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Abstract

:

The present study provides the fundamental results for the treatment of marine organisms with cold atmospheric pressure plasma. In farmed fish, skin lesions may occur as a result of intensive fish farming. Cold atmospheric plasma offers promising medical potential in wound healing processes. Since the underlying plasma-mediated mechanisms at the physical and cellular level are yet to be fully understood, we investigated the sensitivity of three fish cell lines to plasma treatment in comparison with mammalian cells. We varied (I) cell density, (II) culture medium, and (III) pyruvate concentration in the medium as experimental parameters. Depending on the experimental setup, the plasma treatment affected the viability of the different cell lines to varying degrees. We conclude that it is mandatory to use similar cell densities and an identical medium, or at least a medium with identical antioxidant capacity, when studying plasma effects on different cell lines. Altogether, fish cells showed a higher sensitivity towards plasma treatment than mammalian cells in most of our setups. These results should increase the understanding of the future treatment of fish.
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1. Introduction


The primary motivation of the present study was to accelerate wound healing in aquaculture fish by using cold atmospheric pressure plasma (CAP). CAP has been demonstrated to be beneficial for wound healing processes by reducing the microbial load, suppressing inflammatory events, reducing oxidative stress, and enhancing angiogenesis [1,2,3,4] in human and other vertebrate models [5,6]. These CAP-induced benefits support the natural regenerative capacity of the integument, but have not yet been tested on aquatic organisms.



The integument of vertebrates consists of the three layers epidermis, dermis and hypodermis [7,8], which represent a solid barrier against a potentially detrimental environment. To encounter the different spectra of terrestrial and aquatic environmental influences, the skin of land-living tetrapods and amphibians or fish, respectively, has specific adaptations [9]. Since lesions of the skin may result in a loss of homeostasis, a complex regeneration program is initiated immediately after traumata [10]. This wound-healing program involves several well-orchestrated events, including blood clotting, inflammation, re-epithelialisation and the generation and remodelling of tissue [11], which display class- and species-specific characteristics [12,13]. Skin injuries in farmed fish frequently occur as a consequence of intensive fish farming, e.g., due to fungal, bacterial or parasitic infections [14,15], aggressive conspecific interactions, overstocking-related abrasions or inadequate handling [16,17,18]. The immediate treatment of skin wounds rapidly reduces the wound size and stimulates the healing process to prevent bacterial secondary/co-infections, maintain fish welfare and eventually prevent considerable economic losses [19]. However, there are hardly any treatment approaches for this problem so far. While wound healing processes have been investigated in a few in-vitro models from bony fish [20,21,22], to the best of our knowledge therapeutic approaches involving CAP have never been analysed in fish and fish cell lines to date.



Cold atmospheric pressure plasma is an ionized gas formed by the input of high energy and consists of ions, electrons, radicals, ultraviolet photons and uncharged atoms or molecules. CAP can be generated using various plasma devices, such as plasma jets or a dielectric barrier discharge [23]. CAP generates short- and longer-lived molecules, such as reactive oxygen and nitrogen species (RONS), one of which is hydrogen peroxide. Longer-lived species are generated especially by the interaction of CAP with liquids [23,24]. In mammalian cell models, the treatment with CAP is conducted either directly, or indirectly via liquids that were previously treated with plasma. Our former studies proved that CAP mainly affects the cells via the surrounding medium. We showed that the efficacy of plasma-activated medium (PAM) is maintained for up to 21 days when stored at standardized conditions of 37 °C [25,26]. This medium-mediated effect of CAP was also observed by other authors for different fluids (cell culture medium, phosphate buffered saline, water, Ringer’s solution) [27,28,29,30,31]. In general, similar experimental setups are recommended [32,33] to allow for discrimination of cell type-specific reactions from medium-mediated effects, particularly when comparing tumour cells with normal cells.



We wanted to find out whether plasma exerts an effect on fish cells and how this differs from mammalian cells. In our study, we compared different culture conditions and their influence on cell viability. To this end, we conducted parallel studies on cells from different origins in PAM prepared from the same culture medium or in PAM prepared from medium with different antioxidant potential to test whether these parameters influence the cellular sensitivity towards cold atmospheric pressure plasma.




