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THEORETICAL PART 

Introduction 
 

Cancer is one of the most widespread diseases nowadays, with a significant 

impact on the quality of life, healthcare budgets, and a profound emotional impact on 

both the patient and their family (Park & Look, 2019)The uncertainty regarding the 

overall effectiveness of current anti-tumor treatments, as well as cancer recurrence due 

to acquired resistance to used drugs, are two major issues of current therapeutic 

strategies in combating this disease. Therefore, there is a continuous trend of identifying 

new methods or strategies to combat cancer. (Gerber et al., 2017). 

In the last decade, cold atmospheric plasma (CAP), a partially ionized gas with 

a temperature close to room temperature, has shown promising results in cancer therapy, 

demonstrating its beneficial applicative nature in the attempts to treat this disease (Yan 

et al., 2017). The main scientific studies on the effects of non-thermal atmospheric 

pressure plasma (CAP) on various types of neoplastic cells have shown that non-thermal 

atmospheric plasma is responsible for inducing apoptosis (Arndt et al., 2013; Chang et 

al., 2014; Ninomiya et al., 2013; Thiyagarajan et al., 2014), necrosis (Elaissi & 

Charrada, 2021; Yan et al., 2020), necroptosis (Yang et al., 2020), autophagy (Yan et 

al., 2021; Yoshikawa et al., 2020), ferroptosys (A. Jo et al., 2022; Nguyen et al., 2023), 

pyroptosis (Motaln et al., 2021) and for blockage of the cell cycle (Maes et al., 2017) 

by generating reactive oxygen species or reactive nitrogen species. An important 

characteristic of CAP is its selective activity on neoplastic cells with a reduced negative 

impact on normal cells (Keidar et al., 2011, 2013). Also, CAP causes detachment of 

tumor cells and reduces the migration speed of the cells (Kong et al., 2011), as well as 

inhibiting metastatic processes (Chang et al., 2014). 

However, the molecular mechanisms behind the selectivity and induction of 

apoptosis through CAP treatment are not fully identified yet. 
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The motivation, purpose and objectives of the paper 
 

Motivation. In 2019, cancer surpassed cardiovascular diseases in terms of the 

number of deaths per year, causing the death of approximately 10 million people (Lin 

et al., 2021). Statistical analyses and specialized studies predict that cancer will soon 

become the leading cause of death in every country around the globe (Lin et al., 2021). 

Annually, in Europe, the costs associated with cancer amount to an average of 

approximately 100 dollars per capita (Haier & Schaefers, 2022). Despite technological 

advancements and the pharmaceutical industry's progress, cancer continues to be a 

devastating disease with high mortality rates (Faramarzi et al., 2021).  

In the mid-2000s, due to its demonstrated antitumor properties, cold 

atmospheric plasma caught the attention of researchers in the biomedical fields as a 

potential new method for cancer therapy (Dubuc et al., 2018). Although significant 

progress has been made in identifying the mechanisms of interaction between CAP and 

cells or tissues, further studies are still needed to identify the underlying mechanisms 

by which CAP treatments exert their antitumor properties (Murillo et al., 2023). 

Aim. In the context presented earlier, the aim of this work is to study the effects 

of non-thermal atmospheric pressure plasma on experimental in vitro models (normal 

and tumor cell cultures) to assess its potential for selective cytotoxicity and identify the 

cellular mechanisms involved in plasma-cell interactions. 

The objectives of this thesis. 

O.1. Identification of the optimal exposure conditions of cell cultures to cold 

atmospheric plasma. 

O.2. Temporal evaluation of the effects of cold atmospheric plasma treatment on normal 

and tumor cell cultures. 

O.3. Evaluation of the selective nature of cold atmospheric plasma. 

O.4. Identification of the cellular signaling pathways responsible for activating 

mechanisms of cell survival or cell death, modulated by cold atmospheric plasma 

treatment. 
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O.5. Dissemination of results - publishing in specialized journals and participating in 

scientific events. 

O.6. Writing and defending the doctoral thesis. 

 

 

1. Cold atmospheric plasma and its importance in biomedicine. 
 

Plasma is a partially ionized gas composed of ions, electrons, photons and 

neutral elements, which are active species capable of inducing various physical 

phenomena and chemical reactions. Considered the fourth state of matter, plasma can 

be found in nature (plasma created in stars, aurora borealis, lightning, etc.), but it can 

also be generated under laboratory conditions by applying an external source of energy 

to a neutral gas, which becomes an electrical conductor. During plasma formation, 

energy is transferred to the gas in which the discharge occurs, creating large amounts of 

ions and electrons. These electrons will induce several reactions leading to molecular 

ionizations or dissociations. Consequently, the plasma produced will be composed of a 

mixture of reactive species generated as a result of these interactions (Fridman et al., 

2008; Hoffmann et al., 2013; H. Jo et al., 2016; Kalghatgi et al., 2011). 

