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Abstract

:

Non-invasive physical plasma (NIPP) achieves biomedical effects primarily through the formation of reactive oxygen and nitrogen species. In clinical use, these species interact with cells of the treated tissue, affecting the cytoplasmic membrane first. The present study investigated the permeability of the cytoplasmic membrane of breast cancer cells with different fluorescent dyes after NIPP treatment and determined the subsequent effects on cell viability. After NIPP treatment and the associated formation of reactive oxygen species, low molecular weight compounds were able to pass through the cytoplasmic membrane in both directions to a higher extent. Consequently, a loss of cellular ATP into the extracellular space was induced. Due to these limitations in cell physiology, apoptosis was induced in the cancer cells and the entire cell population exhibited decreased cell growth. It can be concluded that NIPP treatment disturbs the biochemical functionality of the cytoplasmic membrane of cancer cells, which massively impairs their viability. This observation opens a vast application horizon of NIPP therapy to treat precancerous and malignant diseases beyond breast cancer therapy.
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1. Introduction


Physical plasma is the fourth state of matter and corresponds to a highly energized, partially or fully ionized gas [1]. Medical physical plasma, which only reaches temperatures slightly above human body temperature, is also used in therapy. The biomedical effects include antiseptic, anti-inflammatory, and antimicrobial activity on tissues, which has been used in dermatological treatments [2,3]. A comparatively new field of application is plasma oncology. Here, devitalizing effects combined with simultaneous preservation of the surrounding tissue are used to treat solid tumors. This non-invasive physical plasma (NIPP) primarily exerts its activity via reactive oxygen and nitrogen species formed at the interface between NIPP and the ambient atmosphere. These reactive species exhibit antiproliferative, antimetastatic, and proapoptotic effects on cells and tissues [4,5].



Therefore, NIPP treatment provides potent antioncogenic efficacy and a new treatment strategy. The antioncogenic effects were observed in different in vitro models, including skeletal sarcoma, ovarian, prostate, pancreatic, and lung cancer cell models [6,7,8,9,10].



The cytoplasmic membrane partitions intracellular and extracellular reaction spaces of eukaryotic cells and is the first to be affected by exogenous chemical and physical noxae. The maintenance of osmotic and electrochemical gradients at the cytoplasmic membrane is essential for cell physiology and is maintained by the protein and lipid components of the membrane [11]. While small nonpolar molecules can pass through the cytoplasmic membrane almost unhindered, there are passive and active transport systems for larger and charged molecules, some of which are energy dependent. These are regulated in a complex manner and are crucial for cell physiology [12]. Due to the formation of reactive species, a NIPP impact on the biochemical integrity and functionality of the cytoplasmic membrane is reasonably likely. Recent studies in this field have indicated protein and lipid oxidations by NIPP [13,14].



This study aimed to characterize the permeability of the cytoplasmic membrane after NIPP treatment. For this purpose, the passability of low molecular weight compounds through the cytoplasmic membrane and the effects on cellular viability resulting from NIPP treatment were investigated. Regarding a potential NIPP application in plasma oncology, breast cancer was selected as a cellular model. Worldwide, breast cancer is one of the most common cancers and one of the leading causes of cancer-associated death in women [15]. Current treatment options include surgical resection, chemotherapy, endocrine therapy, immunotherapy, and radiation therapy. In many cases, a combination of treatment options is inevitable, leading to increased toxicity [16]. Therefore, NIPP treatment, which has minimal side effects, appears to be a promising alternative for improving therapeutic options in breast cancer treatment.




2. Materials and Methods


2.1. Cell Culture


Human breast cancer cell lines MCF-7 and MDA-MB-231 (American Type Culture Collection, Manassas, VA, USA) were propagated in Dulbecco’s Modified Eagle Medium (DMEM)/F12 containing 10% fetal bovine serum (FBS) and 0.125% gentamicin (all from PAN Biotech, Aidenbach, Germany). Cells were incubated in humidified atmosphere at 5% CO2 and 37 °C and passaged twice a week.




2.2. Non-Invasive Physical Plasma Treatment


A medical argon plasma jet device was used to treat cells with non-invasive physical plasma (NIPP) (Kinpen Med, Neoplas Tools, Greifswald, Germany) (Figure 1). The device generates a NIPP flame approximately 1 cm long at the tip of the handpiece. The carrier gas argon was set to a flow rate of 4.0 L/min. The plasma jet device is designed for manual operation. For the majority of the assays performed, NIPP treatment was performed in 24-well cell culture plates. Therefore, cells were diluted in 200 µL of medium or Dulbecco’s phosphate-buffered saline (DPBS, PAN Biotech). To treat the cancer cells, the NIPP flame was applied over the surface of the liquid in a continuous bidirectional motion so that the tip of the NIPP flame touched the medium of the cell suspension. The distance from the tip of the handpiece to the surface of the cell culture medium was approximately 1.0 cm. After treatment, the cell suspension was transferred to a new cell culture plate.