2. Materials and Methods


2.1. Cells


We used the following three fish cell lines: OMYleb (liver cell line of rainbow trout Oncorhynchus mykiss), OMYsd (skin-derived cell line from O. mykiss)—both developed by S. Rakers at the Fraunhofer EMB and available from the Cryo-Brehm cell bank, www.cryo-brehm.de [34,35]—as well as RTgill-W1 (gill cell line from O. mykiss, ATCC Id: CRL-2523). For comparative studies, we used the mammalian cells HepG2 (liver cancer cell line from human; ATCC Id: HB-8065) and the mHep-R1 cell line (derived from SV40 transgenic mice [36] with characteristics of hepatocytes), which was described in detail by Henning et al. [37] and has been established in our lab for many years [38,39].



All cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA, Cat.no. 10569) or Leibovitz’s L-15 medium (Thermo Fisher (Gibco), Cat.no. 11415), both supplemented with 10% fetal calf serum (FCS; FCS Superior; Biochrom GmbH, Berlin, Germany) and 1% gentamicin (Ratiopharm, Ulm, Germany). An overview of the different cell lines is given in Table S1 and the composition of the two media is listed in Table S2. Importantly, the formulations of these media differ with respect to the content of pyruvate, glucose or glutamine depending on the company selling these media. During culturing, the medium was exchanged every second day and the cells were passaged every 5 days. The mammalian cells HepG2 and mHep-R1 were cultivated at 37 °C with 5% CO2 and fish cells were cultured at 20 °C with 5% CO2 in a humidified atmosphere. For one analysis (cf. Section 3.3), the cell lines OMYsd and OMYleb were cultured in L-15 medium without the addition of CO2. Cells were monitored using the AxioScope A.1 microscope (Carl Zeiss AG, Oberkochen, Germany) and cell size was measured with the ImageJ software (version 1.51j8, National Institutes of Health, USA, 2017).




2.2. Plasma Treatment


The plasma jet kINPen09 (Neoplas Tools GmbH, Greifswald, Germany) was used for all experiments. This plasma source was characterized in detail previously [25,40]. A gas flow of 1.9 slm argon was used as the feed gas. A gas discharge is ignited at the tip of the high-voltage needle, exciting the argon gas. In this way, low-temperature plasma is generated and blown out of the capillary. The so-called plasma jet outside the nozzle has a length of 12–14 mm and is about 1 mm wide. The temperature at the visible tip of the plasma jet does not exceed 50 °C. To generate PAM, 100 µL of the culture medium were added per well to a plate with 96 wells (Greiner Bio-One, Kremsmünster, Austria). The kINPen09 was mounted vertically on a precision positioning table (OWIS GmbH, Staufen im Breisgau, Germany, control via software OWISoft v. 2.9.1.2, 2018) and the quartz capillary of the jet was positioned centrally at the upper edge of each well in the 96-well plate without exceeding a distance of 1 mm. The medium was treated with the plasma jet for 15 s, 30 s, 60 s, or 120 s. The resulting plasma activated medium (PAM) is hereafter referred to as PAM15, PAM30, PAM60 and PAM120, respectively. Argon (Ar) gas treatment using the kINPen09 without igniting the plasma was used as a control. The treated medium was stored at 37 °C for 24 h to ensure that the oxygen and hydrogen peroxide concentration balanced to normal conditions [25].




2.3. Cell Viability


An MTS assay (CellTiter 96 Aqueous One Solution Cell Proliferation Assay, Promega, Madison, WI, USA) was performed to study the influence of the plasma treatment on the cell’s viability and metabolism. Cells were seeded into 96-well plates for 24 h. After that time, the medium was aspirated and replaced by 100 µL of the plasma-treated medium. The cells were incubated for a further 24 h. Then, 20 µL MTS solution was added and after a 2-h incubation, the medium was transferred into a new 96-well plate and the spectrophotometric absorption was analysed by an ELISA reader (Anthos 2010, Anthos Labtec Instruments, Salzburg, Austria) at 490 nm (see Figure 1 for an overview of the experimental setup). Since the sole plasma treatment of the medium also leads to a slight colour change of the MTS solution, a separate blank was carried along for each treatment time and medium. This value was subtracted from the respective cell sample. The calculated absorbance is proportional to the metabolic activity of the cells. The viability of the cells was calculated in relation to that of the cells in the untreated control medium (100%). Each treatment condition was tested in triplicate in at least three individual experiments.