Plasmas can be divided into two different types, depending on the thermal 

balance between ions and electrons, namely thermal and non-thermal plasmas (or cold). 

Thermal plasmas are those in which electrons have the same temperature as ions, and 

non-thermal plasmas, also known as cold plasmas, are characterized by the fact that 

electrons have a higher temperature than ions and neutrals, their temperature being close 

to room temperature (Stoffels et al., 2008; von Woedtke et al., 2013). The mass 

difference is so substantial that electrons can reach temperatures ranging from a few 

thousand to tens of thousands of degrees Celsius, while the plasma as a whole remains 

roughly at room temperature (Heinlin et al., 2011). 

Non-thermal plasmas are mainly composed of reactive nitrogen and oxygen 

species, UV radiation and charged particles, their composition being dependent on the 
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type of feed gas used, applied voltage, device type, physical configuration or exposure 

time (Bekeschus et al., 2013; Weltmann & von Woedtke, 2017). 

 

1.1. Types of cold atmospheric plasma and treatment 

 

One of the most widespread methods of cold atmospheric plasma (CAP) 

generation is dielectric barrier discharge (DBD). (Laroussi & Akan, 2007). Regardless 

of the configuration, with one or two electrodes, two types of DBD are distinguished: 

DBD without flow in which the power electrode is wrapped with an insulating material 

and the plasma remains confined in the space between the electrodes, and DBD with 

flow in which the plasma is located both in the space between the electrodes and in the 

post-electrode region (Judée et al., 2019). 

Regarding the treatment of tumor cells, two CAP treatment methods are widely 

used, namely direct treatment and indirect treatment. In direct treatment, cells are 

directly subjected to CAP discharges, while in indirect treatment, a liquid is subjected 

to discharges, which is then administered to the cells (Malyavko et al., 2020). 

 

1.2. History of plasma usage in biomedical studies 

 

1.2.1. Decontamination of surfaces 

 In the mid-1990s, experiments were conducted that showed that non-thermal 

atmospheric pressure plasma (CAP) could be used to inactivate bacteria (Laroussi, 

2018).  In the food field, CAP represents a promising method for the microbial 

decontamination of food, work surfaces, packaging, and processing equipment (Min et 

al., 2016; Patange et al., 2018). 

 

1.2.2. Blood coagulation 

There are multiple theories regarding the biochemical mechanisms of CAP-

induced blood coagulation, with various studies demonstrating the direct effect of CAP 
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on blood proteins, this treatment causing coagulation without altering Ca2+ 

concentration or pH (Heslin et al., 2014). 

 

1.2.3. Effects on wound healing 

Cold atmospheric plasma treatment can have the effect of lowering the pH, 

leading to wound acidification, this therapeutically induced process supporting the 

healing process (Martinez et al., 2019; Mirpour et al., 2020). 

 

1.2.4. Treatment of atopic eczema 

In order to treat atopic dermatitis with CAP, Mertens et al. identified an 

antiseptic effect, reduction of skin redness, as well as a significant reduction in itching 

for several hours, with Staphylococcus aureus colonies reduced more than ten-fold 

(Mertens et al., 2009). 

 

1.2.5. Skin regeneration technology using plasma 

 In 2005, atmospheric pressure non-thermal plasma skin resurfacing technology 

was approved for the treatment of facial wrinkles, superficial skin lesions, actinic 

keratoses, seborrheic keratoses and viral papilloma (Bogle et al., 2007). 

 

1.2.6. The role of CAP in antitumor therapy 

Since the first report of the induction of cell death by DBD in melanoma in 

2007, the field of application of CAP in cancer treatment has seen rapid growth. To 

date, CAP treatment has demonstrated its anti-tumor ability on numerous cancer cell 

lines, the most intensively investigated cancers being brain cancer, skin cancer, breast 

cancer, colorectal cancer, lung cancer, cervical cancer, leukemia, hepatoma, and head 

and neck cancer (Dubuc et al., 2018). 
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1.3. Changes induced by CAP treatment at the cellular and molecular level 

 

The main therapeutic effects of CAP are associated with the presence of 

reactive oxygen species (ROS) and reactive nitrogen species (RNS) generated by CAP 

systems, these interacting with the cell membrane, causing morphological changes (Yan 

et al., 2017). At the molecular level, DNA damage has been observed in the early stages 

of CAP treatment (Gay-Mimbrera et al., 2016). CAP treatments can also result in lipid 

peroxidation and increased cytoplasmic calcium concentration (Görlach et al., 2015). 

Another consequence observed as a result of CAP treatment is the reduction of cell 

adhesion to culture vessels, migration and invasion (Lee et al., 2009). 