For microscopic analyses, cells were seeded on coverslips and incubated for 24 h. Treatment was then performed with coverslips overlaid with DPBS to prevent the cells from drying out. For this purpose, the NIPP flame was moved uniformly over the coverslip in a meandering motion. Argon treatments in which the NIPP flame was not ignited served as controls.




2.3. Temperature Measurement on Liquids


Two different measuring devices were used to determine the cell culture medium temperature during NIPP treatment. The detection of the surface temperature of the liquid was performed by a FLIR One infrared camera (Teledyne Flir, Wilsonville, OR, USA). The temperature below the liquid surface was determined using a Lab Thermometer IP65 with an LT-101 temperature sensor (TFA Dostmann, Reicholzheim, Germany).




2.4. Detection of Plasma Ignition at Different Carrier Gas Flow Rates


To investigate the influence of the carrier gas flow rate on the ignition of the plasma flame, different flow rates from 1.0 to 6.5 L/min were set on the device and the device was started. The ignition of the plasma flame was documented by means of photography.




2.5. Hydrogen Peroxide (H2O2) Assay


The formation of H2O2 after NIPP treatment was verified by applying a Molecular Probes Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). For this purpose, 200 μL of ultrapure water was treated with NIPP for 5, 10, 20, 40, and 80 s. Each examination was performed with 4.0, 4.5, and 5.0 L/min gas flow. The following treatment was analogous to the treatment in the other experiments. NIPP-treated ultrapure water was diluted at 1:100 and the assay was carried out according to the manufacturer’s instructions. The data were analyzed using a two-way ANOVA. Multiple Tukey comparisons were made. In addition, regression analyses were carried out.




2.6. Microscopic Dextran-Fluorescein Isothiocyanate (FITC) Uptake Assay


Breast cancer cells were seeded on 24 × 40 mm coverslips (Paul Marienfeld, Laude-Königshofen, Germany) and incubated for 24 h in DMEM/F12 medium. To ensure complete medium removal, the coverslips were washed five times in DBPS and transferred to 2 mL of fresh DPBS. Subsequently, cells were treated with NIPP for 20 and 60 s and incubated with 10 µL of dextran-fluorescein isothiocyanate (FITC, 30 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) and 100 µL of 4′ 6-diamidino-2-phenylindole (DAPI, 1 µg/mL; Carl Roth, Karlsruhe, Germany) for 2 min. After being washed five times in DPBS, the stained cells were analyzed by fluorescence microscopy using DAPI and green fluorescent protein (GFP) channels with a BZ-9000 microscope with BZ-II Analyzer software (Keyence Corporation, Osaka, Japan). For analysis, the FITC-positive area was determined and correlated to the number of DAPI-positive nuclei (FITC signal/cell).




2.7. Fluorescein Release Assay


Cells were suspended by trypsin/ethylenediaminetetraacetic acid (EDTA) treatment, stopped by DPBS containing 10% FBS (stop solution), and sedimented (300× g, 5 min). Cells were immediately diluted in DPBS (1,000,000 cells/mL) and treated with NIPP for 20 and 60 s. This procedure was followed by transferring 200 µL cell suspension to a cytometry tube and the loading of cells with fluorescein diactetate (FDA) and ethidium bromide (200 µL loading solution containing 60 µg/mL ethidium bromide and 10 µg/mL FDA in DPBS) for 15 min on ice in the dark. Cells were then diluted in 2 mL of DPBS, sedimented (300× g, 5 min, 4 °C), and resuspended in 300 µL of DPBS. The dye-loaded cells were then analyzed using a BD FACSCanto™ flow cytometer (BD Biosciences, Heidelberg, Germany) with FACSDiva™ 6.0 software (BD Biosciences). Based on forward- and side-scatter, gating strategies were used to exclude dead cells, cell debris, and doublets (Figure 2). FlowJo software version 10 (Tree Star Inc., Ashland, OR, USA) was used for analysis. Mean fluorescence intensity was calculated, and the values of the NIPP-treated cells were normalized to argon-treated control cells (control = 1.0).




