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Abstract


Atmospheric nonthermal plasma (ANTP) has rapidly evolved as an innovative tool in biomedicine with various applications, especially in treating skin diseases. In particular, the formation of reactive oxygen species (ROS) and nitrogen species (RNS), which are generated by ANTP, plays an important role in the biological signaling pathways of human cells. Unfortunately, excessive amounts of these reactive species significantly result in cellular damage and cell death induction. To ensure the safe application of ANTP, preclinical in vitro studies must be conducted before proceeding to in vivo or clinical trials involving humans. Our study aimed to investigate adverse effects on genetic substances in murine fibroblast cells exposed to ANTP. Cell viability and proliferation were markedly reduced after exposing the cells with plasma. Both extracellular and intracellular reactive species, especially RNS, were significantly increased upon plasma exposure in the culture medium and the cells. Notably, significant DNA damage in the cells was observed in the cells exposed to plasma. However, plasma was not classified as a mutagen in the Ames test. This suggested that plasma led to the generation of both extracellular and intracellular reactive species, particularly nitrogen species, which affect cell proliferation and are also known to induce genetic damage in fibroblast cells. These results highlight the genotoxic and mutagenic effects of ANTP, emphasizing the need for the cautious selection of plasma intensity in specific applications to avoid adverse side effects resulting from reactive species production.
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1. Introduction


Atmospheric nonthermal plasma (ANTP), an innovative approach, has shown promising medical properties, such as anti-microorganism and anti-inflammation activity as well as the ability to induce cancer cell apoptosis and accelerated wound healing [1,2,3]. ANTP contains UV photons, neutral or excited atoms and molecules, negative and positive ions, free radicals, and free electrons resulting from the ionization of carrier gas under atmospheric pressure [4]. Reactive oxygen species (ROS) and nitrogen species (RNS) are considered key substances among the free radicals, which accumulate during the plasma–cell interaction and influence cellular responses upon exposure to ANTP [5,6]. The other constituents of plasma such as UV, as well as a mixture of photons, neutral or excited atoms and molecules, negative and positive ions, and free electrons, might affect the cells and generate an effect on DNA. The type of carrier gas used affects the amount and type of reactive substances released from ANTP; helium or argon plasma generates abundant ROS, while nitrogen or a combination of argon and helium plasma produces high levels of RNS [7]. Additionally, a therapeutic effect was observed with a cold air plasma jet (CAPJ) generated from combined helium and argon gas, which exhibited higher activity in inducing wound closure in keratinocyte cells compared to a CAPJ generated from helium gas alone [8].



Previous studies have primarily focused on the therapeutic effects of ANTP, revealing significant findings. ANTP has been shown to increase the expression of matrix metalloproteinase-9 and urokinase-type plasminogen activator, while decreasing E-cadherin expression, thus inducing epithelial-to-mesenchymal transition and accelerating wound healing in fibroblast cell lines [9]. Exposure to cold atmospheric argon plasma resulted in the significant release of epidermal growth factor and transforming growth factor-βi, promoting cell proliferation in murine fibroblast cell lines [10]. Clinical studies have demonstrated a highly significant reduction in bacterial load in chronic wound patients treated with cold atmospheric argon plasma [11], as well as a significant improvement in ulcer wound closure after the same treatment [12]. Both ROS and RNS, generated by ANTP, play crucial roles in these biological outcomes. Additionally, the electric field generated during plasma ionization has been reported to influence cell membranes through electroporation, creating pores that allow extracellular molecules (ROS and RNS) to enter the cells [13,14].



ROS and RNS generally exhibit a dual role, where low or moderate concentrations have positive effects on cellular function through signaling cascades, while high levels resulting from prolonged exposure lead to oxidative stress and damage to cellular structures [15]. Diseases such as cancer, arthritis, aging, autoimmune disorders, and cardiovascular and neurodegenerative diseases have been associated with oxidative stress [16], and free radicals have been linked to genetic material damage, including DNA mutation and cancer development [17]. Although ANTP has shown efficacy and positive clinical outcomes for medical treatment, ensuring patient safety is crucial when applying it in clinical settings to avoid side effects on genetic material. Therefore, the careful selection of plasma devices for clinical practice is essential to minimize harm to healthy cells, and appropriate plasma dosages must be closely controlled depending on the treatment type [18]. However, the lack of universally accepted guidelines for plasma dosage, various plasma device types, and differing treatment conditions make it challenging to compare the biological effects and determine safe plasma applications [19]. In this study, we present our team’s newly developed air plasma jet with the goal of applying it in clinical medicine, particularly for wound treatment in chronic diabetes patients and other types of wounds. We utilized a newly designed CAPJ that uses atmospheric air as a carrier gas, making it highly portable and suitable for clinical units in hospitals without requiring nitrogen, helium, or argon gas. In addition, the advantage of using air as a carrier gas is that it reduces the temperature when applied to human skin. The previous report related to plasma generation was based on argon or helium gas as a carrier gas to generate plasma; however, our study provided safety information of plasma devices which use air as a carrier gas. Previous studies by Thana in 2019 and 2020 [20,21] demonstrated the generation of reactive oxygen and nitrogen species (RONS) such as nitric oxide, hydroxyl radical, atomic oxygen, and ozone using a compact low-temperature plasma jet device similar to a CAPJ, with a generated plasma temperature of approximately 35 °C. These studies also observed antibacterial activity and noncytotoxicity to dermal fibroblasts. Despite the benefits of plasma technology to various medical fields, the authors point out that different cold atmospheric plasma devices generate varying plasma compositions and treatment times, necessitating assessments of efficacy and safety. Therefore, it is essential to conduct safety studies, especially for the genotoxicity and mutagenicity of ANTP, to avoid severe side effects. This study aims to evaluate the effect of ANTP, specifically a CAPJ named Nightingale, on adverse genetic responses in NIH3T3 murine fibroblasts, with the objective of understanding the cellular response mechanisms after ANTP exposure.