 

1.4. The use of cold atmospheric plasma in the osteosarcoma therapy 

 

Similar to the observations on other types of cancer treated with CAP, also in 

the case of OS the treatment had the effect of inducing oxidative stress (Ermakov et al., 

2021; Mateu-Sanz et al., 2020; Xu et al., 2020). Using both different types of CAP 

generation devices and different methods and different treatment times, studies have 

demonstrated the ability of CAP to reduce the viability or proliferative potential of 

several types of OS cell lines (Canal et al., 2017; Gümbel, Suchy, et al., 2017; Nitsch et 

al., 2023; Stache et al., 2023; Xu et al., 2020). Some studies have identified OS cells 

treated with CAP as being in various stages of apoptotic or cell cycle arrest by 

evaluating p53 protein, caspases 3 and 7 levels, as well as cell morphology and nuclear 

fragmentation (Canal et al., 2017; Gümbel, Bekeschus, et al., 2017; Gümbel et al., 

2016). 

 

2. Markers of cell cycle control and cell death mechanisms 
 

In order to identify the signaling pathways modulated by the indirect treatment 

with CAP, in this study the expression level of: six pro-apoptotic genes (BAX, JNK1, 

DIABLO, CASP8, CASP9 and CASP3), three anti-apoptotic genes (BCL2, CFLAR and 
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XIAP), two necroptotic genes (TNFα and RIPK3), two genes involved in cell cycle 

control (TP53 and CDKN1A) and one gene involved in cell proliferation ( MKI67). 
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EXPERIMENTAL PART 

3. Materials and working methods 
 

3.1. Experimental design and PAM generation 

 

The physical devices and measurements were carried out in the IPARC 

laboratory (Iasi Plasma Advanced Research Center), Faculty of Physics, "Alexandru 

Ioan Cuza" University from Iași, under the guidance of Mr. conf. univ. dr. habil. Ionuț 

Topală and Mr. CS III dr. Ilarion Mihăilă. 

The experimental plan of the present study consisted of three main work stages: 

1. Evaluation of the pH of PAM solutions and establishment of the effectiveness of 

PAM-PBS and PAM-RPMI solutions in terms of cytotoxicity; 2. Analysis of the 

physical discharge parameters and the content of RNS in the PAM; 3. Optimization of 

unloading parameters and evaluation of PAM-RPMI effects on tumor and normal cells, 

establishment of pH influence, analysis of gene expression of interest and assessment 

of intracellular RONS. 

The CAP generation DBD system consists of a high-voltage alternating current 

(AC) power supply, produced in the IPARC laboratory, with a sinusoidal waveform 

(maximum voltage 15 kV), a high-voltage electrode (HVE), a dielectric layer and a 

ground electrode (GE). 

In vitro experiments were performed by indirect exposure of tumor and normal 

cells, which involves treating them with activated liquid medium (PAM) beforehand 

with non-thermal plasma at atmospheric pressure type DBD without flow. In this study, 

the solutions exposed to the plasma were the culture medium RPMI 1640 and phosphate 

buffer saline, the exposure times of these two solutions to CAP being 30, 60, 90 or 120 

seconds, and the treatment times of the cells with PAM were between 5 and 30 minutes, 

depending on the experiment. 
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3.2. Electrical characterization of CAP discharges 

 

The voltage and current characteristics of CAP discharges were analyzed using 

Tektronix P6015A and Pearson 6585 probes connected to TDS5034 digital 

oscilloscope. The optical emission spectra of the CAP constituents were detected using 

a monochromator equipped with a CCD detector (Horiba Triax 550 with Symphony 

CCD detector) in a wavelength range between 300 nm and 430 nm. The temperature 

variation of the PAM solutions and adjacent wells during the exposures was measured 

using a multimeter and a K-type thermocouple. 

 

3.3. pH analysis 

 

The pH determinations of the PAM solutions were made using the PH 210 

Microprocessor pH Meter, by evaluating 3 ml of solution from each experimental 

variant. 

 

3.4. In vitro cell model and CAP treatment 

 

In order to evaluate the biological effects of CAP treatments, two standardized 

cell lines were used in this study, namely a human osteosarcoma cell line (HOS) and a 

human osteoblast cell line (HOB). Indirect CAP treatments were performed in 96-well 

cell culture plates by removing the growth medium, washing the cells with PBS, 

applying 100 µl of PAM/well, removing it after a period of time (known as treatment 

time) ranging from 5 to 30 min (depending on the experiment), and adding 100 µl of 

growth medium/well. The in vitro cell experiments were carried out in the cell culture 

department, within the Center for Fundamental Research and Experimental 

Development in Translational Medicine (TRANSCEND) of the Regional Oncology 

Institute from Iași. 
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3.5. Isolation and purification of RNA 

 

RNA isolation was achieved using the Tri-Reagent reagent (cat. 93289-100ML, 

Sigma Aldrich, MO, USA), using the phase separation by centrifugation method. 