2.8. ATP Release Assay


Cells were separated by trypsin/EDTA treatment, mixed with stop solution (10% FBS in DPBS), and sedimented (300× g, 5 min). Subsequently, 1,000,000 cells/mL were diluted in DPBS and 200 µL of this cell suspension was treated with NIPP for 20, 60, and 120 s. Treated cells were incubated for 10 min at room temperature, sedimented (3000× g, 5 min), and 100 µL of the cell-free supernatant was transferred to a 96-well microtiter plate. Then, 100 µL of CellTiter-Glo 2.0 ATP reagent (Promega, Walldorf, Germany) was added to each preparation. Subsequently, luminescence was detected in an infinite M200 Pro microplate reader (Tecan, Männedorf, Switzerland). The values of the NIPP-treated cells were normalized to argon-treated control cells (control = 1.0).




2.9. Caspase-3/7 (Casp-3/7) Apoptose Assay


To analyze caspase-3 and -7 activity after NIPP treatment, 20,000 (72 h incubation), 40,000 (48 h incubation), and 80,000 (24 h incubation) MCF-7 cells and 15,000 (72 h incubation), 30,000 (48 h incubation), and 60,000 (24 h incubation) MDA-MB-231 cells were treated for 20 s with NIPP and incubated in a 96-well cell culture plate for 24, 48, and 72 h at 37 °C and 5% CO2. Cells were sedimented (1000× g, 3 min), the cell culture medium was discarded, and the cells were incubated (37 °C, 45 min) with 100 µL of caspase-3/7 detection solution (5 µM CellEvent™ Caspase-3/7 Green Detection Reagent (Thermo Fischer Scientific) in DPBS containing Ca2+ and Mg2+ (PAN Biotech) with 5% FBS). Fluorescence excitation was performed at 495 nm and emission was measured at a maximum of 535 nm in the Infinite M200 Pro microplate reader (Tecan). At the same time, a cell culture plate was included for determining the number of viable cells with a CASY Cell Counter and Analyzer model TT (Roche Applied Science, Mannheim, Germany) to normalize the fluorescence intensity to the number of cells. The values of the NIPP-treated cells were normalized to argon-treated control cells (control = 1.0). Samples lacking the detection reagent (negative control) and samples treated with staurosporine instead of NIPP (positive control) were included as controls.




2.10. Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Apoptose Assay


Twenty thousand (72 h incubation), 40,000 (48 h incubation), and 80,000 (24 h incubation) MCF-7 cells and 15,000 (72 h incubation), 30,000 (48 h incubation), and 60,000 (24 h incubation) MDA-MB-231 cells were treated with NIPP for 20 s and then incubated in 96-well scale for 24, 48, and 72 h at 37 °C and 5% CO2. According to the manufacturer’s instructions, the TiterTACS in situ apoptosis detection kit (Trevigen, Gaithersburg, MD, USA) was used to determine DNA double-strand breaks induced by apoptosis. Absorbance at 630 nm was measured every minute in the Infinite M200 Pro microplate reader (Tecan). When the linear range was left, the reaction was stopped by adding 100 µL of 0.2 M hydrochloric acid (Merck, Darmstadt, Germany) and an absorbance measurement (450 nm) was performed. The signal intensity of the 450 nm absorbance was normalized to the cell number. For this purpose, a parallel cell culture plate was prepared and the number of cells in each sample was examined. Values of NIPP-treated cells were normalized to argon-treated control cells (control = 1.0). Samples without the transferase enzyme (negative control) and samples with DNA nuclease (positive control) were included as controls.




2.11. mRNA Analysis of the Pro-Apoptotic Regulators: Bcl-2 Antagonist of Cell Death (BAD) and Caspase-9 (Casp-9)


One hundred thousand (MCF-7) and 70,000 (MDA-MB-231) cells were treated with NIPP for 20, 60, and 120 s and then incubated in a 24-well plate for 48 h at 37 °C and 5% CO2. Total RNA was prepared (RNA Extraction Kit, Qiagen, Hilden, Germany) and reverse transcribed (RT) into cDNA using an iScript Select cDNA Synthesis Kit (Bio-Rad Laboratories, Munich, Germany). cDNA in the amount of 1.0 μL was used as a template in the polymerase chain reaction (PCR; SsoAdvanced Universal SYBR Green Supermix, Bio-Rad Laboratories, with BAD and Casp-9-specific commercial primers, QuantiTect Primer Assay, Qiagen). The PCR protocol included initial denaturation (95 °C, 5 min) and 40 cycles of denaturation (95 °C, 10 s) and combined annealing/elongation (60 °C, 30 s). The mRNA expression of BAD and CASP9 was detected in an iCycler iQ5™ system (Bio-Rad Laboratories) and evaluated by the comparative threshold cycling method. The reference gene was glyceraldehyde-3-phosphate dehydrogenase (GAPDH).