2.4. Antioxidant Assay


The Antioxidant Assay Kit (Cayman Chemical, Ann Arbor, MI, USA) was applied to assess the antioxidant capacity of the medium. This assay measures the combined antioxidant activities of all medium components including vitamins, proteins, lipids, glutathione, etc. Antioxidants in the medium inhibit the oxidation of ABTS (2,2′-Azino-di-[3-ethylbenzthiazoline sulphonate]) to ABTS•+ by metmyoglobin. The amount of ABTS•+ produced is monitored by measuring the absorbance in a plate reader (Tecan Infinite 200, Tecan Trading AG, Switzerland) at 750 nm. The measurements were performed with DMEM either without pyruvate (Cat. No. 10556; Thermo Fisher Scientific) or with 1 mM pyruvate (Cat. No. 10569; Thermo Fisher Scientific) or with 5 mM pyruvate. DMEM with 5 mM pyruvate was prepared from DMEM with 1 mM pyruvate by the addition of sodium pyruvate (cell-culture grade, 44 mg/100 mL; AppliChem GmbH, Darmstadt, Germany). All media contained 10% FCS. Each sample was measured in duplicate.




2.5. Statistics


Statistical analysis of the data was performed using the software GraphPad Prism (v. 8.0 GraphPad Software, Inc., San Diego, CA, USA). Data are presented as mean ± standard error of the mean and analysed using one-way ANOVA or Friedman test with posthoc Dunns test for the antioxidant assay. Differences were considered statistically significant at p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001).





3. Results


3.1. Experimental Setup I: Identical Cell Number Seeded in Identical Medium


Cell viability served as the criterion to evaluate whether fish cells react to plasma treatment with a similar sensitivity as mammalian cells. For an initial analysis, we seeded 2 × 104 cells of each of the three piscine cell lines (OMYleb, OMYsd, RTgill-W1) and the two mammalian cell lines (HepG2, mHep-R1) (overview in Table S1) and cultured them in DMEM. This cell number was considered optimal in previous studies [26,33]. After 24 h, the cells were stimulated for 24 h either with PAM (PAM15, PAM30, PAM60 and PAM120) or with Ar-treated medium. The cell viability of fish as well as of mammalian cells (Figure 2) decreased only slightly after treatment with PAM15, PAM30 and PAM60. In contrast, PAM120 had a clear inhibitory effect on the viability of all cell lines investigated. The fish cell lines OMYleb (viability of 12.6%) and OMYsd (19.6%) were found to be extremely sensitive, while the mammalian cell lines HepG2 and mHep-R1 were comparably less sensitive (viability of 39.2% and 38.6%). RTgill-W1 cells displayed a viability of 29.3% after treatment with PAM120. Ar-treated medium—as a control—did not affect the viability of the cells investigated (data not shown).



Based on these observations, we assumed that fish cells apparently react more sensitively to plasma treatment than mammalian cells. We tested this hypothesis with a second experiment, which considered the cell type-specific densities.




3.2. Experimental Setup II: Different Cell Number Seeded in Identical Medium


In our initial experiment (Section 3.1), we had used cells, which differed considerably in their morphology and size (Figure 3). Among the cell lines investigated, HepG2 were the smallest cells in their area with a rounded morphology (284 µm2 ± 45 µm2) while OMYsd were relatively large in their area but elongated (1222 µm2 ± 404 µm2). This is of relevance when simulating a similar degree of coverage in the cell cultures across the cell lines investigated. The cell-to-cell contact is an important stimulus for the cellular function, especially for epithelial cells.



Thus, we adjusted a comparable level of confluency (~80%) prior to the treatment (i.e., 24 h post seeding) and observed remarkable differences in the viability outcome (Figure 4, cell numbers are indicated below the graph). The percentage viability of the piscine RTgill-W1 cells—seeded at a 4-fold higher density—increased by 36.4% after PAM120 treatment. Similarly, the percentage viability of the mammalian cell line HepG2 increased by 10% after elevating the cell density 1.75-fold. The fish cell lines OMYleb (+9.3%) and OMYsd (only +3.4%) were again the most sensitive to PAM120. We detected, that the piscine OMYleb cells did not reach the same level of viability as mammalian mHep-R1 cells, although twice as many OMYleb cells were seeded. The viability of mHep-R1 cells was almost unchanged compared with the previous experiment, even at a 1.5-fold higher density. From this observation we concluded, that the optimal cell density alone most likely does not provide a higher degree of resilience to plasma treatment.