 

3.6. Standards preparation 

 

For the quantification of gene expression, a set of standards, of known 

concentrations, serially diluted, is used to generate a standard curve. These were carried 

out by the reverse transcription of previously extracted RNA samples, the PCR 

amplification of the fragments of interest (using specific primer sets), the 

electrophoretic validation of the amplicons in agarose gel, their purification and 

quantification and the realization of serial dilutions, for each gene to be analyzed 

separately. 

 

3.7. Quantification of gene expression involved in cell cycle control and cell death 

mechanisms by RT-qPCR 

 

Gene expression quantification was performed by the RT-qPCR method, using 

the commercial kit GoTaq® 1-Step RT-qPCR System (Promega, Wi, USA) and the 

Rotor Gene 6000 Q 5-plex HRM amplification and detection system (Corbett Research, 

QIAGEN Corporation, GERMANY). Ct values for each individual assay were 

determined automatically by the data acquisition program based on amplification curves 

of standard samples. Later, the data were normalized using the Ct values of the reference 

gene ACTB and related to the values of the samples from the control groups, by the 

2−ΔΔCt method. Finally, the results were expressed in the form of log2 2
−ΔΔCt. 

 

3.8. Cell viability assay 

 

In order to establish the cytotoxicity of the treatment, MTT colorimetric 

viability tests were carried out, which are based on the metabolism by living cells of the 
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tetrazolium salt producing formazam, an insoluble blue compound which, by 

solubilization with DMSO, can be detected spectrophotometrically at a wavelength of 

570 nm. 

 

3.9. Evaluation of reactive oxygen and nitrogen species 

 

3.9.1. Analysis of reactive oxygen species 

 In order to determine the levels of intracellular ROS, the fluorescent detection 

method with 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) (cat. D6883-

50MG, Sigma Aldrich, MO, USA) was used. It enters the cell interior where it is rapidly 

hydrolyzed by cellular esterases to non-fluorescent DCFH, which is retained in the cell. 

Oxidation of DCFH by hydrogen peroxide or other reactive oxygen species produces 

the fluorescent indicator dichlorofluorescein (DCF) which was detected using the 

FilterMax F5 multimodal plate reader (Molecular Devices, CA, USA). 

 

3.9.2. Analysis of reactive nitrogen species 

Intracellular and PAM RNS levels were determined using the Griess assay 

(Griess Reagent System, cat. G2930, Promega, WI, USA). The principle of the method 

is based on the reaction under acidic conditions of nitrite with sulfanilic acid, forming 

the diazonium salt. This reacts with the aromatic amine 1-naphthylamine to produce a 

red-violet azo dye that was detected using the FilterMax F5 multimodal plate reader 

(Molecular Devices, CA, USA). 
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4. Results and discussion 
 

4.1. Electrical characterization of DBD without flow discharges 

 

  Figure 4.1 shows a typical current-voltage waveform obtained during 

operation of the CAP generating source. From the electrical point of view, the 

discharges from the dielectric barrier are presented in the form of packets with the 

frequency of 100 Hz, the frequency of the electrical voltage identified in the packets 

was 23 kHz. 

Figure 4.1. Dielectric Barrier Discharge (DBD) pulse pattern and current-voltage waveforms in a discharge 

package 

 

4.2. Optical emission spectroscopy 

 

Figure 4.2. The optical emission spectrum of cold atmospheric plasma (CAP) in the range 300 – 427 nm 
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The optical emission spectra obtained for the CAP discharges show several 

characteristic lines of the second positive system of molecular nitrogen (Figure 4.2), 

identified at wavelengths 313.51, 315.78, 328.55, 337.28, 349.86, 353.73, 357.67, 

366.89, 371.21, 3 75.72, 380.48, 389.43, 391.46, 394.15, 399.56, 405.92, 413.91 and 

420.22 nm. 

 

4.3. Exposure temperature 

 

4.3.1. Discharge temperature 

To determine the rotation temperature of nitrogen during the CAP discharge, 

high-resolution spectra were obtained in the range 331 - 338 nm (with a resolution of 

0.017 nm). The obtained OES data were analyzed using the second positive C-B system 

of molecular nitrogen as a simulation model for data fitting with MassiveOES software 

(Voráč et al., 2019 identifying an average rotation temperature value of 1163 ± 24 K. 

 

4.3.2. PAM temperature 

By monitoring the temperature of the solution subjected to the CAP discharges, 

it was observed that the exposure caused only minor temperature increases of the PAM, 

which did not exceed a value of 30°C. 

 

4.4. Evaluating the pH level of PAM 

 

Observing the gradual color change of RPMI 1640 medium (containing phenol 

red) during exposures to CAP discharges, depending on the exposure time used, the 

next step of the study was to evaluate the pH of the obtained PAM solutions. Following 

the exposure of PBS and RPMI solutions to CAP for 30, 60, 90 and 120 seconds, a 

gradual acidification of these was identified in a dose-dependent manner (Figure 4.3). 