2. Materials and Methods


2.1. Atmospheric Nonthermal Plasma (ANTP) Instrument


The CAPJ (Figure 1A) in a model called “Nightingale” has been certified as a standard class 2a medical device according to the Food and Drug Administration with the Conformité Européene (CE) mark, which covers electrical medical equipment (IEC60601-1 and IEC60601-2), and software validation IEC62304. It produced air plasma in transient mode with a plasma temperature below 40 °C. The instrument was set up in a control room with ambient temperature at 27.5 ± 0.95 °C and relative humidity of 61.0 ± 6.0%. The ambient air was used as a carrier gas for plasma generation with different flow rates of 3, 5, 7, 9, and 11 L/min. The plasma is produced by a burst repetition rate of 2 kHz, and it was released from the plasma head via a four-channel air jet with 4, 7, and 10 pulse groups per second (plasma intensity) [21]. During the experiment, the NIH3T3 murine fibroblasts, which were cultured in a culture medium, were directly exposed to plasma that was generated through the plasma head, as shown in Figure 1B.




2.2. Cell Culture


The murine fibroblast cell lines (3T3-L1; ATCC no. ATCC® CL-173™) were cultured in Dulbecco’s modified eagle medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, Logan, UT, USA), penicillin (100 units/mL), and streptomycin (100 µg/mL) in a humidified atmosphere of 5% CO2 at 37 °C. The cells were harvested using 0.05% trypsin–EDTA solution and washed twice in phosphate-buffered saline (PBS). Then, the cells were centrifuged and resuspended with DMEM. The cells were stained with trypan blue solution and counted under a light microscope for cell viability evaluation. The number of cells was adjusted to the desired cell number.




2.3. Exposure of Plasma to the Murine Fibroblast Cells


The NIH3T3 murine fibroblasts were directly exposed to plasma generated by Nightingale for 30 s in all experiments. The experiment for this study was grouped according to plasma intensity exposure (0, 4, 7, and 10 pulses) coupled with different air flow rates (3, 5, 7, 9, and 11 L/min). The murine fibroblast cells which were exposed to a different airflow without plasma generation were classified as a plasma intensity of 0 pulses. After cytotoxic and cell proliferation testing, the plasma intensity at IC30 (30% inhibitory concentration) was chosen for further analysis according to ISO10993-5. This guide recommends that treatment should be classified as a substance affecting cell viability and proliferation if it results in a decrease of 30% or more [22,23].




2.4. Cell Viability Testing


To investigate the dose toxicity of plasma on the viability of murine fibroblast cells, the cell viability was determined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay [24]. The MTT assay is used to measure cellular metabolic activity as an indicator of cell viability, proliferation, and cytotoxicity. The murine fibroblast cells (2 × 105 cells) were cultured on sterile 12-well tissue culture plates in a humidified atmosphere of 5% CO2 at 37 °C. The cells were exposed to plasma for 30 s and further incubated for 24 h. After that, the cytotoxicity was measured by adding 2 mg/mL of MTT reagent into the wells. The blue formazan crystal was then dissolved in dimethyl sulfoxide (DMSO). The absorbance at wavelengths of 540 and 630 nm was measured by a microplate reader (BioTek, Winooski, VT, USA). The percentage of cell viability was calculated by comparing it with the negative control (cells treated with a medium).




2.5. Colony Formation Assay


To investigate the adhesion-independent cell proliferation after exposure of the murine fibroblast cells to plasma, the colony formation assay modified from previous publications was performed [24,25]. The cells (2 × 105 cells) were cultured on sterile 12-well tissue culture plates in a humidified atmosphere of 5% CO2 at 37 °C. The cells were exposed to plasma for 30 s, and then, the plate was further incubated for 24 h. After that, the cells were harvested and stained with trypan blue solution for cell viability testing. Five-hundred viable cells were placed on sterile 6-well tissue culture plates, and the plates were incubated at 37 °C in a humidified atmosphere of 95% containing 5% CO2 for seven days. Finally, the colonies were stained with 0.5% w/v of crystal violet for 20 min. The number of colonies consisting of at least 50 cells was counted under an inverted microscope (Olympus, Tokyo, Japan). The percentage of colony formation was calculated by comparing with the negative control (cells treated with a medium).




2.6. Investigation of Intracellular Reactive Oxygen (ROS) and Nitrogen Species (RNS)


To investigate the generation of ROS and RNS in the plasma-exposed cells, the percentage of the treated cells which produced intracellular ROS and RNS was determined by a flow cytometer. The cells (2 × 105 cells) were cultured on sterile 12-well tissue culture plates in a humidified atmosphere of 5% CO2 at 37 °C. The cells were then exposed to plasma for 30 s, and the plate was further incubated for 24 h. After incubation, the plasma-exposed cells were harvested and washed twice with sterile phosphate-buffered saline (PBS). The intracellular ROS were analyzed by staining the cells with 2′,7′-dichlorofluorescin diacetate (DCFDA) according to the manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO, USA) and 2 mM hydrogen peroxide (H2O2) was used as a positive control. The intracellular RNS were also measured by staining the cells with 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM Diacetate) according to the manufacturer’s instructions ((Sigma-Aldrich, St. Louis, MO, USA), and 1 mM diethylamine NONOate sodium salt was used as a positive control. The fluorescent-stained cells were counted using a flow cytometer. The result was expressed as the percentage of fluorescent-stained cells.




2.7. Quantification of Extracellular ROS and RNS


To quantify the ROS mediator in the culture medium after exposing the medium to plasma, the plasma-exposed culture medium was collected to measure hydrogen peroxide (H2O2) by a hydrogen peroxide assay kit according to the manufacturer’s instructions (Cayman Chemical, Ann Arbor, MI, USA). The plasma-exposed culture medium was harvested and mixed with an enzyme reaction solution which consisted of hydrogen peroxide detector ADHP and horseradish peroxidase in a separate 96-well plate. After that, the fluorescence intensity was immediately measured at a wavelength of 530 nm excitation and 585 nm emission by a microplate reader (BioTek, Winooski, VT, USA). The H2O2 level was calculated from the standard curve. As a quantification of the RNS mediator in the culture medium, the plasma-exposed culture medium was collected to measure nitric oxide (NO) by the Griess reagent system [26]. The plasma-exposed culture medium was mixed with Griess reagent containing 0.1% naphthylethylenediamine dihydrochloride and 1% sulfanilamide in 5% phosphoric acid in water in a separate 96-well plate. The plate was incubated for 15 min. The absorbance of the reaction was measured at a wavelength of 550 nm by a microplate reader (BioTek, Winooski, VT, USA). The nitric oxide level was calculated from the sodium nitrite (NaNO2) standard curve [27]




2.8. Mutagenicity Testing


2.8.1. 8-Hydroxy-2′-deoxyguanosine (8-OHdG) Quantification


To quantify the by-product of DNA adduct from reactive species in the plasma-exposed cells, the quantification of 8-OHdG was performed according to the manufacturer’s guidelines. The cells (2 × 105 cells) were cultured on sterile 12-well tissue culture plates in a humidified atmosphere of 5% CO2 at 37 °C. The cells were exposed to plasma for 30 s and further incubated for 24 h; the plasma-exposed cells were harvested and washed twice with sterile phosphate-buffered saline (PBS). The 8-OHdG ELISA Kit (Elabscience, Hubei, China) was used for 8-OHdG analysis according to the manufacturer’s instructions. The absorbance of the reaction was measured at a wavelength of 540 nm by a microplate reader (BioTek, Winooski, VT, USA). The positive control for 8-OHdG was the cells treated with 2 mM of H2O2. The level of 8-OHdG was calculated from the standard curve.