3.3. Experimental Setup III: Identical Cell Number Seeded in Different Media


The effects of CAP on the cells are mediated by the plasma-activated medium. To address the question to what extent the choice of medium influences these effects, we cultured OMYleb and OMYsd cells in DMEM medium or L-15 medium (Figure 5). L-15 medium has been used for decades for culturing cells of salmonid origin [41,42]. The composition of the two media used is listed in Table S2.



The cultivation in L-15 medium previously treated with plasma for 15 s, 30 s and 60 s resulted in a decrease of viability, while cells grown in DMEM—treated for 15 s, 30 s and 60 s—were hardly affected. However, treatment with PAM120 generated from DMEM drastically reduced the viability of OMYleb (−80.4% compared with the untreated control) and OMYsd (−87.4%). In contrast, the same cells in PAM120 generated from L-15 medium were reduced in their viability by only −52.8% and −34.9%, respectively. Thus, L-15 medium had a protective effect against CAP for both fish cell lines.



Since the effect of the plasma is mediated via the liquid, the varying compositions of the different media used may influence the effectiveness of the PAM. The comparison of the antioxidant capacity of the two media (Figure 6) revealed that the L-15 medium (containing 5 mM pyruvate) has a higher oxidative capacity than DMEM medium (which originally contains 1 mM pyruvate). To determine if the oxidative capacity of DMEM depends on the pyruvate content, we added different pyruvate concentrations to DMEM whose pyruvate content was adjusted to that of the L-15 medium and then re-measured the oxidative capacity of these media. We found that DMEM without or with 1 mM pyruvate shares a similar degree of oxidative capacity. After supplementation of 5 mM pyruvate, the antioxidative capacity of DMEM increased enormously (+110%). The capacity of the DMEM medium with 5 mM pyruvate exceeded that of the L-15 medium, which also contains 5 mM pyruvate.



In addition, we cultured the two mammalian and three piscine cell lines in DMEM without pyruvate. Omitting the pyruvate from the medium did not alter the general viability of the cells (data not shown). However, the viability was in part significantly impaired when the cells were stimulated with plasma-treated pyruvate-free medium (Figure 7). A treatment time of only 60 s of pyruvate-free DMEM significantly reduced the viability of OMYleb and OMYsd cells compared with 60-s treatment of DMEM containing pyruvate. By contrast, the measured viability of the other cells (RTgill-W1, mHep-R1 and HepG2) was unchanged in pyruvate-free PAM compared with PAM containing pyruvate.





4. Discussion


4.1. Fish Cells Respond Differently to Plasma Treatment than Mammalian Cells


As a first step on the way to a CAP-mediated therapy of farm fish, we wanted to clarify how piscine cells react to CAP treatment, as this was previously unknown. For this reason, we performed cell viability assays to evaluate the individual responsiveness of gill epithelial cells and fibroblast-like cells from rainbow trout and liver epithelial cells of the three species rainbow trout, mouse, and human. The respective cells were chosen because the use of primary non-cancerous human cells in cell culture often requires highly supplemented media adapted to the specific needs of that particular cell line. Considering that our main experimental principle was to use an identical medium to deliver an identical cocktail of plasma-generated reactive species to the different cell lines, the use of cells requiring a specific medium had to be avoided. Therefore, only cells that could be cultured in the same medium were selected. This allowed us to draw conclusions for the newly used fish cells compared to the already published mammalian cells. Our aim was to provide an objective comparison to place the fish cells in this known context.



