http://aaj .org/DPP2022/index.html) were held as online conferences using the Zoom
platform. We returned to an in-person format in the 7" Asia-Pacific Conference on Plasma Physics (AAPPS-DPP2023) which was held from Nov. 12-17, 2023
in Port Messe Nagoya, Japan (https:/www.aappsdpp.org/DPP2023/index.html ). 8" Asia-Pacific Conference on Plasma Physics (AAPPS-DPP2024) was held
in Grand Swiss-Bel Hotel, Malacca, Malaysia during Nov. 3-8, 2024, co-organized by Malaysian Institute of Physics (MIP)
(https://www.aappsdpp.org/DPP2024/index. html).

[1] Scope of the AAPPS-DPP2025:

AAPPS-DPP2025 is a plasma physics conference under the authority of AAPPS-DPP for scientific discussions on plasma physics. This conference

provides interdisciplinary and in-depth discussions among and in various fields of plasma physics and applications.
[2] Organization:
AAPPS-DPP (http://aappsdpp.org/AAPPSDPPF/) is organizing body of this conference. K'yushu Universit
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Senior Vice President of Kyushu U.

Masaharu Shiratani

is co-organizer.
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AAPPS-DPP CEO
& 2025 General PC chair
Mitsuru Kikuchi

AAPPS-DPP chair
&2025 10C chair
Rajdeep S Rawat

[3] Program Overview

Conference run from Sunday to Friday. We have A. Hasegawa memorial session on Sunday, who is Maxwell and Alfven prize winner as well as DPP’s
I-HAC member. Due to large number of talks, F, Al and A2 topical session starts from Sunday. We have reception on Sunday 15:00-17:00. Monday to Friday
are standard conference days where morning sessions are plenary talks dedicated for interdisciplinary discussion and in-depth discussion in specific fields in
the afternoon session.
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[9] Scientific Program

9.1 Scientific Program
9™ Asia-Pacific conference on Plasma Physics will cover following sub-disciplines of plasma physics.

1.  CD :Cross-disciplinary (Focused Topics related turbulence and structure formation) :PC chair ;Patrick Diamond
2. F  :Fundamental disciplines in plasma physics :PC chair ; Fulvio Zonca

3. Bl :Plasma Simulation, Diagnostics and Data Science :PC chair ; T-H Watanabe

4. B2 :Quantum/Dusty plasma, Plasma Source, Basic Experiments, A&M :PC chair ; Yan Feng

5. Al :Plasma Materials and Processing :PC chair ; Se Young Moon
6. A2 :Plasma Life Science :PC chair ; Masafumi Jinno
7. L1 :ICF, HEDS, Laboratory Astro Physics :PC chair ; Yasuhiko Sentoku
8. L2 :LWFA/PWFA, Photon beam Science :PC chair ; Min Chen

9. SG : Space plasma & Geomagnetism : PC chair ;Yoshiharu Omura
10. SA :Solar &Astro plasma : PC chair ;Peng-Fei Chen

11. MFI : Magnetic Fusion plasma (Core) : PC chair ;Zheng-Xiong Wang
12.  MF2 : Magnetic Fusion plasma (Edge) : PC chair ; Young-chul Ghim

CD(Cross-Disciplinary) covers cross-disciplinary focused topics related to turbulence and structure formation

F(Fundamental disciplines in plasma physics) covers 1. Mathematical plasma physics, 2. MHD and Reconnection, 3. Kinetic MHD, 4. Plasma turbulence, 5.
Gyro kinetics, 6. Collisional transport, 7. Turbulent transport, 8. Phase space dynamics, 9. Relativistic plasma physic

B1 (Basic 1) covers 1. Plasma simulation and computational method, 2. Plasma diagnostics and techniques, 3. Data Science

B2 (Basic 2) covers 1. Quantum and Dusty plasmas, 2. Plasma Sources, 3. Basic experiments and emerging topics, 4. Atomic& Molecular physics in plasma,
Al (Applied 1) covers Plasma Materials and Processing

A2 (Applied 2) covers Plasma Life Science

L1 (Laser 1) covers Inertial Confinement Fusion, High Energy Density Science, and Laboratory Astro Physics

L2 (Laser 2) covers Laser and plasma wakefield acceleration, and Photon beam Science

SG(Space&Geomagnetism) covers space and geomagnetic plasma physics program covers

SA(Solar/Astro) covers solar plasma physics and astro plasma physics

MF1 (Magnetic fusion (Core)) covers magnetic confinement fusion plasma (core)

MF?2 (Magnetic fusion (Edge)) covers magnetic confinement fusion plasma, edge, SOL, divertor and PMI)

9.2 Satellite Meeting : symposium, mini-workshops

There are several symposiums, mini-workshops, special sessions.
1.  Akira Hasegawa memorial symposium

Our distinguished professor Akira Hasegawa (I-HAC member) passed on June 22. Zensho Yoshida (U. Tokyo) and Liu Chen (UCIL, JZU, Acad. Sinica)
are organizing memorial symposium on his scientific achievements such as Kinetic Alfven wave, Hasegawa-Mima equation, Dipole plasma confinement,
Self-organization and formation of thermal barrier (Hasegawa-Wakatani equation), Optical Soliton.