2.12. Cell Growth Assay


For the cell growth assay, 45,000 (MCF-7) and 30,000 (MDA-MB-231) cells were treated with NIPP for 20 s, and the treated cells were incubated for 24, 48, 72, 96, and 120 h at 37 °C and 5% CO2. Cell growth was monitored using a CASY Cell Counter and Analyzer model TT (Roche Applied Science). Cells were treated with trypsin/EDTA (PAN Biotech), suspended, and then diluted in 10 mL of CASYton (Roche Applied Science). For cell counting, 3 × 400 µL of this dilution was measured. Cell-specific gate settings of 7.60 µm/14.55 µm (MCF-7) and 6.90 µm/12 µm (MDA-MB-231) were used to differentiate live cells, dead cells, and cellular debris.




2.13. Statistics


Graph Pad Prism V 5.01 (GraphPad Software, La Jolla, CA, USA) graphics and statistical software was used for data analysis and presentation of results. Unless otherwise stated in the method description, statistical analyses were performed using Student’s t-test and significances were defined as follows: p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***).





3. Results


In the medical application of NIPP, no thermal effects occur on the tissue, but reactive oxygen species (ROS) are formed. These highly reactive molecules are the most important active components in oncological NIPP therapy [5]. According to their biochemical properties, ROS can oxidize biomolecules and impair their molecular and cellular functionality. As the outermost layer of eukaryotic cells, the lipid and protein components of the cytoplasmic membrane are particularly affected, which might have consequences for the directional and fine-tuned permeability characteristics of the membrane [17,18].



3.1. Basic Characterization of the NIPP Action in an In Vitro Cancer Cell Model


The specific biological effect of NIPP is based on the principle that a cold physical plasma is being generated and no thermal effects are affecting the cells [1]. The measurement of the surface temperature (Figure 3a) and the immersion temperature (Figure 3b) of the cell culture medium at room temperature even showed a slight temperature decrease during 120 s of NIPP treatment. Heat stress or thermal damage could therefore be excluded within the treatment durations used.



The physicochemical and thus biomedical properties of NIPP depend on the flow rate of the carrier gas. However, the possibilities for variation are limited with the device used, since the NIPP effluent only ignites in a flow rate range of 4.0–5.5 L/min (Figure 3c). To reduce the mechanical stress during treatment, all the following experiments were therefore carried out with the lowest possible flow rate of 4.0 L/min.



Examinations of H2O2 formation during NIPP treatment demonstrated that the formation rate depended predominantly on the treatment duration and only slightly on the flow rate (Figure 3d). The concentration of H2O2 depended on the flow rate of the carrier gas and on the treatment duration (F (16, 50) = 3.248; p < 0.001). A higher flow rate of the carrier gas and a longer treatment duration led to higher H2O2 concentrations. Multiple comparisons showed that significant differences depending on the flow rate appeared only after longer treatment durations. No significant difference could be detected after 5, 10, and 20 s of NIPP treatment. After a treatment time of 40 s, the flow rates of 5.0 L/min differed significantly (p = 0.005). The flow rate had a significant effect on the H2O2 formation only at a treatment duration of 80 s (4.0 L/min vs. 5.0: p = 0.006). Further analyses showed that the concentration of H2O2 was linearly related to the treatment time (r2 = 0.977). No linear relationship could be demonstrated as a function of the flow rate. Thus, variable treatment durations and a constant flow rate was used for further investigations.




3.2. NIPP Affects the Cytoplasmic Membrane of Cancer Cells and Causes the Influx of FITC-Labeled Dextran


To evaluate if NIPP exposure increased the cytoplasmic membrane permeability to low molecular weight compounds, breast cancer cells were incubated with FITC-labeled 10 kDa dextran after 20 and 60 s of NIPP treatment. Microscopic analysis of the intracellular FITC signal revealed that significantly higher amounts of dextran-FITC penetrated the cells after both NIPP treatment durations (Figure 4a,c). This effect was observed for both cancer cell lines, MCF-7 and MDA-MB-231, although no dependence on NIPP exposure time was observed (Figure 4b,d).