The results of an experiment depend, among other variables, on the careful choice of the cell number. To allow for comparisons across different cell lines, the design of an experiment should involve tuned cell numbers. In addition to the adjustment of the cell number, proliferation rates, metabolic status and cell migration effects should be taken into account [32,43]. In line with this, we cultured the piscine cells and the mammalian cells at equal cell numbers in identical medium and found that the fish cells reacted much more sensitively to CAP treatment than the mammalian cells. Subsequently, we changed the experimental conditions with regard to cell density to ensure a similar degree of confluency prior to the plasma treatment. This took into account the size of the individual cells as well as their proliferation rate. The results did not provide clear indications for the interdependence of confluency and cellular sensitivity to CAP. While one piscine cell line (RTgill-W1) showed a higher robustness to PAM after the careful adjustment of the optimal confluency, the sensitivity of another confluent cell line from fish (OMYsd) remained almost unchanged. These differences could be due to specific structural and functional adaptations, as the cell lines were derived from different tissues of rainbow trout (liver, skin and gill) and display different morphological characteristics (see Figure 3).



The serum used to supplement the cell culture media may also have influenced the sensitivity of the individual cell lines towards PAM. We used serum from fetal calves (FCS), which has been used as a universal supplement for more than six decades [44] to culture approximately 95% of all cell lines including insect cells [45]. Essentially, the supplementation of cell media with FCS ensures the supply with growth factors, which are evolutionarily well conserved [46]. However, the exact composition of FCS has not yet been clarified [47], which is also due to the different origins of the cattle stocks. Therefore, we used a serum for our experiments that is composed in a lot-independent manner (FCS Superior, Biochrom GmbH). Since serum contains thousands of different metabolites [48], it is not yet possible to assess whether and how specific serum factors differentially affect cellular signaling cascades and survival pathways in fish or mammals.



Although we tried to keep the cultivation conditions as similar as possible for the five cell lines investigated, the cultivation temperature was a key parameter that had to be kept within the tolerance range of the donor species rainbow trout, mouse, and human. Rainbow trout are explicitly cold-water fish and grow at temperatures between 8 °C and 22 °C [49]. Consequently, we cultured the fish cells at 20 °C and not at 37 °C like their mammalian counterparts. Previous studies revealed that culturing fish cells at 37 °C produces a pronounced heat-stress response [50]. Nonetheless, it is well established that temperature determines the activity of metabolic processes. The fact that fish cells were cultivated in a 17 °C colder environment is expected to have influenced the cellular metabolism. The van-’t-Hoff rule states that temperature reduction significantly slows down chemical processes [51,52]. In addition, temperature defines the fluidity of lipid bilayers and therefore the membrane competency including ion transport, enzyme function and the formation of signalling complexes [53]. In the present study, we observed that fish cells reacted more sensitively to oxygen radicals compared with mammalian cells. We can only speculate that distinct temperature-dependent kinetics of the involved anti-oxidative enzymes and the relevant signalling cascades may have influenced the fate of the mammalian and fish cells. In summary, in all experimental setups, the piscine cell lines (OMYleb, OMYsd and RTgill-W1) were the most sensitive to plasma-treated liquids. Therefore, we can conclude that the treatment of fish cells requires carefully adjusted plasma treatment times. As a first step, we performed some experiments on the wound healing potential under our experimental conditions (Figure S1). However, since we found that the sensitivity of the fish cells was very high in our experiments, we were unable to measure any positive effect on wound healing, even with the shortest treatment times. The establishment of suitable plasma treatment regimes in terms of reactive species composition and application protocols will be a task for future research.




4.2. The Choice of Culture Conditions Is Highly Relevant as Changes in the Antioxidant Capacity Make a Difference


The effects of CAP are mediated via the cell culture medium. Therefore, we wanted to address the question to what extent a change in culture conditions modulates the cellular response to CAP treatment. The optimal composition of the cell culture medium has been tailored for the broad range of secondary cell lines and primary culture. Consequently, many different media are commercially available with DMEM (Dulbecco’s modified Eagle medium)/EMEM (Eagle’s minimum essential medium) and RPMI (Roswell Park Memorial Institute) as the most frequently used growth media [54]. Furthermore, various additives such as serum, amino acids, d-glucose or phenol red are added in different concentrations. All of these components may interfere with the eventual effects of physical plasma.



We studied the influence of two different media on the PAM effects measured on the five cell lines. Since L-15 medium is the common medium for the culture of salmonid cells [41,42], we used it for our comparative experiments. The direct comparison to the cultivation and treatment in PAM generated from DMEM revealed that the fish cells were more sensitive to PAM from L-15 medium treated with CAP for short periods and more tolerant to PAM from L-15 treated with CAP for a longer period.