2.8.2. DNA Strand Break Analysis


To investigate DNA strand breaks in plasma-exposed cells, the TUNEL assay was performed according to the manufacturer’s guidelines. The cells (2 × 105 cells) were cultured on sterile 12-well tissue culture plates in a humidified atmosphere of 5% CO2 at 37 °C. The cells were exposed to plasma for 30 s and further incubated for 24 h; the plasma-exposed cells were harvested and washed twice with sterile phosphate-buffered saline (PBS). The APO-BRDU™ Kit (BD Biosciences, Franklin Lakes, NJ, USA) was used for DNA strand break analysis according to the manufacturer’s instructions. The fluorescent-stained cells were counted using a flow cytometer. The positive control was the cells that were treated with 2 mM H2O2. The result was expressed as the percentage of fluorescent-stained cells.



To confirm DNA damage, particularly double-strand breaks (DSBs), and to assess the cellular response to genotoxic stress, the detection of gamma H2AX (γ-H2AX) was performed by immunofluorescent staining with a slightly modified method [28]. After incubating the cells with plasma, the plasma-exposed cells were harvested and washed twice with sterile phosphate-buffered saline (PBS). The cells were fixed with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) and permeabilized with 0.1% Triton X-100. The nonspecific binding was blocked by adding blocking solution. The cells were stained with anti-human γ-H2AX antibody (Merck, Darmstadt, Germany) for 1 h at room temperature followed by staining with anti-rabbit IgG conjugate FITC (Dako, Glostrup, Denmark) for 1 h at room temperature. Finally, the cells were counterstained with 1 µg/mL of 4′,6-diamidino-2-phenylindole (DAPI) solution (PanReac AppliChem, Barcelona, Spain). The fluorescent-stained cells were observed under an inverted microscope, version Axio Observer 7 (Carl Zeiss, Aalen, Germany).




2.8.3. Bacterial Reverse Mutation Assay


The determination of the mutagenicity of plasma was performed by the Ames test according to the protocol of OECD test no.471 [29]. However, the preparation of test substances in our study could not follow this guideline since they were not solid or liquid test substances. Hence, the protocol for plasma exposure was modified from a previous study by Patenall et al., 2021 [30]. Additionally, Mortelmansit and Zeiger, 2000 [31], recommended that for general screening purposes, a tier approach should be used using strains TA98 and TA100 with or without metabolic activation to ensure that mutagens with different mechanisms of action can be detected. Prior to the mutagenicity testing, the effects of plasma on bacterial viability and growth curve were observed. Two hundred microliters of diluted bacteria was added to sterile 96-well tissue culture plates. The optical density of bacteria was measured at a wavelength of 600 nm every 10 min for 24 h to represent the growth rate. Two strains of Salmonella typhimurium (TA98 and TA100) were exponentially grown in Oxoid nutrient broth at a temperature of 37 °C. For the Ames test, specifically, we used the pre-incubation method. One hundred microliters of bacteria suspended in phosphate buffer was added into sterile 12-well tissue culture plates and directly exposed to plasma at various air flow rates and plasma intensities for 30 s. After plasma treatment, the culture was left to stand for 30 min before being mixed with a surface agar solution containing histidine and biotin. For 2-(2-furyl)-3-(5-nitro-2-furyl)-acrylamide (AF-2) (Wako Pure Chemicals, Osaka, Japan) as a positive control, 100 μL of bacterial suspension was mixed with buffer and AF-2 (0.1 ug/plate for TA98 and 0.01 ug/plate for TA100). The plasma-exposed bacteria were mixed with a surface agar solution consisting of histidine and biotin prior to plating on bottom agar. The culture plates were continuously incubated at 37 °C for 48 h. Finally, the number of revertant colonies was counted under a stereomicroscope. The mutagenic index was calculated from the ratio between revertant colonies in the treatment group and control group. The mutagenicity in CAPJ-exposed bacteria was compared to the unexposed bacteria.





2.9. Statistical Analysis


Experimental data are expressed as the mean and standard deviation of three independent experiments for each test. GraphPad Prism Version 9 was used to evaluate the statistical significance between experiment groups. One-way analysis of variance (ANOVA) and an independent sample t-test were performed for paired comparisons between the unexposed and the CAPJ-exposed cells. Statistically significant differences are expressed with p < 0.05.





3. Results


3.1. Fibroblast Cell Viability


To demonstrate the effect of plasma on murine fibroblast viability, the cells were exposed to plasma for 30 s and further incubated for 24 h. The MTT assay was used for evaluating cell viability. The percentage of cell viability in the treatment groups was calculated by comparing with the negative control. No significant difference in cell viability was observed at 0 pulse intensity coupled with different air flow rates, indicating that the air released from the plasma head did not affect cell viability. There was also no significant difference in cell viability among the cells exposed to all intensities of plasma at a flow rate of 3 L/min. However, cell viability tended to decrease in a dose-dependent manner after exposure to plasma at different air flow rates (5, 7, 9, and 10 L/min) and intensities (4, 7, and 10 pulses), as shown in Figure 2. Notably, the cell viability was significantly reduced when exposed to plasma with all intensities (4, 7, and 10 pulses) coupled with an air flow rate of 11 L/min compared to treatment with 0 pulse intensity under the same air flow rate. Interestingly, the highest toxicity was observed in cells exposed to a plasma intensity of 10 pulses under an air flow rate of 11 L/min.