3.3. NIPP-Induced Alteration of the Cytoplasmic Membrane Enables the Efflux of Non-Membrane-Permeable Fluorescein


In the following, data were confirmed using an alternative technique. NIPP-treated cells were loaded with fluorescein diacetate (FDA), washed, and subsequently analyzed by flow cytometry. FDA is particularly suitable for such studies because the lipophilic FDA is converted intracellularly by cellular esterases to the hydrophilic, membrane-impermeable dye fluorescein, which accumulates in the cell [19].



Flow cytometric evaluation of the FDA-loaded cells showed that they released the fluorescent dye significantly after NIPP treatment in comparison to argon-treated control cells (Figure 5). Although the enzymatic cleavage of FDA to fluorescein should have prevented the dye from bleeding out of the cells, the dye accumulated significantly less in the breast cancer cells after 20 and 60 s of NIPP treatment. Again, the NIPP exposure time did not seem to affect the strength of the effect.




3.4. NIPP-Induced Alteration of the Cytoplasmic Membrane Enables the Efflux of Endogenous ATP Molecules


Finally, altered cytoplasmic membrane permeability after NIPP treatment was examined in a third approach. ATP is a central biomolecule in metabolism and is not released from cells under normal physiological conditions.



Therefore, ATP release was determined after NIPP exposure to measure changes in membrane permeability without nonphysiological or potentially toxic dye incubation. Furthermore, the duration of NIPP treatment was additionally extended to 120 s to demonstrate the suggested dependence between dosage and cellular effect. It was shown that NIPP-treated MCF-7 cells released significantly more ATP into the cell culture supernatant after 60 and 120 s of NIPP treatment than was detectable in the control approaches (Figure 6a). However, a 20 s treatment duration demonstrated only a tendential but not statistically significant extracellular ATP increase. In NIPP-treated MDA-MB-231 cells, significantly elevated extracellular ATP concentrations were measurable after 20, 60, and 120 s of NIPP treatment (Figure 6b). For the NIPP-induced ATP release, the effect increased with a more extended treatment duration.




3.5. NIPP Treatment Leads to the Induction of the Apoptotic Machinery


In the presence of environmental stress, eukaryotic cells can react with specific cellular responses to counteract the impairment of cellular functionality. For example, if this is impossible due to the concentration of exogenous stimuli being too high, cells initiate apoptosis to protect the surrounding tissue. During apoptosis, cell components are degraded in a finely regulated manner, which prevents the release of potentially inflammatory cellular factors to the ambient tissue [20].



NIPP-induced stress triggered the induction of apoptosis in the tumor cells. The increased activity of apoptotic effector caspases 3 and 7 (Casp-3/7 assay) and apoptosis-specific degradation of genomic DNA (TUNEL assay) were detected in MCF-7 cells 24, 48, and 72 h after 20 s of NIPP treatment (Figure 7a). These significant effects could be confirmed in MDA-MB-231 cells (Figure 7b). Evaluation of the non-normalized apoptotic signals per cell demonstrated that the values obtained with both assays were between the non-labeled negative controls and the experimentally induced positive controls (Table 1). However, the clearly higher apoptotic signature of the control approaches compared with the negative controls also indicated an artificially higher apoptotic background.



These results at the level of the apoptotic cell response could be confirmed at the molecular level of gene expression. Both the mRNA of the pro-apoptotic regulator Bcl-2 antagonist of cell death (BAD) and the initiator caspase-9 (Casp-9) were upregulated 48 h after NIPP treatment in both cancer cell lines (Figure 7c,d). After 120 s of treatment, the NIPP-induced devitalizing effect was so pronounced that the target mRNAs were no longer detectable in each replicate.




3.6. NIPP Efficacy on Cancer Cells Leads to Reduced Cell Growth


Apoptosis in a subset of cancer cells inactivates these cells and eliminates them from the cell population. Among other potential mechanisms, this apoptotic event should reduce the cell number compared to control cells, leading to reduced growth kinetics overall [21]. Therefore, cancer cells were treated once for 20 s with NIPP and cell growth was monitored for 120 h.



Growth kinetics of both cancer cell lines demonstrated a statistically significant reduction in cell number from 48 h (MCF-7; Figure 8a) and from 24 h (MDA-MB-231; Figure 8b) after NIPP treatment, respectively. The argon-treated control cells showed a nearly exponential growth curve over the entire incubation time. In contrast, the number of live NIPP-treated cells increased only marginally above the initial cell numbers seeded in these growth experiments (MCF-7: 4.5 × 104 cells/well; MDA-MB-231: 3.0 × 104 cells/well).