These diverging effects are likely to result from the different composition of the media. The concentration of potentially anti-oxidative compounds might be of crucial importance. We stored the PAM for 24 h before adding it to the cells because this allowed us to exclude the possibility that the observed effects were due to high hydrogen peroxide concentrations or oxygen depletion during plasma treatment. Thus, our study provides evidence that the observed effects are produced by other reactive species (NO2−, NO3− and others).



Wende et al. investigated the effect of CAP on human keratinocytes cultivated in IMDM medium (Iscove’s modified Dulbecco’s medium), which is a strong radical scavenger, and in RPMI medium, which is a weak radical scavenger. The viability of cells in IMDM decreased to 50% after 30 s of CAP, while the number of cells in RPMI reduced to 15% after identical treatment [27]. These studies are further evidence that the effect of CAP is mainly mediated by oxygen radicals and their longer-lasting reaction products. In general, the L-15 medium, in contrast to DMEM, is based on a CO2-independent buffer system and therefore contains higher concentrations of phosphates and various amino acids but lacks sodium bicarbonate (Table S2). In addition, the L-15 medium contains 5 mM pyruvate, whereas the DMEM medium used here contains 1 mM pyruvate only. It has been shown that high concentrations of pyruvate can have a protective effect on human lung cancer and osteosarcoma cells or murine liver cells by reacting with reactive oxygen species (ROS), which in turn reduces the pyruvate concentration [33,55,56]. Measurements of the hydrogen peroxide concentration revealed low concentrations of hydrogen peroxide after plasma treatment of a low-pyruvate medium and storage of the medium for 24 h [33]. However, when using a medium with 5 mM pyruvate (either DMEM or L-15), we could not detect hydrogen peroxide even with prolonged treatment times of 240 s (see Supplementary Materials Figure S2). Therefore, in our view, it is not sufficient to measure the hydrogen peroxide concentration in the media, at least not for media with a high pyruvate content. For the exact comparison, we suggest measuring the total antioxidant potential.



We analysed the antioxidative potential of DMEM and L-15 medium using a commercial assay that quantifies the overall amount of antioxidative species in the solution. The combined action of all the antioxidants present in a given medium provide synergistic protection against reactive oxygen or nitrogen species. Therefore, we determined the total antioxidant capacity of each medium instead of adding up the antioxidant capacities of the individual components. Special attention was paid to pyruvate, as former experiments pointed to its role in neutralizing CAP-generated reactive oxygen species [33].



We did prove, however, that the overall antioxidative capacity of a medium is not only dependent on the pyruvate content. The antioxidative capacity of the DMEM medium was higher than in the L-15, although both media contained 5 mM pyruvate. To take the role of pyruvate into account, we also varied this parameter in our experiments and carried out cell culture experiments with PAM generated from a DMEM medium, which lacked pyruvate. After assessing the general vitality of the cells in a pyruvate-free medium, we carried out the plasma treatment, which reduced the viability of two of the three trout cell lines (OMYleb and OMYsd cells). This effect was not observed in RTgill-W1, mHep-R1 and HepG2 cells. This suggests that the cellular responses can vary greatly depending on the cell type. Some cell types (OMYleb, OMYsd) react more sensitively to the loss of an antioxidant agent in PAM, while other cells are able to compensate for this, at least over the relatively short period of investigation (24 h). In comparative experiments on the action of CAP or PAM, it is therefore mandatory to ensure a congruent media composition, as even small deviations (e.g., in pyruvate content) can lead to an altered cell sensitivity.



Other potentially antioxidant substances may be included in the cell culture media used. These include above all phenol red, amino acids [57,58], proteins, carbohydrates [59] and vitamins such as pantothenic acid (VitB5), riboflavin (VitB2) and folic acid [60,61,62]. RONS formed in the medium by the action of CAP can react with these media components. In this process, some compounds are more reactive (e.g., aromatic and sulfur-containing amino acids) than others and therefore tend to act more readily as radical scavengers [57,58]. Carbohydrates such as glucose can be degraded to short-chain organic acids by the action of CAP [59]. Table S2 lists the components of the media used in this study with potentially antioxidative compounds printed in bold.