2.  Special Session in honor of 2024 S. Chandrasekhar Prize Laureate Pisin Chen

In Laser plasma sessions (L2), special session on Prof. Pisin Chen’s scientific achievements on Plasma Wakefield Acceleration and Laboratory Astro
Plasma Physics will be organized by Pisin Chen.

3. K. Mima Memorial Session

Memorial session (L1-4) will honor the scientific achievements and legacy of Prof. Kunioki Mima, who was a great academic in the field of theoretical
and computational plasma physics. Organizers are Y. Kishimoto and N. Iwata.

4.  Mini Workshop on Woman in Plasma Physics

Mini Workshop for Women in Plasma Physics (WIPP) started from AAPPS-DPP2023 and continued to AAPPS-DPP2024. 2025 WIPP WS will be held
13:05-14:05 on Monday 22" and Tuesday 23th of September 2025. Organizers are Anisa Qamar and A.B. Murphy.

5. Mini Symposium: Advancements in Hydrogen-Boron Fusion

This symposium covers the landscape of hydrogen-boron research with both magnetic confinement and laser-driven approaches. Organizers are Dimitri
Batani and Martin Peng.

6. EPS-AAPPS joint session
L1-5 session is EPS-AAPPS session organized by Dimitri Batani to strengthen this cooperation.

Plenary talks: Morning sessions will be plenary talks with 30 minutes long including Q&A. Plenary speakers should gave short general introduction in the
beginning and should not use Jargon in your sub-field since the audience is not expert in your sub-field.
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A1-6 plasma processing and simulation/diagnostics [Chair: Peter Bruggeman] 14:00-16:20, Sep. 24 [402+403]

A1-6-I1 Kai Zhao(Dalian university of technology)

20min Parameter dependences of charged particle dynamics and electron power absorption mode in dual-frequency
capacitively coupled argon discharges

A1-6-12||Bocong Zheng(Beijing Institute of Technology)

20min |[Transport analysis in capacitively coupled plasmas

A1-6-13||Masaya Shigeta(Tohoku University)

20min |[The Difficulty and Charm of Computational Plasma Fluid Mechanics

A1-6.14 Ho Jun Kim(Hanyang University)

20min Analysis of stagnation point flow within an inductively coupled plasma reactor for the enhancement of deposition
methodologies

A1-6-15||Sanghoo Park(Korea Advanced Institute of Science and Technology (KAIST))

20min ||Practical issues in tomographic reconstruction of semiconductor processing plasmas

A1-6-16||Haruka Suzuki(Nagoya University)

20min |[Reconstruction of three-dimensional structure of plasma emission using multi-directional imaging

A1-7 Plasma catalyist/surface interaction [Chair: Ho Jun Kim | 16:20-18:50, Sep. 24 [402+403]

A1-7-11 ||Sirui Li(Eindhoven University of TEchnology)

20min ||Integrated Process for Carbon Valorization Using Plasma-Sorbent Systems

A1-7-12 ||Peter Bruggeman(University of Minnesota)

20min ||Plasma Interactions at the Interface with Liquids, Nanoparticles and Catalytic Surfaces

AL-7-I3 Liguang Dou(Institute of Electrical Engineering, Chinese Academy of Sciences)

>0min Synergistic promotion of vibrant H radicals and targeted Cu/MgAIO interface for CO2 hydrogenation by
non-thermal plasma

Al-7-14 Zheng Yang(School of Physics, Dalian University of Technology)

20min High efficiency NOx synthesis and regulation using dielectric barrier discharge in the needle array packed bed
reactor

A1-7-O1||Pedro Viegas(Instituto Superior Técnico - Universidade de Lisboa)

15min ||Oxygen loss frequency and recombination probability in oxygen-containing plasmas

A1-7-02 Monika Verma(Delhi Technological University)

15min Effect of Plasma Process Parameters on the Electrical Characteristics of Dual-Gate Graphene Field-Effect
Transistors

A1-7-03 Abhijit Mishra(Indian Institute of Technology Jodhpur)

L 5min Variations in Discharge Characteristics of Bipolar Pulsed Cold Atmospheric Plasma Jets Induced by Liquid

Conductivity

A1-9 Plasma catalyist/Liquid interaction [Chair: Yangyang Fu] 16:20-18:50, Sep. 25 [402+403]

Al1-9-11
20min

Hang Wang(Institute of Electrical Engineering Chinese Academy of Sciences)
Microsecond pulse discharge in oil: electrohydraulic effect, gas generation and mechanics

Al1-9-12
20min

Quan-Zhi Zhang(Dalian University of Technolgoy)
Plasma streamer propagation dynamics in gas phase DBD, catalyst pores and SDBD

A1-9-13
20min

Nikola Skoro(Institute of Physics Belgrade)
Measurement of reactive species in atmospheric pressure plasma systems used for creation of plasma activated liquids

Al1-9-14
20min

Susumu Toko(University of Osaka)
Sorption enhanced methanation with plasma catalysis using various types of zeolites

A1-9-15
20min

Keigo Takeda(Meijo University)
Surface reactions of reactive species in low temperature plasma

A1-9-O1

Shikha Pandey(Indian Institute of Technology Jodhpur)

15min

Environmental Friendly Wastewater Treatment through Non-Thermal Plasma: Mechanistic Insights into Dye Degradation