4. Discussion


While NIPP-induced damage to bacterial cell membranes has been extensively studied [22,23], the impact of NIPP on the cytoplasmic membrane of eukaryotic cells, particularly the effects on permeability to low molecular weight compounds, is poorly investigated. Recent studies have demonstrated increased cytoplasmic membrane permeability after NIPP treatment of skeletal sarcoma cells [6,24,25] and NIPP-induced changes in the membrane potential of keratinocytes [26]. Moreover, characterization by Raman imaging identified significant alteration of the molecular fingerprint of phospholipids following NIPP treatment with different plasma devices [27]. The present study revealed that low molecular weight compounds (≤10 kDa) could pass unimpaired through the cytoplasmic membrane of breast cancer cells after NIPP treatment. This effect on the molecule passing seems dose-independent as NIPP treatment times of 20 and 60 s demonstrated no dose-dependent variation on permeability. Changes in membrane integrity after NIPP treatment has been previously reported in osteosarcoma cells [25]. FDA efflux could be shown in osteosarcoma cells after NIPP treatment in a concentration-dependent manner. The discrepancy between the sensitivity to different NIPP concentrations indicates a possible tumor entity-specific NIPP efficiency.



The release of small molecules such as those of ATP has been associated with NIPP-induced damage-associated molecular patterns, enhancing cellular visibility to the immune system [28]. In this study, NIPP treatment resulted in an efflux of endogenously synthesized ATP, ruling out artificial and toxic effects of the fluorescent dye incubation. This ATP release was also demonstrated in malignant cells of the skin and the pancreas [29]. Although ATP can also be liberated from apoptotic cells and induce macrophage activation [30,31], apoptosis-induced ATP release can be excluded in the present study. NIPP-induced ATP efflux could be detected immediately after cancer cell treatment. However, NIPP-induced apoptosis would not occur until many hours after treatment, so even early apoptotic processes cannot be responsible for ATP release [32]. In contrast to the incubation experiments with fluorescent dyes, NIPP-induced ATP release exhibited a clear positive correlation with treatment duration. Whether the chemical structure of the released molecules plays a role in the accelerated transfer through the cytoplasmic membrane or whether the incubation with dyes can lead to artificial effects cannot be ruled out at this point.



One explanation for the enhanced extracellular ATP concentration could be the increased cell permeability mediated by NIPP-induced ROS including H2O2 [33].



ROS are the primary mediators of the effects of NIPP on cancer cells [34,35,36,37], and their formation depends on carrier gas flow rate and treatment duration. Endogenously, ROS are formed in physiologically highly active and fast-growing cancer cells, mostly during oxidative ATP synthesis, but can be neutralized by cellular detoxification systems [38,39]. NIPP generated ROS lead to higher ROS concentrations into cancer cells and overcome the capacity of the biochemical detoxification machinery. Therefore, NIPP-induced ROS can damage the cytoplasmic membrane and intracellular membrane compartments such as the nuclear membrane, the endoplasmic reticulum, and the mitochondria. The exact mechanism of NIPP-induced ROS on membranes is not yet fully understood [40]. However, the ROS-mediated damage to mitochondrial functionality after NIPP treatment has already been demonstrated [41]. Therefore, in addition to the observed decrease in ATP levels, cellular ATP biosynthesis in mitochondria would also be impeded. Restrictions in cancer cell energy metabolism and severe disruption of energy metabolism by NIPP treatment induce apoptosis and diminish proliferation [41], as shown in this study at the cellular and molecular level (Figure 9). This observation goes in line with other studies, showing that sustained cellular (redox) stress leads to adaptations in gene expression in breast cancer cells at the level of DNA methylation [42,43] and apoptotic and proliferative signaling cascades [39]. These NIPP effects were demonstrated in both malignant and non-malignant human breast cells [35,44,45]. However, our study also showed that some apoptotic background is already induced during the experimental handling of the control approaches. It is unknown by what means these secondary effects are triggered (e.g., separation and seeding of the cells, temperature variations, mechanical stress). On the other hand, it should be noted that, compared with these artificial effects, NIPP treatment also induces significantly higher apoptosic rates.