According to the obtained results, the acidification process was more pronounced in the 

case of PAM-PBS solutions. 
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Figure 4.3. pH analysis of PAM-PBS (A) and PAM-RPMI (B) solutions after exposure to CAP. Values are 

mean±SEM (n=3). Statistical significance was determined by one-way ANOVA followed by Dunnett's post 

hoc multiple comparison test (**** p<0.0001). 

 

4.4. PAM pH stability at different storage temperatures 

 

PAM-PBS treatments show fluctuations in pH levels between 0.01 and 0.33, 

which are not influenced by storage temperature. In the case of PAM-RPMI treatments, 

the fluctuations of the identified pH levels were between 0.03 and 0.46, unlike PAM-

PBS, these fluctuations being dependent on the storage temperature. The obtained 

results demonstrate that both types of treatments can be stored for up to 3 months, the 

pH changes recorded not being large enough to influence the results of indirect 

treatments with CAP (Figure 4.4). However, it can be observed that −80°C is the 

optimal storage temperature of the PAM-RPMI treatment due to its variation below 0.1 

pH, for all experimental variants. 

 

A B 
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Figure 4.4. Variations of pH values of PAM-PBS and PAM-RPMI solutions identified during 3 months of 

storage at different temperatures. 

 

4.5. Impact of PAM-PBS and PAM-RPMI treatments on cell viability 

 

The results obtained indicated that, for exposure times of 30 seconds and 60 

seconds, the cytotoxic effects were relatively comparable between the two solutions, 

with a slightly stronger cytotoxic effect observed for PAM-RPMI. However, for 

exposure times of 90 seconds and 120 seconds, a significant difference was observed 

between the two solutions, with PAM-RPMI 90s resulting in a 78% and PAM-RPMI 

120s 85% reduction in HOS cell viability, while PAM-PBS 90s and PAM-PBS 120s 

treatments reduced cell viability by only 17.2% and 26.5%, respectively ( Figure 4.5). 

The possible reactivity between CAP and the multitude of constituents of the RPMI 

medium, as opposed to the plain PBS solution, may be the cause of the higher 

cytotoxicity observed in this study when using PAM-RPMI. As a result of the higher 

degree of cytotoxicity, RPMI 1640 was selected as the exposure solution for PAM 

production in the later stages of this study. 
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Figure 4.5. Viability of HOS cells treated with PAM-PBS (A) and PAM-RPMI (B). Values are mean±SEM 

(n=3). Statistical significance was determined by one-way ANOVA followed by Dunnett's post hoc multiple 

comparison test (ns – not significant, ** p < 0.01, **** p < 0.0001). 

 

4.6. Temporal assessment of the effects of PAM-RPMI treatment on cell viability  

 

Analyzing the evolution of the percentage of cell viability during the entire 

experiment, it was observed that all treatment options significantly reduce the number 

of viable cells from the first assessment, two hours after treatment. Even if in the case 

of certain experimental variants, at certain hours, no significant statistical differences 

were identified, the general trend observed was a progressive decrease in cell viability, 

this being most visible in the interval 12-48 hours post-treatment (Figure 4.6.). Thus we 

can state that after indirect PAM-RPMI treatment of HOS cells for 30 minutes, the 

effects of the treatment last up to at least 48 hours after its removal. 

 

A B 
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Figure 4.6. Viability of HOS cells treated with PAM-RPMI 30s (A), PAM-RPMI 60s (B), PAM-RPMI 90s 

(C) and PAM-RPMI 120s (D). Values are mean±SEM (n=8). Statistical significance was determined by 

one-way ANOVA followed by Dunnett's post hoc multiple comparison test (ns – not significant, * p < 0.05, 

** p < 0.01, *** p < 0.0004 **** p < 0.0001) 

 

4.7. Identifying the optimal treatment time 

 

 PAM-RPMI treatment showed cytotoxic effects for all experimental variants, 

ranging from mild to moderate and strong, depending on the combination of exposure 

time and treatment time (Figure 4.7). 

Figure 4.7. Comparative analysis of Ttr-influenced PAM-RPMI cytotoxicity. Values are mean±SEM (n=4). 

Statistical significance was determined by two-way ANOVA followed by Tuckey's post hoc multiple 

comparison test (ns – not significant, * p < 0.05, *** p = 0.0004, **** p < 0.0001). 

 

1
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4.8. Establishing the influence of pH on cell viability 

 

To investigate the impact of acidification of CAP-exposed medium on cells, 

two batches of HOS cells were used. One batch was treated with PAM-RPMI in three 

experimental variations (with Texp of 30, 60 and 90 seconds) and the other batch was 

treated with plain RPMI 1640 medium whose pH was adjusted with hydrochloric acid 

to reach pH values similar to those of PAM-RPMI. 