A1-9-O2

15min

Chun Li(Beijing University of Chemical Technology)
Atmospheric Pressure Air Plasma for Efficient Degradation of Aging-related Body Odors

A1-10 Thermal plasma/Nano-energy material [Chair: Sanghoo Park] 16:20-18:50, Sep. 25 [404]

A1-10-I1 ||Xiaolei Fan(The University of Manchester)

20min

On the role of sheath layer in nonthermal plasma catalysis
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Measurement of reactive species in atmospheric pressure plasma systems used
for creation of plasma activated liquids
Nikola Skoro!, Nenad Selakovi¢', Neda Babucié¢!, Desanka Topalovi¢!, Nevena Puag!
! Institute of Physics, University of Belgrade, Belgrade, Serbia
e-mail (speaker): nskoro@ipb.ac.rs

In recent years the topics of many different studies were

focused on investigating the ability of Cold Atmospheric
Plasma (CAP) treatments to produce Plasma Activated
Liquids (PAL) that can be further used in different
applications [1, 2]. During CAP treatments short-lived and
long-lived reactive species generated in the plasma
interact with the liquid target and after the treatment long-
lived species are deposited and preserved in the samples.
Physicochemical properties and concentrations of the
reactive species produced in PAL depend not only on type
of plasma source, type of discharge, but also significantly
on CAP operating parameters, liquid target properties,
amount of liquid etc. On the other side, for medical and
agricultural applications tailoring PAL properties presents
a crucial step as small charges in the RONS concentrations
may induce different effects to biological systems.
Therefore, an important step in investigation of plasma
reactivity used in these applications is to obtain the link
between plasma properties, concentrations of reactive
species in the plasma and those in the produced PAL.
To illustrate potential variations in PAL properties, in
Fig.1 we present results of measurements of Reactive
Oxygen and Nitrogen Species (RONS) after treatment by
using Microwave (MW) launcher with Ar as working gas.
The results showed that increasing the flow of Ar as the
working gas caused considerable differences in RONS
concentrations and the changes did not follow the same
trend during the flow increase.

Ar MW launcher

1 slm/50W
2 slm/40W
7 slm/50W

i

|

n
=]
1
1

Concentration (ppm)
S

: [ It

T T
H202 NO2- NO3-
RONS

Figure 1. Measurements of RONS concentrations in PAW
obtained from dH,O for 3 treatment conditions (the gas
flow and forwarded power). The treatment time was 10
minutes. Plasma was formed in Ar as working gas. Plasma
plume was touching the liquid surface.

In this work we aim to establish dependence between
reactive species measured in the plasma region and PALs
properties. We will present results of PAL creation by

using two types of plasma sources operating at
atmospheric pressure to treat water and cell medium —
MW launcher operating with Ar and Dielectric Barrier
Discharge (DBD) source operating with addition of He.
MW launcher was powered from a solid-state power
supply at 2.45GHz and operated with different gas flows.
The DBD source was operated at different powers and
frequencies in kHz range, in air and He gas mixtures.
Different plasma diagnostics was employed to obtain data
on reactive species in the plasma — optical emission
spectroscopy (OES) and mass spectrometry (MS). The
MS analysis of reactive species was performed using
HIDEN Molecular Beam Mass Spectrometer (MBMS)
HPR60 device that can sample directly from ambient
pressure. The device was employed in two operational
modes: scan of complete mass spectrum and MID scan
mode. In this mode, a real-time sensitive monitoring of
radical evolution under both active and inactive discharge
conditions was performed. To perform reliable
measurements of long-lived reactive species in PAL we
employed colorimetric methods in both water and cell
medium and measured pH after the treatment.

OES of the MW discharge provided the information on the
most prominent excited species formed: OH radical, N»,
N," and O atoms. Intensity of the emission lines was
changing with input power and the gas flow. MS of DBD
enabled to monitor production of NO, N,O, NO, and O3
depending on the operating conditions. We were able to
select the operating parameters that supported the more
intensive creation of Oz or NOy. Optical spectrometry
provided information on the most intensive emission of
excited species depending on the working gas.

In both systems we performed measurement of RONS
concentrations in PAL by employing different
colorimetric methods with respect to the liquid used. In
the case of the cell medium, the existing colour of the
liquid can prevent proper establishment of adsorbance and
hence determination of RONS concentrations. So, we
assessed the available colorimetric methods and selected
the most reliable for specific liquid.

Acknowledgement: MSTDI of Republic of Serbia grant
no. 451-03-68/2025-01/200024, and the Science Fund of
the Republic of Serbia, grant no. 7739780 - APPerTAin-
BIOM.
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Mass spectroscopy (MS) was used for detection of oxygen and nitrogen species produced by negative polarity
high pressure glow discharge (HPGD). Atomic O and N species as well as nitrogen oxides NO and NO: were
detected. It was not possible to detect ions generated in the discharge directly. As shown by chemical kinetic
model, concentration of negative ions is negligible in HPGD because of elevated temperature. Chemical kinetic
model was also used to study formation pathways of species detected by MS.