Our study provides further evidence that pyruvate is one, but not the only important factor contributing to the anti-oxidative potential of a solution. Due to the different composition of the media, the elimination of oxygen radicals can already vary in the liquid phase. Comparative studies on the action of CAP or PAM on cells should ensure that the medium used has a comparable antioxidative potential. It is not sufficient to pay attention to an identical proportion of pyruvate.





5. Conclusions


We found that the plasma treatment of fish cells requires lower dosages than of mammalian cells. The mortality of fish cells was in most of our setups higher than that of mammalian cells regardless of the plasma-treated media used (DMEM vs. L-15).



A major shortcoming of many previous in vitro experiments is their experimental design, which has led to misconclusions regarding the sensitivity of the cells to plasma treatment. In light of the results of our current study, we suggest using similar cell densities, identical medium, or at least medium with identical antioxidant potential when studying plasma effects on different cells.



Future studies on fish cell regeneration should involve not only viability studies but also wound healing assays and migration studies under consideration of short plasma treatment times. Plasma treated liquids could be a promising therapeutic tool for aquatic cultures in the future.
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The following are available online at https://www.mdpi.com/2076-3417/11/6/2534/s1, Table S1: Overview of the cell lines used in this study. Table S2: List of the components of the cell culture media L-15 (Leibovitz’s L-15 medium; Thermo Fisher Scientific; Cat.no. 11415) and DMEM (Dulbecco’s modified Eagle’s medium; Thermo Fisher Scientific, Cat.no. 10569) according to the manufacturers’ protocol. Potentially antioxidative compounds are printed in bold. Figure S1: Wound-healing assay with OMYleb cells under the influence of short plasma treatment times. Exemplary images are shown in (a). The size of the gap between two near-confluent cell layers reduced after 24 h growth. We could not detect a difference between untreated cells or cells growing in PAM (b). n = 4 independent experiments in DMEM containing 1 mM pyruvate. Figure S2: Measurement of hydrogen peroxide in the different media used in this study at the time they were given to the cells. Plasma treatment was performed for the indicated times. Only L-15 medium and DMEM 5 mM pyruvate medium were treated for 240 s, but even at these long treatment times no peroxide was detectable (argon-treated medium (AAM) served as control; Quantofix peroxide, Macherey Nagel, Düren, Germany).
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Figure 1. Overview of the experimental setup. (a) gives a summary of the different cell culture conditions, while (b) shows a schematic workflow of the experiment (created with BioRender.com accessed on 26 January 2021). 
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Figure 2. The influence of plasma treatment on cell viability in cultures with similar cell numbers. Cells (at a density of 2 × 104) were grown under identical medium conditions (n = 4). Short treatment times up to 60 s resulted in a marginal reduction of cell viability. Cell viability reduced significantly after treatment times of 120 s. The percentage cell viability is given on the ordinate, the different treatments are indicated along the abscissa. The cell lines investigated are colour-coded according to the legend below the graph. 
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Figure 3. Light-microscope images of the piscine and mammalian cell lines used in this assay. The scale bar represents 100 μm in all images. 
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Figure 4. The influence of plasma treatment (PAM) on cell viability at different cell numbers. Fish and mammalian cells were seeded in different numbers (2 × 104 to 6 × 104) to reach the same degree of confluency (~80%) at the time of stimulation. The increase of cell number had a strong effect on RTgill-W1, but not on OMYsd cells. Cells were grown under identical medium conditions (n = 3). 
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Figure 5. Cell viability after plasma treatment (PAM) when identical numbers of cells were seeded initially. Cells are grown under different medium conditions (DMEM vs. L-15 medium). Note the protective effect of L-15 against the strong PAM120 disturbance (n = 3). 
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Figure 6. Antioxidant capacity of DMEM (containing 0 mM, 1 mM or 5 mM pyruvate) and L-15 medium (containing 5 mM pyruvate). The values of DMEM 0 mM were set as 100% (n = 4). 
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Figure 7. Cell viability of plasma-treated cells cultured in DMEM without pyruvate compared with DMEM with pyruvate (1 mM). Fish cells OMYleb and OMYsd react much more sensitively to PAM without pyruvate, while the other cell lines are less affected (n = 3). 
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