3.2. Suppression of Cell Proliferation


To assess the effect of plasma on fibroblast cell proliferation, the colonies of plasma-exposed cells were formed over seven days and stained with crystal violet. The percentage of colony formation in the treatment groups was calculated by comparing it with the negative control. The results demonstrated a tendency for the ability to form colonies to decrease with increasing air flow rates when directly exposed to plasma at all intensities (4, 7, and 10 pulses), as shown in Figure 3A. At a plasma intensity of 0 pulses, the colony formation in the cells exposed to plasma coupled with an air flow rate of 11 L/min appeared to decrease compared to other flow rates. Furthermore, under the same plasma intensity treatment, our findings indicated that the percentage of cell proliferation significantly decreased in response to increasing air flow rates. Comparing the same air flow rate, we observed a significant reduction in colony formation for plasma-exposed cells at intensities of 4, 7, and 10 pulses compared to a plasma intensity of 0 pulses. The plasma-exposed cells at intensities of 7 and 10 pulses coupled with all air flow rates demonstrated significantly fewer forming units (Figure 3B). In addition, the colony formation was performed after exposure of the cells to plasma after 24 h of incubation; the reduction in colony formation only represents cell death that occurred more than 24 h after exposure.




3.3. Production of Intracellular Reactive Oxygen (ROS) and Nitrogen Species (RNS)


In a previous experiment, it was demonstrated that some intensities of plasma showed a deleterious effect on cell viability and proliferation. However, the toxicological mechanism of plasma on the murine fibroblasts was unclear. Plasma intensity at about IC30 (30% inhibitory concentration) was chosen for further experiments. The percentage of ROS-stained cells in the negative control was 1.26 ± 0.12%, which was not statistically significant compared to the cells exposed to a plasma intensity of 0 pulses. The percentage of ROS-stained cells in the positive control (H2O2) was 9.55 ± 0.14%. We found no statistical difference between the percentages of ROS in the cells which were exposed to plasma at intensities of 0, 4, 7, and 10 as shown in Figure 4A. As for RNS quantification, the percentage of RNS-stained cells in the negative control was 2.24 ± 0.11%. The percentage of RNS-stained cells in the positive control (diethylamine NONOate sodium salt) was 8.99 ± 2.55%. The treatment of the cells with plasma at an intensity of 10 coupled with air flow rates of 3 and 5 L/min significantly increased RNS accumulation by approximately two-fold compared to a plasma intensity of 0 pulses at the same flow rate. Furthermore, we also compared the generation of intracellular RNS by exposure to a plasma intensity of 10 pulses with different flow rates (3 and 5 L/min); however, there were no significant differences in the percentage of RNS-positive cells between the two air flow rates (Figure 4B).




3.4. Generation of Extracellular Reactive Oxygen (ROS) and Nitrogen Species (RNS)


As indicated by the data from the previous experiment, there was a clear increase in reactive species levels in the plasma-exposed cells. We hypothesized that plasma releases reactive species into the environment or other reactive species, leading to an effect on the cellular response. Consequently, these reactive substances could easily diffuse across cellular membranes or induce oxidative stress in the cells. The plasma-exposed medium showed the presence of extracellular ROS and RNS, represented by H2O2 and NO, respectively (Figure 5). There was a significant difference in the amount of extracellular H2O2 and NO in the plasma-exposed medium across all plasma intensities. The exposure of the culture medium to plasma generated from Nightingale at intensities of 4, 7, and 10 pulses increased the H2O2 and NO concentrations by approximately 100-, 160-, and 200-fold, respectively, compared to plasma at an intensity of 0 pulses.




3.5. Induction of DNA Damage


Due to the significant stimulation of reactive species in the culture medium and the murine fibroblast cells observed after plasma exposure in the previous experiment, and considering that reactive species have been reported to attack genetic material such as DNA, leading to DNA damage, we performed a TUNEL assay to investigate the effect of ROS and RNS on the genetic material in the plasma-exposed cells. The percentage of TUNEL-positive cells in the negative control was 0.50 ± 0.30%, which was not statistically significant compared to the cells exposed to a plasma intensity of 0 pulses. The percentage of TUNEL-positive cells in the positive control (2 mM of H2O2) was 42.02 ± 2.52%. The TUNEL assay revealed an increasing percentage of TUNEL-positive cells, indicating DNA damage. Specifically, at an intensity of 10 pulses and under air flow rates of 3 and 5 L/min, the percentage of TUNEL-positive cells significantly increased compared to the intensity 0 pulses. Notably, the plasma intensity of 10 pulses under an air flow rate of 5 L/min showed a significantly higher percentage of DNA damage compared to the same intensity under an air flow rate of 3 L/min (Figure 6A). Moreover, the detection of γH2AX focus formation was performed to confirm DNA double-strand breaking at an intensity of 10 pulses and under an air flow rate of 5 L/min. The result showed that plasma-exposed cells had the positive staining of γ-H2AX foci at 24 h after exposure to plasma (Figure 7). Furthermore, we measured the by-products of oxidatively damaged DNA formed by ROS and RNS, specifically 8-OHdG. The levels of 8-OHdG in the negative control and positive control (2 mM of H2O2) were 0.46 ± 0.12 and 1.44 ± 0.16 ng/mL, respectively. The results, shown in Figure 6B, demonstrate no significant difference in the amount of 8-OHdG among the cells exposed to different plasma intensities.




3.6. Mutagenicity Potential of Plasma


In light of the plasma-induced DNA strand breaks observed in previous experiments, the mutagenic potential of plasma was assessed in the current study using the Salmonella typhimurium/reverse mutation assay. Two strains of bacteria (TA98 and TA100) were exposed to different plasma intensities. To evaluate the effect of plasma on bacterial viability, the result showed that the viability of both TA98 and TA100 plasma-exposed bacteria did not differ from the negative control or air control (air flow rate without plasma). Likewise, the growth rate of both TA98 and TA100 bacteria after exposure to plasma did not differ from the growth curve of the negative control or air control (air flow rate without plasma) (Figure 8). From these results, it was confirmed that the plasma did not interfere with the viability and growth rate of S. typhimurium (TA98 and TA100). For Ames’s test, the number of revertant colonies in the negative control and plasma exposure did not show significant difference. This suggests that plasma did not exhibit inhibitory effects on bacterial growth. Also, the number of revertant colonies of TA98 exposed to plasma at intensities of 4, 5, and 10 pulses did not show a significant increase compared to plasma-treated bacteria at an intensity of 0 pulses. Although the number of revertant colonies of TA100 exposed to plasma at an intensity of 10 pulses under an air flow rate of 5 L/min significantly increased compared to the number of revertant colonies subjected to a plasma intensity of 0 pulses, according to the mutagenic index, the results indicated that all CAPJ intensities under all air flow rates were not classified as mutagens (mutagenic index less than 2) [32]. Moreover, the mutagenic index in TA100 exposed to plasma at an intensity of 10 pulses under an air flow rate of 5 L/min significantly increased compared to the number of revertant colonies treated with a plasma intensity of 0 pulses (Table 1 and Figure 9).