1. Introduction
Electrical discharges can generate chemically active non-equilibrium plasmas, where electrons have
significantly higher energy than ions and neutral particles. Among the many types of electrical
discharges, low-pressure glow discharges are one of the most common and fundamental, often used
for illumination [1]. While less common and well-known than their low-pressure counterparts, high
pressure glow discharges (HPGD) offer the possibility of removing organic pollutants from exhaust
gases [2]. Furthermore, their stability and efficiency in generating nitric oxide from air make them
useful for nitrogen fixation [3].
HPGD can be ignited between a high-voltage metal electrode and a water surface, with the second
electrode submerged [4]. This configuration, in combination with the generation of nitrogen oxides in
the gas phase, makes HPGD suitable for generating plasma-activated water [5].
Plasma-activated water (PAW) is water that has been exposed to plasma. This exposure infuses the
water with reactive oxygen and nitrogen species (RONS), such as hydrogen peroxide, nitrates, and
nitrites, which temporarily alter the water's chemical properties and make it useful in many
applicationsin food, agriculture, and biomedicine [6, 7]. These possibilities have made PAW a hot topic
in the low-temperature plasma community in recent years.
Despite many studies and obtained results, further researchis crucial fora better understanding of the
formation mechanisms of reactive species, such as nitrogen oxides, and for assessing the role of
different gas-phase species in the formation of aqueous RONS in PAW. From a practical point of view,
this knowledge will allow for increased energy efficiency and selectivity with respect to the desired
products when generating PAW. For this reason, the formation of RONS by HPGD is studied in this
paper, using mass spectrometry (MS) and chemical kinetic modelling. For MS measurements we used
molecular beam mass spectrometer (MBMS) that can sample from atmospheric pressure enabling to
directly access chemical species created in the plasma. In principle the MBMS can detect both neutral
and ionic species but in this study we focused to neutrals.

2. Experimental setup

A schematic diagram of the experimental apparatus is shown in Figure 1. The high pressure glow
discharge was generated by a DC high voltage (HV) power supply (Glassmann PSIWH 20R25) with
negative polarity output, capable of delivering up to 20 kV. The power supply was connected to the
cathodeviaal MQ seriesresistor (R) to limit current. This power supply canalso operate as a stabilized
current source, providing up to 30 mA.

The cathode consisted of a stainless steel needle with a flat tip and an outer diameter of 0.7 mm. The
discharges were generated in dry air from the pressure cylinder (purity 5.0), flowing along the cathode



towards the anode with the gas flow rate of 0.3-0.45 sIm, controlled by mass controller (Bronkhorst
F201-EV).

For diagnostics of neutral species, a grounded steel ring with aninner diameter of about 4 mm and an
outer diameter of about 8 mm served as the anode. This ring was positioned 5 mm in front of the
entrance to the mass spectrometer, which had an orifice diameter of 100 um. For the measurements
the mass spectrometer front plate with the orifice was grounded. The cathode-anode gap distance
was maintained at 3 mm.

The electrical potential between the cathode and ground was measured using a high voltage probe
(Tektronix P6015A) connected to a digital oscilloscope (Keysight MSOX 3024T).

The MBMS used for measurements (Hiden Analytical HPR 60) was operating in two modes- RGA
(Residual Gas Analyzer) mode, that provides data on the mass spectra of neutrals in the range 0—100
amu; and MID scan, when the device is set to monitor the temporal changes of selected species. In
both cases, for the detection of neutral species a ionization chamber was active with the electron
energy set to 70 eV. The MBMS has an internal shutter — Swagelok that allows recording of the
background signal coming from the gas phase inside the device.
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Fig. 1. A schematic diagram of the experimental apparatus.

3. Chemical kinetic model

The aim of the chemical kinetic model is to calculate density evolution of studied species interacting
via defined set of chemical reactions. For this purpose we used ZDPlasKin module [8] that includes a
Fortran 90 version of the VODE solver for numerical solution of system of ordinary differential
equations [9]. Authors of ZDPlasKin also provide a ready-to-use list of plasma chemical processes in
nitrogen-oxygen mixtures with all necessary rate coefficients [10]. This set of reactions (version 1.03)
includes ~650 chemical reactions among 53 species.

The rate constants of reactions between heavy species from this list are calculated from the
thermodynamic gas temperature T,. The rate constant for electron impact reactions must be
calculated from electron energy distribution function (EEDF) obtained by solving the Boltzmann
equation for free electrons. The ZDPlasKin package includes a Bolsig+ solver [11] for this purpose. A
set of required electron scattering cross sections was taken from the LXCat project database [12].
Finally, ZDPlasKin module requires use of additional subroutines written by user for comprehensive
control of simulation conditions, e.g., changesin the gas temperature, pressure and reduced electric
field. Our physical model has two parts, glow discharge and afterglow. The afterglow part has to be
included because in some experiments, the gas from the discharge did not enter the mass
spectrometer directly, but there was a 5 mm gap between the grounded ring electrode and orifice.



For modeling of GD we used constant temperature T, = 2000 K, constant pressure of 1 atmosphere
and constant reduced electric field strength E, = 60 Td. We also used constant electron density n. =
102 cm3. These values were estimated based on previous experimental observations of HPGD [13]. In
order to take into account diffusion of species our of the discharge plasma channel and mixing with
the surrounding ambient air, we included a primitive diffusion model in our code. After each
calculationstepwith duration At, concentrationof eachheavy particle n; is decreased by An; calculated
as

An,- = -Oyife N At, (1)

where agisis coefficient representing diffusion of particles out of the plasma channel. To keep constant
pressure (total density of particles), the removed particles were replaced by N, and O, molecules (ratio
4:1). This simulates mixing with the ambient air.