Figure 4.8. Viability of HOS cells treated with PAM-RPMI and pH-modified RPMI 1640 solution. Values 

are mean±SEM (n=4). Statistical significance was determined by two-factor ANOVA analysis, followed by 

Šídák post hoc multiple comparison test (ns – not significant, **** p < 0.0001). 

 

Comparing the effects on the viability of HOS cells of the two types of 

treatments (pH-RPMI and PAM-RPMI), it was concluded that lowering the pH of RPMI 

1640 does not influence the viability of HOS cells, the cytotoxic effects being therefore 

determined only by the exposure of RPMI 1640 to CAP. 
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4.9. Determination of treatment selectivity 

 

 The selectivity of indirect CAP treatment was evaluated by treating HOS 

tumor cells and normal HOB cells with PAM-RPMI and analyzing their viability at two 

predetermined time points, namely two and twenty-four hours post-treatment, 

respectively. The PAM-RPMI solutions used were exposed to CAP for 30, 60 and 90 

seconds. 

Figure 4.9. Evaluation of PAM-RPMI treatment selectivity. Values are mean±SEM (n=3). Statistical 

significance was determined by two-factor ANOVA followed by Šídák post hoc multiple comparison test 

(ns – not significant, * p < 0.05, *** p = 0.001, **** p < 0.0001). 

 

After analyzing the results, it can be stated that the treatment with PAM-RPMI 

used in this study and produced by DBD-type discharge, presents a selective apoptotic 

effect in the case of osteosarcoma cells, with a maximum impact in the case of using a 

CAP exposure time of the RPMI 1640 medium of 90 seconds. Thus, the treatment has 

the ability to destroy HOS cells, with adjacent normal cells being affected to a very 

small extent. 

 

4.10. Gene expression analysis 
 

Following the analysis of the results obtained in the temporal evaluation of the 

effects of non-thermal plasma treatment at atmospheric pressure on HOS cells, it was 
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decided to carry out the gene expression analysis at two and twenty-four hours post-

treatment.  

 

 

Figure 4.10. BAX, CASP9 and CASP3 gene expression analysis in HOS and HOB cells treated with PAM-

RPMI. Values are mean ± SEM (n=3). Statistical significance was determined by one-way ANOVA 

followed by Dunnett's post hoc multiple comparison test (ns – not significant, * p < 0.05, ** p < 0.01, *** p 

< 0.001, **** p < 0.0001). 
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Figure 4.11. Expression analysis of DIABLO, JNK1 and CASP8 genes in HOS and HOB cells treated with 

PAM-RPMI. Values are mean ± SEM (n=3). Statistical significance was determined by one-way ANOVA 

followed by Dunnett's post hoc multiple comparison test (ns – not significant, * p < 0.05, ** p < 0.01, *** p 

< 0.001, **** p < 0.0001). 
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Figure 4.12. Expression analysis of BCL2, CFLAR AND XIAP genes in HOS and HOB cells treated with 

PAM-RPMI. Values are mean ± SEM (n=3). Statistical significance was determined by one-way ANOVA 

followed by Dunnett's post hoc multiple comparison test (ns – not significant, * p < 0.05, ** p < 0.01, *** p 

< 0.001, **** p < 0.0001). 
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Figure 4.13. TNFα, RIPK3 and TP53 gene expression analysis in HOS and HOB cells treated with PAM-

RPMI. Values are mean ± SEM (n=3). Statistical significance was determined by one-way ANOVA 

followed by Dunnett's post hoc multiple comparison test (ns – not significant, * p < 0.05, ** p < 0.01, *** p 

< 0.001, **** p < 0.0001). 
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Figure 4.14. CDKN1A and MKI67 gene expression analysis in HOS and HOB cells treated with PAM-

RPMI. Values are mean ± SEM (n=3). Statistical significance was determined by one-way ANOVA 

followed by Dunnett's post hoc multiple comparison test (ns – not significant, * p < 0.05, ** p < 0.01, *** p 

< 0.001, **** p < 0.0001). 

 

The first important aspect that stands out following the evaluation of gene 

expression in HOS and HOB cells treated with PAM-RPMI is the lack of dose-effect 

relationship (Figures 4.10 – 4.14). With a few exceptions, no correlation between 

exposure time and gene expression level could be identified, regardless of the post-

treatment time point at which the analysis was performed. In contrast, similar changes 

in gene expression levels could be observed in samples treated with PAM-RPMI 30s 

and PAM-RPMI 60s, but different from the gene expression level of samples treated 

with PAM-RPMI 90s. Moreover, in the case of the evaluation of the expression level of 

some genes, the experimental treatment variants showed opposite modulations. Even if 
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this fact can be considered an impediment with regard to CAP therapy, the different 

modulation of the expression of some genes depending on the exposure time may 

represent a clinical advantage by being able to offer patients personalized treatments 

when it is desired to activate certain cell signaling pathways or, on the contrary, to avoid 

their activation. 