4. Discussion


Atmospheric nonthermal plasma (ANTP) has found extensive applications in dermatology due to its composition rich in reactive oxygen (ROS) and nitrogen species (RNS), which exhibit antimicrobial, anti-inflammatory, cancer cell death induction, and wound healing acceleration properties [3]. However, inappropriate levels of reactive species without proper host defense mechanisms can lead to adverse side effects in target cells. Reactive species can damage intracellular targets such as proteins, lipids, carbohydrates, and genetic substances, thereby triggering genotoxicity and mutagenicity, which are significant factors in cancer development [33,34]. Thus, determining the genotoxicity of ANTP is crucial for controlling the plasma dose during medical treatment applications. Additionally, the development of medical devices requires the evaluation of biocompatibility, including cytotoxicity and genotoxicity, according to International Standards 10993-3 and 10993-5 (ISO 10993) [23,35]. The air plasma device in our study has been newly developed by our team with the goal of applying it in clinical medicine, especially for wound treatment in chronic diabetes patients and other types of wounds. Therefore, a skin model using NIH3T3 murine fibroblasts was selected. Previous experiments have demonstrated that these cells are suitable target cells for studying the pharmacological and toxicological properties of skin-affected chemical substances. Moreover, they are easy to handle and can be cultured for several passages compared to human primary fibroblast cells [36]. Two methods for ANTP treatment on cells were recommended: direct and indirect exposure. Direct exposure involved treating the cells which were cultured in a culture medium with ANTP, allowing short- and long-lived reactive species to interact with the target. Indirect exposure involved treating the liquid medium with ANTP and transferring it into the cells, resulting in only long-lived species such as H2O2, NO2–, and NO3−. Short-lived species like •OH, 1O2, •NO, ONOO–-) were degraded due to the time delay between treatments [37,38].



The plasma device in our study is based on the production of plasma between two electrodes and requires a carrier gas to transport the active agents onto the skin. The previous report by Brehmer et al. (2014) [39] showed that plasma treatment with the PlasmaDerm® VU-2010 device is safe and effective for patients with chronic venous leg ulcers. However, some side effects such as hyperthermia, redness of the leg, and pain during a single plasma application were observed. It is important to note that the PlasmaDerm® VU-2010 device utilizes a dielectric barrier discharge plasma generator, which uses the skin as the counter electrode, which is different from our device. Moreover, the noteworthy aspect of our study is the utilization of air as a carrier gas in Nightingale, which facilitates practical implementation. Besides using air as a carrier gas, the safety of argon-generated plasma has been studied. Gui min Xu et al. (2015) [40] found that wounds treated with argon-generated plasma showed significantly enhanced improvement compared to the control group. However, overdoses of plasma suppressed wound healing by causing cell death through apoptosis or necrosis. It is assumed that both positive and negative effects may be related to the presence of reactive oxygen and nitrogen species. Several previous studies have been conducted on the kINPen® MED product, the first cold plasma jet using argon. These studies have shown beneficial effects in chronic wound treatment, including wound surface reduction and time to wound closure, independent of background infection [41]. Furthermore, there was no evidence of genotoxicity, but there was induced mortality in chick embryos when kINPen® was applied at a flow rate of 5 L/min [42]. Additionally, there was no observation of mutagenicity in V79 cell lines after exposure to kINPen® at a flow rate of 3 L/min [43]. The difference between plasma generated from argon and air lies in its temperature and composition. Argon plasma exhibits a clear transition from a hot plume to a cold plasma jet. Furthermore, nitrogen species radicals are generated by air plasma, whereas these species produced by nitrogen, oxygen, and carbon dioxide plasmas are below the minimum detection limit [44].



We determined the viability and proliferation of fibroblast cells after exposure to plasma using MTT and colony formation assays, respectively. We observed a significant dose-dependent decrease in cell viability and proliferation after plasma exposure. Similar reductions in cell viability were observed in mammalian breast epithelial cells (MCF10A) exposed to a dielectric barrier discharge (DBD) plasma [5,45]. The direct exposure of keratinocyte cells (HaCaT) to argon-generated cold atmospheric plasma resulted in a significant decrease in cell viability [46]. Likewise, fibroblast cells (3T3 cells) exposed to helium-generated cold atmospheric plasma showed a noticeable reduction in proliferation [47]. In the case of cell proliferation, the exposure of keratinocyte cells to helium-, oxygen-, and argon-generated cold atmospheric plasma led to reduced proliferation, increased intracellular and extracellular reactive species, and cell cycle arrest in the G2/M phase [48,49]. The decrease in cell proliferation resulted from the reactive species, ultraviolet and electromagnetic radiation, and heat released from plasma, as described in a previous study [1]. The air flow rates of 3 and 5 L/min were chosen for additional experiments as they had less than a 30% impact on cell viability and proliferation. In addition, it is important to maintain cell viability to accurately observe the effects of oxidative or nitrosative stress. Using nontoxic doses was chosen to monitor the impact on cells without compromising their overall health. In addition, nontoxic doses are more representative of physiological conditions. Using toxic doses may induce responses that are not reflective of typical cellular behavior. Moreover, previous reports indicated that the atmospheric nonthermal argon plasma at an air flow rate of 2–5 L/min utilized in a clinical study showed efficiency in inducing wound closure and reducing pruritus without external side effects [11,50,51,52].