In the second part of the model, an afterglow period of 0.2 s, the reduced electric field strength
decreased exponentially to 3 Td with a time constant of 20 ns. Electrons concentration was calculated
dynamically along with the densities of all other species, rather than being held constant. Mixing with
the surrounding air continued during the afterglow phase, leading to a calculated decrease in gas
temperature. Electron diffusion was also incorporated, with a diffusion coefficient ten times higher
than that of the heavy particles.

4. Results and Discussion

HPGD was generated with discharge current of either 2.1 mA, or 3 mA. The applied voltage was -3 kV
and -4 kV, respectively. The discharge voltage (across the gap) decreased from ~1.3 kV to ~1.15 kV
when the HPGD current increased from 2.1 mA to 3 mA. Mass spectra of produced neutral species
were measured forboth discharge currents. The obtained spectra had the same speciesvisible forboth
currents so in Figure 2 we present the data recorded for 3 mA.

The data shows only species created in the plasma as the background signal, recorded in plasma off
conditions, was subtracted. The most abundant species created in the discharge were atoms of H,N
and O and reactive species OH, H:0, NO, H,0, and N,O0.
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Fig. 2. Mass spectra of neutral species measured for current 3 mA.



In the MID scan mode, we monitored temporal changes in the nitrogen species NO, N,O and NO,
important for PAW generation. In Figure 3 we show recorded signals for these species with respect to
different measurements conditions. Measurements were conducted with Swagelok open and with
Swagelok closed. Swagelok open represents the sum of foreground and background species, while
Swagelok closed corresponds to background species only. For the first 6 minutes of recording the
discharge was off so variations in the signal is only due to processes inside the device. Once the
discharge is ignited, increase in NO and NO, signals was due to the species createdin the discharge.
Obviously, creationof N,O species was not large so the signal did not change afterdischargeinception.
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Fig. 3. MID-scan of NO, NO, and N, O species without and with the discharge operating in front of the
MS orifice withaddition of syntheticair. Discharge current was 3 mA. Measurements were perforemed
with Swagelok closed (SL CL) and open (SW OP).

In summary, the experimental data confirmed generation of N, O, NO and NO, by HPGD. Chemical
kinetic model using ZDPlasKin module was used to explain their formation. As for example, Figure 4
shows time evolution of N, O, NO, NO, and Os species concentrations in the glow discharge. This
calculation was performed with o= 2 s?.

Our model incorporates diffusion, but the employed calculation approach is simplified, and the exact
value of the diffusion coefficient remains unknown. Instead, we utilize a parameter, a, to represent
the diffusion rate. We performed several calculations with a,; ranging from 0.1 to 10 s™. Since ag
influences the calculated steady-state concentrations of species inthe plasma, we cannot definitively
determine the actual concentrations of the studied species in the HPGD. However, we observed that
agi in studied range does not significantly affect the ratio of concentrations of various RONS or their
production pathways.

Figure 4 demonstrates that the concentrations of all studied RONS reach a steady state after
approximately 0.2 ms, remaining constant thereafter. This steady state arises from a balance between
production (through chemical reactions) and removal (via chemical reactions and diffusion).
Consequently, we analyzedthe reaction pathways separately fortheinitial phase of the simulationand
for the subsequent steady state.
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Fig. 4. Time evolution of N, O, NO, NO, and O3 species concentration; calculated with ags=2 s™.

In the initial phase (Figure 5), O atoms are mainly produced by reactions of O, with electronically
excited molecular nitrogen species N,* (the most important being N,(B3%), and by electron impact
dissociation of O, molecules:

N,*+0, >N, +0+0, (2)
e+0,>e+0+0. (3)

Contribution of other reactions, such as
N+0,->0+NO (4)

on O atoms production is already quite small.

In the later steady state phase, the production reactions (2-4) are compensated by O atoms
recombination reactions

0+0+M(M=0, 0, N;) >0, + M. (5)

In this simplified O production/removal mechanism we omitted reactions between O, O(!D) and O(:S)
species. An equilibrium between these species is achieved quickly, with O representing more than
99.9% of them.

N atoms are produced mostly by these two reactions:

O(*D)+ NO = 0, +N, (6)
N>(@l)+ NO > N, + N+ O. (7)

There is also a third important reaction producing N atoms, electronimpact dissociacion of N,, but it
plays animportantrole atthe very beginning of the simulation (t < 50 us), when thereiis still not enough
NO molecules for N generation by equations (6) and (7).
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Fig. 5. Production of O atoms during the initial phase of the simulation; calculated with ags=2 s™.