The biochemical activity of ROS both as oxidizing agents as well as cellular signaling molecules can explain a higher sensitivity of cancer cells to NIPP treatment. As mentioned above, NIPP application leads to a significant increase in ROS concentrations, which in turn cannot be neutralized efficiently by the cellular detoxification systems of physiologically highly active cancer cells. However, since adjacent non-malignant cells of the tissue still have a significantly higher detoxification capacity, they are affected considerably less or even not at all by NIPP treatment [5]. This hypothesis may account for a cancer-specific efficacy of NIPP in terms of a significantly higher sensitivity compared to physiologically healthy cells. On the other hand, this phenomenon explains the frequently observed good tolerability of NIPP in clinical use. So far, no significant side effects of NIPP treatment have been described [46], which is of great relevance for the use of NIPP, especially in otherwise very invasive and cytotoxic therapies of neoplasia.



Recent in vitro data, including the present study, suggest promising clinical applications of NIPP in gynecology [47,48,49,50]. The local effect of NIPP makes its use in combination with established procedures especially promising. The broad spectrum of mechanisms of action and thus of therapeutic targets could potentially also lead to increased therapeutic efficiency. In addition, there is the option of using NIPP-treated liquids for therapy. In this application, very comparable effects to direct NIPP treatment of cancer cells have been demonstrated in vitro [7,51].



Furthermore, a combination of NIPP treatment and chemotherapy rinsing (hyperthermic intraperitoneal chemotherapy, HIPEC; pressurized intraperitoneal aerosol chemotherapy, PIPAC) would be feasible. The enhanced permeability of the cytoplasmic membrane may enhance drug delivery into cancer cells. This could lead to a mitigation of the dose and thus to a reduction in the undesirable side effects of the drug [52,53,54].