Since the reactive species were predominately generated from plasma, further experiments were conducted to measure extracellular and intracellular ROS and RNS. We observed a significant induction of extracellular ROS and RNS as well as intracellular RNS after plasma exposure. It could be concluded that the plasma used in this study predominantly activated RNS production rather than ROS production in the murine fibroblast cells. This finding is consistent with the study by Thana et al., 2019 [21], where they investigated the chemical characterization of plasma from the same device in the current study. They found that H2O2 production was lower in the gas phase compared to the liquid phase, as long-lifetime plasma species, especially O3, interacted with water molecules to produce H2O2. Nitrogen species (nitrate and nitrite) were predominantly generated in direct proportion to the exposure time. Plasma released a controllable amount of NO, OH, O, and O3, and their interaction with water in the surrounding environment produced H2O2, NO2–, NO3–, HNO2, and HNO3. In a study by Shekhter et al. in 2005 [53], a predominant amount of nitric oxide was generated by air plasma, which contributed to wound healing in a mice model. On the other hand, when plasma was generated from helium or argon as a carrier gas, it produced inert gas, electrons, and atoms that reacted with the liquid phase in the environment, resulting in the generation of the most ROS [44]. The dissociation of water or liquid molecules, likely present in the culture medium, was activated by plasma treatment, leading to the formation of short-lived species lasting a few nanoseconds. These molecules then subsequently generated transient and more stable species with lifetimes longer than one second [54]. Considering that atmospheric air consists predominantly of nitrogen, followed by oxygen, it is probable that ROS may be generated in smaller amounts compared to RNS. Additionally, the reduced production of reactive species, especially ROS, might result from the activation of the host defense system. A study by Schmidt et al. in 2015 [55] revealed that shorter treatment times (20 s) of an argon plasma jet on keratinocyte cells resulted in significantly lower ROS formation levels due to the activation of the antioxidant process through the Nrf2 signaling pathway. However, the host defense system against reactive species was not investigated in the current study, so further research is needed to study the antioxidant response after exposure to cells with plasma.



Intracellular RNS have been reported to interfere with cell proliferation through interactions with cyclin proteins, cyclin kinase activity, growth factors, and their receptors [56,57]. Additionally, damage caused by reactive species to genetic material can lead to various consequences, including mutations, chromosomal aberrations, and cell death, which may have serious implications for an organism’s health, including an increased risk of cancer and other diseases [58]. Fibroblast cells are susceptible to DNA damage and mutations due to ROS and RNS generated from both endogenous and exogenous sources. Therefore, we quantified DNA damage and 8-OHdG in plasma-exposed cells. The results demonstrated a significant induction of DNA damage in plasma-exposed cells at an intensity of 10 coupled with air flow rates of 3 and 5 L/min. This induction of DNA damage in murine fibroblast cells might be caused by extracellular and intracellular reactive species generated after plasma exposure to culture media and the cells. Consistent with the study by Steuer et al. in 2018 [59], the effect of plasma on the cell membrane could be mediated by reactive species in aqueous solutions, such as media or extracellular fluids. These short-lived reactive species can react with organic components like serum or amino acids to produce long-lived reactive species, most likely amino acid and protein hydroperoxides [59,60]. Furthermore, extracellular RNS such as nitric oxide are tiny and hydrophobic molecules that can traverse cellular membranes virtually unhindered [61]. Although several reactive species can directly attack genetic material, DNA strands are not highly reactive to RNS, particularly nitric oxide radicals. Instead, several RNS are formed by their reaction with intracellular oxygen radicals produced under oxidative phosphorylation in mitochondria, leading to the generation of potent DNA-damaging effects [62].



Regarding the 8-OHdG level, no significant production of 8-OHdG was observed in the plasma-exposed cells. Two events could explain this finding. First, the level of reactive species generated from plasma was not sufficient to induce this event. Second, oxidative DNA damage, such as 8-OHdG, is primarily generated by the attack of hydroxyl radicals on guanosine bases, but other reactive oxygen species (ONOO−, •OOH, CO3•− or 1O2) may also play an intermediate role and increase the rate of 8-OHdG formation [63]. The peroxynitrite anion (ONOO−), derived from the reaction between H2O2 and nitrite (NO2−) or superoxide (O2−•) with nitric oxide radical (NO), could be an intermediating molecule in inducing 8-OHdG [64]. A previous study by Kurita et al. in 2020 [65] showed a significant induction of 8-OHdG as well as DNA strand breaks after the irradiation of a human lung cancer cell line with cold plasma that used helium as a carrier gas. It is a crucial time point for understanding the dynamics of oxidative damage and repair processes in DNA. At 24 h, the accumulation of 8-OHdG may reach a level that is detectable and indicative of the extent of oxidative stress experienced by the cells or tissues. However, the time of detection of 8-OHdG in cells can vary depending on the experimental conditions and the sensitivity of the detection method used. Typically, after inducing oxidative stress in cells, 8-OHdG can be detected within a few hours to several days, depending on the extent of the damage and the repair mechanisms in the cells. According to the study by Kim et al., 2017 [66], the detection of 8-OHdG was performed at 24 h after the exposure of keratinocyte cells to nonthermal DBD plasma. The result showed a significant induction of 8-oxodG in the plasma treatment group. In addition, OGG1 expression in keratinocyte cells exposed to DBD plasma was reduced compared with control cells. This might be indicative of the detection of 8-OHdG. Likewise, in the work by Kang et al., 2020 [67], keratinocyte cells were exposed to argon plasma; then, 8-OHdG was quantified at 24 h after plasma exposure, which is consistent with the amount of ROS production. From these supporting data, the limitation of our study is the lack of an experiment to confirm the effect of plasma on OGG1’s function. Therefore, we assumed that the nonsignificant induction of 8-OHdG on plasma-exposed cells probably resulted from 1) the low level of reactive species, especially ROS, to generate or adduct with the guanine base or 2) the activity of OGG1 that removes the adduct base.