In steady state, the removal of NO molecules by N (equations (6) and (7)) is compensated by NO
production via reaction

N+ 0, > 0 +NO. (8)

Reactions (6-8) all involve NO, they are crucial not only for N production and losses, but they also
influence the density of NO. Reaction (8) is actually the most important for NO production (Figure 6).
The other two important reactions are

N,(A%) + O > NO + N(?D), (9)
N(3D) + O, = NO + N. (10)

Inthe steady state, the productionof NO is compensated by its removal (Figure 7) via reactions (6), (7),
(11)and (12)

NO + N(?D) > N, + O, (12)
NO+N >N, +0. (12)

NO, is produced almost eclusively by reaction (13) and removed by reaction (14)

O+NO+M9N02+M(N2, Oz), (13)
O +NO, > NO + 0. (14)

Steady state NO, concentration [NO,] can be therefore easily calculated as [NO;] = ki3.[NO]/Kkus,
assuming balance between NO, production and destruction by reactions (13) and (14). In this formula,
[NO] is steady state concentration of NO, ki3 and ky4 are rate coefficients of reactions (13) and (14),
respectively. At 2000 K, the ratio of these two rate coefficients is 7.3x10* and it explains why the
steady state concentration of NO, is much lower than the concentration of NO (Figure 4).
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Based o ex-situ measurements of the gas after treatment by glow discharge, the concentration of NO
is higher than the concentration of NO,, but the difference is not so significant [3]. Final NO and NO,
concentrationis mainly determined by reactionsin the gas afterleaving the discharge zone (afterglow).
Figure 8 shows time evolution of gas temperature and N, O, NO and NO, species concentrations in the
discharge afterglow, calculated with a5 = 10 s. The concentration of atomic species (N and O)
decreases rapidly. While the NO concentration decreases slowly, the NO, concentration increases,
despite mixing with the ambient air. Consequently, the difference between NO and NO, concentrations
decreases in the discharge afterglow.
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Fig. 8. Time evolution the gas temperature and N, O, NO and NO, species concentrations; calculated
with Qgiff = 10 s™.

A stable signal fromions directly generated by the HPGD was not detected by mass spectrometry. This
can be attributed to two main factors. Firstly, the HPGD migrated on the surface of the orifice plate
that served asanode, makingits positionrelative to the spectrometer'sgas entrance (a 100 um orifice)
highly variable. A stable ion signal could only be observed if the HPGD was positioned directly above
this orifice, which occurred only randomly and occasionally. Secondly, even with the discharge
positioned stably above the orifice, ion detection remains challenging. Positive ions are repelled from
the anode, and the concentration of negative ions within the HPGD is relatively low, according to the
kinetic model. The dominant negative ion, O, has a concentration of approximately 10%° cm?3, two
orders of magnitude lower than the electron concentration. This low negative ion concentration may
be due to the elevated gas temperature in the HPGD plasma channel.

5. Conclusions

Fixationof nitrogenfromthe air, convertingitinto reactive compounds, remains a significant challenge
and a hot topic within the low-temperature plasma community. High-pressure glow discharges offer a
stable and efficient means to generate nitrogen oxides, key precursors for nitrogen fixation. This study
investigates the mechanisms of nitrogen oxide generationin an HPGD using a combined approach of
mass spectrometry and chemical kinetic modeling.

Mass spectrometry provided insights into the types of reactive oxygen and nitrogen species produced,
while the kinetic model simulated the complexchemicalreactions withinthe plasma. Our findings shed
light on the dominant reaction pathways on nitrogen oxide formation. However, further research is
crucialto refine our understanding. Future experimental work should focus onimproving the detection
and quantification of reactive species, particularly ions. Model enhancements are also necessary,
including a more accurate representation of diffusion processes and the discharge afterglow phase.
Furthermore, incorporating additional chemical reactions involving water molecules will enable us to
explore the crucial role of humidity in the generation of nitrogen oxides, nitric acid, and nitrous acid.
This comprehensive approach promises to advance our knowledge of nitrogen fixation using HPGD



and pave the way for the development of efficient and sustainable plasma-based technologies for
fertilizer production and other applications.
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This paper presents the results of an investigation into the generation of reactive species in two setups of a
dielectric barrier discharge (DBD) plasma source, using a water target with different vessels. By analyzing both
neutral mass spectra and MID-scan spectra, we explore the concentrations of reactive oxygen and nitrogen
species (NO, NO; and Os) under varying plasma conditions and mass spectrometer configurations.

1. Introduction
In the past decade, a lot of interest has been drawn to atmospheric pressure plasmas (APPs) because
of their unique properties and wide range of applications in fields such as material processing,
agriculture, foodindustry and biomedicine [1, 2, 3, 4]. Since they do not require costly vacuumsystems
and operate atatmospheric pressure, APPs have the advantage of being accessible and versatile. Lately,
atmospheric pressure plasma in contact with water has attracted significant interest due to its
potential to generate reactive species and drive advanced chemical processes for various applications.

The behaviour and chemistry of APPs are greatly affected when they come into contact with water,
either as an electrode or as a target. Reactive oxygen, nitrogen and hydrogen species are found in
water and are essential for a variety of processes, such as biomedical treatments, sterilization, and
water purification. Water forms a dynamic interface where plasma-induced reactions take place,
producing reactive species like ozone (0s), hydrogen peroxide (H,0,), hydroxyl radicals (OH), nitrates
(NO3), nitrites (NOy) etc. These species play an essential rolein enhancing the efficacy of plasma-based
processes [5].