In summary, the anticancer effect of NIPP can be attributed to a significant extent to the functional restriction of the cytoplasmic membrane of cancer cells. The resulting impairment of cell physiology leads to apoptosis of a subset of cancer cells and reduced cell growth of the remaining part of the cancer cell population. This effect opens up a wide range of applications in oncological therapy and the treatment of non-malignant precancerous lesions.
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Figure 1. The Kinpen Med medical argon plasma device (Neoplas Tools, Greifswald, Germany) was used to generate non-invasive physical plasma (NIPP). 
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Figure 2. Gating strategy in flow cytometric analyses. The intracellular content of fluorescein-diacetate (FDA) per cell was examined by flow cytometry. Using forward- and side-scatter-parameters, debris (a) and doublets (b,c) were rejected. Living cells were determined as ethidium bromide (EtBr) negative and FDA positive events (d). Abbreviations: side-scatter area, SSC-A; forward-scatter width, FSC-W; forward-scatter height, FSC-H; side-scatter width, SSC-W; side-scatter height, SSC-H. 
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Figure 3. Basic NIPP characterization. (a) Superficial (FLIR One infrared camera, Teledyne Flir) and (b) submerged (Lab Thermometer IP65 with an LT-101 temperature sensor, TFA Dostmann) temperature variations of cell culture medium at room temperature during 120 s of NIPP treatment. (c) Flame pattern after ignition of the NIPP flame at carrier gas flow rates from 1.0 to 6.5 L/min. The flow rates are shown in the device’s own display. (d) H2O2 formation after NIPP treatment. Ultrapure water was treated with NIPP at flow rates of 4.0, 4.5, and 5.0 L/min and treatment durations of 5 to 80 s. The relative H2O2 concentrations were determined by a Molecular Probes Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Thermo Fisher Scientific). 
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Figure 4. Microscopic dextran-fluorescein isothiocyanate (FITC) uptake assay. Breast cancer cells MCF-7 (a,b) and MDA-MB-231 (c,d) were seeded on coverslips, treated with NIPP for 20 and 60 s, and stained with 10 µL of dextran-FITC and 100 µL DAPI for 2 min. Cells were analyzed by fluorescence microscopy (BZ-9000 microscope with BZ-II analyzer software, scale bars represent 50 µm). For analysis, the FITC-positive area was determined and correlated to the number of DAPI-positive nuclei (FITC signal/cell). The results are displayed as mean ± standard deviation (p ≤ 0.05 *; p ≤ 0.01 **; p ≤ 0.001 ***). 
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Figure 5. Fluorescein release assay. Breast cancer cells MCF-7 (a,c) and MDA-MB-231 (b,d) were treated with NIPP for 20 and 60 s, and loaded with membrane-permeable fluorescein diacetate (FDA). (a,b) Flow cytometric raw data of 60 s of NIPP treatment. Control cells were treated with argon for appropriate times (Ctrl). The enzymatic conversion of FDA to non-membrane permeable fluorescein prevents the release of the dye under physiological conditions. Fluorescein release was determined by flow cytometry (BD FACSCanto™ flow cytometer and FlowJo software version 10) and expressed as relative signal normalized to controls. The results are displayed as mean ± standard deviation (p ≤ 0.001 ***). 
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Figure 6. ATP release assay. Breast cancer cells MCF-7 (a) and MDA-MB-231 (b) were treated with non-invasive physical plasma (NIPP) for 20, 60, and 120 s and incubated for 10 min at room temperature. Control cells were treated with argon for appropriate times (Ctrl). Subsequently, cell-free supernatant was measured with CellTiter Glo 2.0 ATP reagent (infinite M200 Pro microplate reader) to determine extracellular ATP. ATP concentrations were expressed as relative signal normalized to controls. The results are displayed as mean ± standard deviation (p ≤ 0.05 *; p ≤ 0.01 **; p ≤ 0.001 ***). 
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Figure 7. Apoptosis assays. The breast cancer cells MCF-7 (a) and MDA-MB-231 (b) were treated with non-invasive physical plasma (NIPP) for 20 s and incubated for an additional 24, 48, and 72 h. Subsequently, caspase-3/7 (Casp-3/7) and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) apoptosis assays were performed. Casp-3/7 was performed using CellEvent™ Caspase-3/7 Green Detection Reagent and TUNEL assay was performed using TiterTACS in situ apoptosis detection kit. Fluorescence signals were detected at 535 nm (Casp-3/7 assay) and 450 nm (TUNEL assay) in an Infinite M200 Pro microplate reader. In another approach, the two pro-apoptotic factors Bcl-2 antagonist of cell death (BAD) and caspase-9 (Casp-9) were detected in MCF-7 (c) and MDA-MB-231 (d) cells by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). Analyses were performed 48 h after NIPP treatment of 20, 60, and 120 s applying target-specific primer pairs. Apoptotic values were expressed as relative signals normalized to controls. The results are displayed as mean ± standard deviation (p ≤ 0.05 *; p ≤ 0.01 **; p ≤ 0.001 ***). 
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Figure 8. Cell growth assay. Breast cancer cells MCF-7 (a) and MDA-MB-231 (b) were treated with NIPP for 20 s, incubated for 120 h at 37 °C and 5% CO2, and live-cell numbers were determined at the indicated time points (CASY Cell Counter and Analyzer model TT). The results are displayed as mean ± standard deviation (p ≤ 0.05 *; p ≤ 0.01 **; p ≤ 0.001 ***). 
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Figure 9. Model for the devitalizing NIPP efficacy on tumor cells. NIPP treatment of tumor cells (1) leads to the formation of ROS (2), which interfere with the cytoplasmic membrane and increase its permeability (3). Subsequently, the loss of ATP leads to the impairment of cellular metabolism (4), which induces apoptosis in part of the cell population (5) and reduces the growth of the entire cell population (6). 
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Table 1. Absolute representation of apoptosis. As shown in Figure 7a,b, the breast cancer cells MCF-7 and MDA-MB-231 were treated with NIPP for 20 s and incubated for an additional 24, 48, and 72 h. Subsequently, caspase-3/-7 (Casp-3/7) and terminal deoxynucleotidyl transferase dUTP nick end labeling TUNEL apoptosis assays were performed. To illustrate the absolute apoptotic events, the measured values (apoptotic signals/cell) are shown without normalization of NIPP treatment to controls. Additionally shown are negative controls (Neg Ctrl) and positive controls (Pos Ctrl) for both assays in both cell lines. The results are displayed as mean ± standard deviation.
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Cells

	
Assay

	
Neg Ctrl

	
Pos Ctrl

	
Ctrl

	
NIPP




	
24 h

	
48 h

	
72 h

	
24 h

	
48 h

	
72 h






	
MCF-7

	
Casp-3/7

	
1.5 × 10−1

±9.8 × 10−2

	
2.1 × 100

±3.2 × 10−1

	
1.9 × 10−1

±1.2 × 10−2

	
2.5 × 10−1

±4.2 × 10−2

	
2.6 × 10−1

±1.7 × 10−1

	
4.4 × 10−1

±4.6 × 10−2

	
5.9 × 10−1

±1.4 × 10−1

	
5.9 × 10−1

±3.5 × 10−1




	
TUNEL

	
1.5 × 10−5

±1.0 × 10−5

	
8.4 × 10−5

±8.8 × 10−5

	
8.2 × 10−6

±2.6 × 10−6
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