Our study found a significant increase in DNA damage in a TUNEL assay and the fluorescent intensity of gamma H2AX (γ-H2AX), indicating double-strand breaks (DSBs), when the cells were exposed to plasma. There are two possibilities for this event. First, the composition of plasma such as reactive species could attack the DNA strand and induce the breaking of DNA. The other is the induction of cell stress that induces early apoptotic cell death, resulting in the induction of DNA fragmentation in cells. While TUNEL staining is commonly used as a method for detecting DNA damage (DNA fragmentation) and specifically for identifying apoptotic cells under appropriate conditions, it is important to note that TUNEL staining is not limited to apoptotic cell detection. TUNEL staining has been widely adopted as the method of choice for detecting apoptosis in situ. However, it can also be used to detect DNA damage associated with nonapoptotic events, such as necrotic cell death induced by exposure to toxic compounds and other insults [68]. Additionally, strand breaks detected by the TUNEL assay are sometimes not indicative of apoptosis but instead represent sites of temporary damage and potential repair [69]. A positive result in the TUNEL assay is not solely attributable to ROS but also to RNS and other mediators. Among the most prominent RNS is nitric oxide (NO). Although NO itself does not directly harm DNA, it can combine with superoxide (O2−) to generate peroxynitrite (ONOO−), an extremely reactive molecule capable of inducing DNA strand breaks, base modifications, and other forms of DNA damage. Peroxynitrite, in particular, is known to trigger DNA fragmentation by causing both single- and double-strand breaks in DNA strands. This molecule can directly interact with DNA, leading to the creation of DNA strand breaks and other forms of DNA damage [70]. The TUNEL assay identifies these DNA breaks by attaching a fluorescent marker to the free 3′-OH ends of fragmented DNA. Consequently, if RNS are present and responsible for DNA fragmentation, the TUNEL assay would yield a positive outcome.



The DNA damage induced by plasma generated from plasma in our study might be among the main mutagenic processes playing a role in the development of various diseases. Therefore, the mutagenicity of plasma was further evaluated. We found that all intensities of plasma under all air flow rates were not classified as mutagenic (mutagenic index less than 2); however, plasma exposure at an intensity of 10 pulses under an air flow rate of 5 L/min significantly elevated the revertant colonies of TA100. While plasma did not classify as a mutagen, there is still a possibility of it causing mutations depending on the amount and duration of exposure. The mutagenicity of cold atmospheric plasma by the Ames test has been explored to a lesser extent. In a study by Patenall et al. (2021) [30], a modified Ames test using E. coli strains WP2 was conducted. The results showed that mutations in the bacteria were significantly induced by exposing them to helium plasma for longer durations (10 min). However, this study used a different type of carrier gas compared to our study, which may result in distinct levels of chemical composition. Additionally, in our study, we opted to compare this novel plasma type with other established tests, albeit with the shared objective of mutation detection. Our findings are in line with previous studies indicating that cold atmospheric plasma (CAP) does not induce mutagenicity in V79 Chinese hamster cells assessed by the HPRT assay. However, it is important to note that comparisons between our results and those of the HPRT assay should consider the difference in the organisms used in these assays [71]. Although the bacterial strains TA102 and TA104 are more specific to oxidative damage, other components of plasma, such as UV photons, neutral or excited atoms and molecules, negative and positive ions, and free electrons, might affect the cells and cause DNA damage beyond oxidative damage. A previous study by Thana et al., 2019 [21], found that the CAPJ in the same device as our study was composed not only of reactive species but also UVB (280–315 nm) and UVA (315–400 nm). According to Waris and Ahsan’s 2006 review article [72], mutations resulting from oxidative DNA damage encompass various specifically oxidized purines and pyrimidines, alkali-labile sites, single-strand breaks, and instability caused either directly or through repair processes. Research indicates that although ROS modifies all four DNA bases, mutations typically involve changes in GC base pairs, with modifications in AT base pairs seldom leading to mutations. These mutations are predominantly base pair substitutions, with base deletions and insertions occurring less frequently. Hence, the mutagenicity testing in both TA98 and TA100 was initially performed for adequate bacterial mutagenicity screening.



The genotoxic response caused by nonthermal plasma was studied with different types of plasma sources and treatment conditions. The exposure of plasmid DNA solutions to various helium plasma jets for durations ranging from 10 to 60 s resulted in a progressive increase in both single- and double-strand breaks, alongside a rise in the percentage of oxygen admixture. This observation indicates that the reactive species generated in the plasma plume can directly cause damage to the DNA material [73]. The mutation rate of a plasma-based mutagenesis tool was quantitatively assessed. This revealed that the plasma system which was based on helium gas caused significantly higher DNA damage and resulted in higher mutation rates in comparison to standard mutagens, such as ultraviolet radiation, 4-nitroquinoline-1-oxide (4-NQO), and N-methyl-N′-nitro-N-nitrosoguanidine (MNNG) [74]. Using atmospheric air as a carrier gas, similarly to our study, Blackert et al., 2013 [75], found that a plasma treatment time of one minute caused a significant increase in DNA damage in HaCaT cells compared to untreated control cells. When human esophageal cancer (KYSE-30) cells were exposed to the plasma jet device-generated cold atmospheric plasma for 60 s, a remarkably significant rise in DNA damage was observed in comparison to the untreated cells [76]. However, comparing our results with others proves challenging due to the variations in plasma sources, cell types, treatment conditions, and plasma intensity reported in the literature. Nevertheless, it appears that nonthermal plasma induces minimal genotoxicity in cells, as evidenced by existing studies.