Also, higher humidity introduced in feeding gas of APPs has been demonstrated to increase the
generation of reactive species, such as OH radicals, which are necessary for surface modification and
decontamination [6]. The interaction, however, is complex and depends upon a number of variables,
including ambient circumstances, water composition, and plasma characteristics. To optimize plasma
processes and customize them for particular applications, it is essential to comprehend these
interactions.

Dielectric barrier discharges (DBDs) are widely used for surface activation in atmospheric-pressure
plasma applications. However, treating sensitive materials like polymers can be challenging because
high-density plasma may cause damage, such as pin-holing. This issue often occurs in volume barrier
discharges or coronas, where the plasma moves perpendicular to the treated surface. A practical
solutionis to generate plasma that travels parallel to the surface. This approach minimizes the risk of
damage while maintaining effective treatment. One promising method is the surface dielectric barrier
discharge (SDBD), where the plasma spreads along the surface of a dielectric plate. This setup not only
protects the material but also improves the efficiency of the process.

In our earlier work [7, 8, 9] we introduced a novel plasma discharge reactor for efficiently activating
polymers at the gas/liquid interface. This design uses liquid electrodes to ignite the SDBD directly from
the liquid surface. Although the plasma-water interactionis limited to the edge of the dielectric tube,
the system is both scalable and flexible, making it suitable for a wide range of applications.



Mass spectrometryis ananalyticaltechnique that measures the mass-to-charge ratio of ions to identify
and quantify molecules in a sample. Primary advantage of atmospheric pressure mass spectrometry
lies in its ability to rapidly and accurately analyse a wide range of chemical species [10]. These
instruments are equipped with specialized pumping systems that create a pressure gradient, enabling
the effective intake of gases from atmospheric plasmas. For neutral species, the mass spectrometer
incorporates an ionization chamber that converts neutrals into ions, enabling their detection and
analysis. The mass analyser which filters and detects neutral species or positive and negative ions,
generating detailed mass spectra forall components. The technique provides real-time measurements
of reactive species, ions, and neutral molecules, which are essential for understanding plasma
processes and optimizing plasma-based applications.

When it comes to plasma in contact with water, due to technical challenges, mass spectrometric
analysis of the plasma has so far been conducted by introducing water vapour into the working gas
[11]. In this paper, we tackled the technical challenge and developed a setup where the mass
spectrometer inlet was positioned in close proximity to the plasma-water interface, allowing us to
successfully record mass spectra.

Inthis paper, we will present the results of our investigation into the reactive species generated by the
dielectric barrier discharge (DBD) setup, but with two different water vessel configurations. The
analysis includes both neutral mass spectra and MID-scan spectra, offering insights into the
concentrations of key reactive oxygen and nitrogen species, such as NO, NO,, CO, and Os, as well as
the detailed composition of the plasma obtained under these conditions.

2. Experimental set up

The schematic of the DBD at atmospheric pressure and HIDEN HPR60 mass-energy spectrometer is
given in Figure 1. The DBD device is in the triple-phase interface (plasma-liquid-solid) plasma system
consisting of a thin glass test tube with a 10 mm diameter and a 0.5 mm wall thickness was used. The
liquid inside the test tube served as the high-voltage electrode and was connected to a power supply
generating a sinusoidal voltage waveform. The Petri dish bath, which grounded the system, completed
the circuit. Tapwaterwith an electrical conductivity of approximately 0.3 mS/cmwas used as the liquid
electrode. The waterwaselectricallyinsulatedbothinside and outside the test tube to ensure stability.
The discharge operated in ambient air at atmospheric pressure. The high-voltage sine waveform had
anamplitude range of 0 to 20 kV and could be adjusted to frequencies between 23 and 30 kHz. Power
was delivered to the liquid electrodes through a high-voltage resonance generator (Lifetech-300W)
paired with a function generator (FY3200S-24M).
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Fig. 1. DBD device in two configurations (DBD1 and DBD2) with a schematic representation of mass
spectrometry measurements. In DBD1 setting, the device wasimmersed in 10ml of tap water placed
in a Petri dish (p55mm). In DBD2 setting, the device was placed in a glass test tube filled with 25ml of
tap water, equipped with a side arm for gas sampling and a hole for synthetic air intake (g =19 sccm).

Mass spectrometry measurements were performed by using MBMS (Molecular Beam Mass
Spectrometer) HIDEN HPR60. To ensure the formation of a molecular beam, the geometry of the
MBMS HPR60 system consists of a centralized combination of the orifice, conel, and cone2 (P1vacuum
section is formed between the orifice and conel, P2 vacuum section is formed between conel and
cone2, and P3 vacuum sectionis formed after cone2 in the region of the mass analyzer). The orifice
had an opening diameter of 0.1 mm, conel 0.4 mm, and cone2 @1 mm, accompanied by the
following voltages for DBD setups (the orifice was grounded, Vconel = 0 Vand Vcone2 =0 V).

During all experiments for DBD setups, the regions within the vacuum section of the mass
spectrometer responsible for generating the pressure gradient had the following pressure values:
P, =3.3-10" Torr, P, = 7.5-10® Torr, and P; = 2.4-107 Torr. To identify the species of interest, we first
recorded the mass spectra of neutrals (0—100 amu) using the RGA (Residual Gas Analyzer) mode,
during which the ionization chamber was active. Within the ionization chamber, the electron emission
current fromthe filamentwas forDBD1=5 pA and forDBD2 =10 pA. In both cases, the electronenergy
was 70 eV.