Analyzing in general the effect of indirect treatment with CAP on the 

modulation of gene expression (Figures 4.10 – 4.14), not taking into account the result 

of each individual experimental variant, but the observed trend, it can be stated that, two 

hours after the treatment, PAM-RPMI had the effect of blocking the cell cycle and 

activating the intrinsic apoptosis signaling pathway in HOS cells through the 

overexpression of CDKN1A, TP53, BAX and DIABLO genes. According to this 

cellular signaling pathway, following the activation of the TP53 gene by various stimuli 

(including ROS), it activates the CDKN1A gene, which leads to cell cycle arrest, and 

the BAX gene, which in turn activates the DIABLO gene and releases cytochrome C. 

The DIABLO gene inhibits the expression of the antiapoptotic gene XIAP and, together 

with the BAX gene, activates the cascade of apoptotic caspases. Twenty-four hours after 

the treatment, the overexpression of the RIPK3 gene, involved in the process of cell 

death by necroptosis, was observed, while no overexpression of the genes involved in 

the apoptotic process was identified. Surprisingly, regardless of the time at which the 

assessments took place, no effect of activation of antiapoptotic signaling pathways was 

observed (except for PAM-RPMI 90s treatment, where, observing the cell viability data, 

the overexpression of these genes was late). Regarding the effects of indirect CAP 

treatment on HOB cells, it caused cell cycle arrest and activation of the intrinsic 

apoptosis signaling pathway through the overexpression of CDKN1A, TP53, BAX, 

CASP9 and CASP3 genes, activation of the extrinsic apoptosis signaling pathway 

through the activation of the CASP8 gene, as well as overexpression of the cellular 

necroptosis marker RIPK3. According to the intrinsic apoptosis signaling pathway, the 

activation of the TP53 gene leads to the activation of the CDKN1A gene, which blocks 

the cell cycle, and to the activation of the BAX gene, which releases cytochrome C. The 
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latter promotes the formation of the apoptosome, which results in the activation of the 

CASP9 gene, which, in turn, activates the CASP3 gene. Twenty-four hours after PAM-

RPMI treatment, all genes that promote cell cycle arrest or cell death were 

overexpressed. Regarding the modulation of antiapoptotic gene expression in HOB cells 

by PAM-RPMI, overexpression of the BCL2 gene is identified two hours after 

treatment. It has the ability to inhibit apoptotic processes by inactivating the BAX and 

DIABLO genes. Twenty-four hours after the treatment, the overexpression of CFLAR 

genes, which has the role of inactivating CASP8 gene expression, and XIAP, which has 

the function of inactivating DIABLO, CASP9 and CASP3 genes, was observed. The 

underexpression of the MKI67 gene, in the case of both cell lines, both at two and 

twenty-four hours post-treatment, reveals that cell proliferation processes are 

suppressed.  

The most important difference between the effects of PAM-RPMI on the gene 

expression of HOS and HOB cells is the overexpression of antiapoptotic genes in 

normal cells. This cellular response may underlie the selectivity of indirect CAP 

treatment, by blocking the proapoptotic signals induced by CAP in normal cells. 

 

4.11. Determination of reactive nitrogen and oxygen species 
 

4.11.1 RNS 

Following the exposure of the RPMI medium to CAP discharges for 30 s, 60 s 

and 90 s, millimolar concentrations of NO2
− and NO3

− were identified in all experimental 

variants, these being generated in a CAP dose-dependent manner (Figure 4.15). 

Analyzing the intracellular RNS levels, it was observed in both cell lines that 

they increase in a CAP dose-dependent manner immediately after treatment, followed 

by two hours to return to baseline values that are maintained up to twenty-four hours 

post-treatment (Figure 4.16). Interestingly, much higher concentrations of RNS were 

identified in HOB cells, in contrast to HOS cells. 
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Figure 4.15. Quantification of NO2
− (A) and NO3

− (B) from PAM-RPMI solutions. Values are mean±SEM 

(n=3). Statistical significance was determined by one-way ANOVA followed by Dunnett's post hoc multiple 

comparison test (**** p<0.0001) 

 

 

Figure 4.16. Evaluation of NO2
− levels in HOS and HOB cells treated with PAM-RPMI. Statistical 

significance was determined by one-way ANOVA followed by Dunnett's post hoc multiple comparison test 

(ns - not significant, * p < 0.05, **** p < 0.0001) 

 

A B 
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4.11.2. ROS 

 Intracellular analysis of the level of ROS in tumor and normal cells, over a 

period of twenty-four hours after treatment (Figure 4.17) revealed that, in the case of 

HOB cells, immediately after treatment, the level of ROS decreased in a treatment dose-

dependent manner. After two hours, values returned to normal, remaining constant up 

to twenty-four hours post-treatment. This reduction could result from an intense and 

immediate activation following PAM-RPMI treatment of cellular antioxidant 

mechanisms, their activity decreasing ROS concentrations below baseline. As for 

intracellular ROS levels in HOS cells, they underwent a slight increase (except for 

samples treated with PAM-RPMI 90s) and continued throughout the twenty-four hours. 