5. Conclusions


In conclusion, the percentage of cell viability and cell proliferation was significantly decreased after treating NIH3T3 murine fibroblast cells with plasma generated from Nightingale. The predominant production of extracellular and intracellular reactive species was found. Although we observed DNA strand breaks, the plasma was not classified as a mutagen in the Ames test under the plasma intensity and exposure duration used in our study. It is essential to carefully select the appropriate plasma intensity for specific applications to minimize any adverse effects caused by the reactive species generated from plasma. However, this study has limitations and could be expanded for a more comprehensive outlook. Further investigation into mutagenicity could include strains such as TA102 or TA104, which are specific to oxidative damage. Moreover, experimental designs could be extended to animal models, as these encompass entire organisms with multiple interacting systems, unlike the simplified and controlled environment of cell culture models.
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Figure 1. The Nightingale instrument. (A) The instrument consisted of an air filter channel to pump atmospheric air into the plasma head containing an electrode, in which plasma was generated under a high electromagnetic field and released through the plasma head via four channels of air jets. (B) The direct exposure of plasma to the NIH3T3 murine fibroblasts which were cultured in DMEM medium at a distance of approximately 1.6 cm from the surface of the cell lines. 
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Figure 2. The cell viability of fibroblast cells after exposure with plasma. The cells were exposed to different air flow rates coupled with plasma. The percentage of fibroblast cell viability is expressed as mean and standard deviation. * and ** indicate a statistical difference in cell viability, comparing plasma intensities of 4, 7, and 10 pulses to a plasma intensity of 0 pulses at the same air flow rate (* p value < 0.05; ** p value < 0.01). The lower-case letters indicate a statistical difference in cell viability comparing the same plasma intensity. Data are representative of three independent experiments. 
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Figure 3. The suppression of cell proliferation after exposure to plasma. (A) The proliferative effect of plasma on the plasma-exposed cells demonstrated by a colony formation assay. The surviving colonies were stained and counted. (B) The percentage of colony formation is expressed as mean and standard deviation. *, **, and *** indicate a statistical difference in the percentage of colony formation, comparing plasma intensities of 4, 7, and 10 pulses to a plasma intensity of 0 pulses at the same flow rate (* p value < 0.05; ** p value < 0.01; *** p value < 0.001). The lower-case letters indicate a statistical difference in cell viability comparing the same plasma intensity. Data are representative of three independent experiments. 
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Figure 4. Modulation of intracellular ROS and RNS. (A) Percentage of ROS-positive cells in plasma-exposed cells. The treated cells were harvested to stain them with 2′,7′-dichlorofluorescin diacetate. The stained cells were counted by a flow cytometer. (B) Percentage of RNS-positive cells in plasma-exposed cells. The treated cells were harvested to stain them with 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate. The stained cells were counted by a flow cytometer. Hydrogen peroxide and diethylamine NONOate sodium salt were used as positive controls for ROS and RNS, respectively. The percentage of ROS- and RNS-positive cells was expressed as mean and standard deviation. ** and *** indicate a statistical difference, comparing plasma intensities of 4, 7, and 10 pulses as well as the positive control to a plasma intensity of 0 pulses (** p value < 0.01; *** p value < 0.001). Data are representative of three independent experiments. 
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Figure 5. The quantification of extracellular (A) H2O2 and (B) NO in the plasma-exposed culture medium. The culture medium was directly exposed to plasma for 30 s; then, the culture medium was harvested and reacted with the specific reagent. The amount of H2O2 and NO was calculated from the standard curve and expressed as mean and standard deviation. *** indicates a statistical difference, comparing plasma intensities of 4, 7, and 10 pulses to a plasma intensity of 0 pulses at the same flow rate (*** p value < 0.001). Data are representative of three independent experiments. 
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Figure 6. The DNA damage was measured by (A) the percentage of TUNEL-positive cells and (B) the amount of intracellular 8-OHdG in plasma-exposed cells. The TUNEL assay was used for investigating DNA strand break. The commercial ELISA kit was also chosen for the quantification of 8-OHdG. H2O2 was used as a positive control. The data were expressed as mean and standard deviation. * and *** indicate a statistical difference, comparing plasma intensities of 4, 7, and 10 pulses as well as the positive control to a plasma intensity of 0 pulses (* p value < 0.05 and *** p value < 0.001). ## indicates a statistical difference, comparing air flow rates of 3 and 5 L/min (## p value < 0.01). Data are representative of three independent experiments. 
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Figure 7. The immunofluorescent staining of gamma H2AX (γH2AX) on plasma-exposed cells. (A) Control cells were stained with gamma H2AX at 0 and 24 h. The nucleus was counterstained with DAPI. The fluorescent-staining cells were observed and photographed under an inverted microscope. (B) Plasma-exposed cells were exposed to a CAPJ at an intensity of 10 pulses and under an air flow rate of 5 L/min for 30 s, then further incubated for 12 and 24 h. The cells were stained with gamma H2AX (γH2AX) and counterstained with DAPI. Green dot shows γ-H2AX foci, blue nuclei stained with DAPI. 
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Figure 8. The growth rate of plasma-exposed bacteria was assessed to test the effect of plasma on the bacterial growth of (A) strain TA98 and (B) strain TA100. After exposure to two strains of bacteria with plasma, the plasma-exposed bacteria were diluted and added to a sterile 96-well plate. The plate was then incubated at 37 °C for 24 h. The optical density (OD) at a wavelength of 600 nm was measured every 10 min. The growth curve is represented with the x-axis indicating time of incubation and the y-axis indicating OD600 nm. The results are expressed as the average and standard deviation of triplicate experiments. 
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Figure 9. The mutagenicity of plasma was tested on (A) Salmonella typhimurium strain TA98 and (B) S. typhimurium strain TA100. The bacteria were directly exposed to plasma for 30 s. After that, the treated bacteria were cultured on a culture medium. The number of revertant colonies was counted. The mutagenic index was calculated and is expressed as mean and standard deviation. The mutagenicity of the test substance was classified by a mutagenic index of more than 2 (over the dot line). Data are representative of three independent experiments. The dotted line represents the cut-off to indicate the test substance is not classified as mutagens (mutagenic index less than 2). 
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Table 1. The number of revertant colonies showing in TA98 and TA100 strains from Ames’s test is expressed as mean and standard error of mean (SEM). Phosphate buffer was used as a negative control. 2-(2-furyl)-3-(5-nitro-2-furyl)-acrylamide (AF-2) dissolved in dimethyl sulfoxide (DMSO) was also used as a positive mutagen.
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Treatment

	
His+ Revertant Colonies




	
Strain TA98

	
Strain TA100






	
Phosphate buffer

	
20.7 ± 4.3

	
88.6 ± 3.9




	
2-(2-furyl)-3-(5-nitro-2-furyl)-acrylamide (AF-2)

	
246.1 ± 44.4 ***

	
511.8 ± 53.3 ***




	
Air flow 3 L/min

	
Intensity of 0 pulses

	
18.6 ± 3.4

	
86.9 ± 0.1




	
Intensity of 4 pulses

	
17.7 ± 2.5

	
80.8 ± 3.3




	
Intensity of 7 pulses

	
21.2 ± 4.2

	
84.6 ± 9.6




	
Intensity of 10 pulses

	
23.8 ± 5.1

	
94.7 ± 2.9




	
Air flow 5 L/min

	
Intensity of 0 pulses

	
21.8 ± 4.5

	
84.7 ± 5.7




	
Intensity of 4 pulses

	
20.6 ± 3.9

	
91.4 ± 3.1




	
Intensity of 7 pulses

	
24.0 ± 4.2

	
92.2 ± 4.1




	
Intensity of 10 pulses

	
20.8 ± 4.5

	
104.7 ± 4.4 *,#








* and *** indicate a statistical difference, comparing the experimental group to the negative control (* p value < 0.05 and *** p value < 0.001). # indicates a statistical difference, comparing plasma intensities of 4, 7, and 10 pulses to a plasma intensity of 0 pulses at the same flow rate (# p value < 0.05). Data are representative of three independent experiments.
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