After that, we used MID-scan to monitor the temporal changes of selected species for different
formation conditions: without plasma, with plasma at specific applied powers for DBD1 (5W and 15W)
and DBD2 (15W), with Swagelok open, and with swagelok closed. Swagelok open represents the sum
of foreground and backgroundspecies, while swagelok closed corresponds to background speciesonly.

3. Results and discussion
In this study, we have measured the neutrals mass spectra by using a mass spectrometer for two
different configurations of Dielectric Barrier Discharge (DBD) system. In both configurations, titled
DBD1 and DBD2, discharge was in contact with water during mass spectrometry measurements. The
analysis of neutral species was performed in two different measurement modes of HPR60: RGA mode
forneutral massspectraand MID-scan modefortrackin time changes of specific neutral species. These
modes provide a comprehensive overview of the ionization processes and chemical compositions



present in the plasma generated by each DBD system. The neutral mass spectra revealed the types
and relative concentrations of neutral species, the MID-scan measurement provided insight into the
temporal evolution of these species.
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Fig. 2. Neutral mass spectra for a) DBD1 setting and b) DBD2 setting at an operating frequency of
33.6kHz. In the case of the DBD2, an airflow of 19sccm was added. The graphs were obtained by
passing the raw results through a MatLab script to integrate the obtained lines for specific mass
number.

Figure 2(a) and (b) present Neutral mass spectra for configurations DBD1 and DBD2, respectively. The
presented spectra show the difference of Plasma ON mass spectra and Plasma OFF mass spectra.
Plasma ON/OFF mass spectra represent the foreground signal i.e. the difference of total signal
(swagelok open) and background signal (swagelok closed). The spectra in Figure 2 clearly show that
the dominant species in the discharge are nitrogen and oxygen compounds (N, O, H,0,, N,O, H, H,0)
which is to be expected becauseit is a discharge at atmospheric pressure where the target is water.
Atomic nitrogen and atomic oxygen are present as a result of plasma reactions, along with the NO
radical. The OH radical is also present, resulting from both plasma reactions and water dissociation in
the MBMS. In Figure 2(b), water clusters can also be observed at mass numbers 53, 73 and 91, which
appearin neutral mass spectra due to water vapor from the bottle containing the discharge. The high
humidity in the DBD2 configuration and the plasma conditions promote cluster formation unlike in the
case of DBD1 configuration where we did not detect any water clusters of mass above 50 amu.

While the mass spectra results provided an overall view of the main species present in the discharge
chamber, nitrogen oxides and ozone can impact the industrial environment even at much lower
concentrations (below the detection limit of the mass spectra used). Therefore, more sensitive
measurements were conducted specifically for the important species NO, NO,, N,O, and Os, as
represented here. It was recorded for different conditions, Plasma ON and OFF with background only
(BG), as well as Plasma ON and OFF with foreground and background (FG+BG). Unlike the case of BG,
where only the inner part of the MS is considered in the measurement, in the case of FG+BG, the mass
spectrometer is open so outside ambient air is also evaluated.
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Fig. 3. The mid-scan provides constant tracking of selected species, with different stages of the
experiment marked by labels: plasma on and off, foreground (FG) and background (BG); (a) DBD1 Setup,
ionization filament current setto 5 pAat 70 eV, and (b) DBD2 Setup, ionization filament current set to
50pAat70eV.

The MID-scanfor DBD1 setup (Figure 3(a) starts with Plasma OFF and swagelock open (1 minute),
both the foreground (outside the spectrometer) and background are measured. The discharge is
ignitedin minute 1 and swagelokis open. Here we can see that NO continues to decrease slightly, NO,
remains constant, and Os increases, indicating plasma-driven production of Os. After the 3™ minute,
with the plasma still on but swagelock closed, all species (NO, NO,, and Os) decrease as expected (only
background inside device is measured).

The Figure 3(b) shows MID-scan spectra for DBD2 configuration. Inthe first three minutes, with the
plasma off and the swagelock closed, only the background signal is measured. After opening of the
swagelok (3-6 minutes), the increase in NO and NO, suggests the influence of ambient air, while O;
remains unchanged. Between 6 and 11 minutes, with the plasma on and the swagelok open, NO and
NO;, rise slightly, but O; increases significantly, indicating plasma-driven Oz production. Finally, from
11t minute, with the plasma on and the swagelok closed, all species decrease due to limited external
interaction (only background is measured).

4. Conclusion
Mass spectrometry analysis of two setups of a DBD source with a water electrode, generated at
atmospheric pressure was performed. Despite the difference in the water vessel used in each setup,
in both setups similar trends in the behavior of reactive species were shown, indicating strong
influence of plasma on water target. In both cases, plasma activation leads to the generation of
reactive oxygen and nitrogen species, such as NO, NO,, CO,, and Os, with notable increases in O3
concentrationwhenthe plasmais on. Differencesinthe watervessel may affectthe plasma’s efficiency
in producing reactive species, but both setups demonstrate that the plasma’s interaction with the
wateris crucial for modulating the levels of reactive species. These findings highlight the importance
of the plasma-water system in applications such as water treatment and agriculture, where reactive
species generated in plasma-activated water could have significant biological and chemical effects.
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