The accumulation of intracellular ROS that occurred after the removal of PAM 

treatments demonstrates an effect of CAP to induce the production of intracellular ROS 

or to deregulate antioxidant mechanisms, thus it can be stated that the biological effects 

are not based exclusively on the concentrations of reactive species generated by CAP 

and present in CAP.  

Figure 4.17. Analysis of ROS from PAM-RPMI-treated HOS and HOB cells. Values are mean ± SEM 

(n=6). Statistical significance was determined by one-way ANOVA followed by Dunnett's post hoc multiple 

comparison test (ns - not significant, **** p < 0.0001) 
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General conclusions 
 

Considering the experimental results of the present study, the following 

conclusions were drawn: 

1. The electrical characterization of the CAP discharges revealed a typical current-

voltage waveform, the dielectric barrier discharges being in the form of packets 

with a frequency of 100 Hz, and the frequency of the electrical voltage in each 

packet being 23 kHz. 

2. The average number of currents within each discharge package is about 1600, with 

intensity values between 0.06 A and 0.72 A. 

3. The CAP generating source produces PAM whose temperature during exposure 

does not exceed 30°C. 

4. Upon exposure to CAP, PBS undergoes a more pronounced acidification process 

than RPMI 1640. 

5. The optimal storage temperature of PAM solutions, without changing their pH 

levels, for a period of up to 3 months is -80°C, the most stable solutions being those 

of PAM-RPMI. 

6. The CAP generation system produces PAM with cytotoxic effects on human 

osteosarcoma cells, dependent on the treatment dose. 

7. PAM-RPMI has the ability to produce stronger cytotoxic effects on HOS cells than 

PAM-PBS. 

8. Of all the experimental variants analyzed, PAM-RPMI treatment exposed to CAP 

for 120s demonstrates the strongest antitumor action, but could not be used in the 

evaluations of gene expression and RONS levels because the rate of cell death 

induced by it was almost 100%. 

9. The cytotoxic effects of PAM-RPMI treatment are accentuated for at least forty-

eight hours after its removal. 

10. In the PAM-RPMI generation configuration shown, the optimal treatment time with 

the highest efficiency is 30 minutes. 
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11. The observed acidification of PAM-RPMI treatments does not influence cell 

viability, the cytotoxic effects being determined exclusively by the antitumor 

characteristics of CAP. 

12. The CAP generation system used has the ability to produce PAM-RPMI with 

selective cytotoxic effects. 

13. Modulation of gene expression following PAM-RPMI treatment is not dependent 

on treatment dose. 

14. PAM-RPMI treatment of HOS cells caused cell cycle arrest and activation of 

apoptotic and necroptotic cell signaling mechanisms, by upregulating CDKN1A, 

TP53, BAX, DIABLO and RIPK3 gene expression. 

15. PAM-RPMI treatment of HOB cells caused cell cycle arrest and activation of 

apoptotic and necroptotic cell signaling mechanisms by upregulating CDKN1A, 

TP53, BAX, DIABLO, JNK1, CASP9, CASP8, CASP3, TNFα and RIPK3 genes.  

16. As a result of PAM-RPMI treatment, antiapoptotic cell signaling mechanisms are 

activated at the level of HOB cells, through the overexpression of BCL2, CFLAR 

and XIAP genes. 

17. PAM-RPMI treatment results in both studied cell lines reducing or inhibiting cell 

proliferation processes by modulating the expression level of the MKI67 gene. 

18. Activation of antiapoptotic signaling pathways in HOB cells may represent one of 

the mechanisms underlying the selectivity of indirect CAP treatment. 

19. Exposure of RPMI 1640 medium to CAP discharges generated by the system 

presented in this study produces the highest levels of RNS reported to date for the 

effects of indirect CAP treatments in oncology. 

20. PAM-RPMI treatments dose-dependently increase intracellular NO2
−  levels in both 

cell types evaluated in this study. 

21. PAM-RPMI treatments cause intracellular ROS accumulation in HOS cells in a 

dose-dependent manner, with HOB cells having the ability to keep intracellular 

ROS levels under control.   
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22. According to the obtained results, the degree of cytotoxicity of PAM-RPMI 

treatment is dictated by its potential to induce changes in intracellular ROS 

concentrations, the ability of HOB cells to counteract oxidative stress conferring 

resistance to CAP treatment.  

23. Considering the obtained experimental results, PAM-RPMI solutions obtained with 

the presented CAP generation system could represent a promising approach in the 

therapy of osteosarcoma. 
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