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Atmospheric pressure plasma (APP) has emerged rapidly as a potent tool for cancer therapy thanks to its multiple anti-cancer effects. Depending on the types, APP has been shown to induce necrosis, apoptosis, or senescence in cancer cells in vitro and reduce tumor size in vivo. While recent progress in plasma medicine has led to various hypotheses for the molecular mechanism of APP, the key effector in anti-cancer processes still remains elusive. In this study, we show that APP treatment on an invasive breast cancer cell line (MDA-MB-231) dramatically alters these cells’ morphology and further suppresses migratory activity. In addition to the functional changes, epithelial to mesenchymal transition (EMT) markers, such as vimentin and alpha-smooth muscle actin (α-SMA), were found to be down-regulated in MDA-MB-231 by the APP treatment. As a result, APP treatment appears to impact the invasive nature of cancer cells, motivating the possible use of APP as a therapeutic tool to suppress cancer metastasis.
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INTRODUCTION
Despite numerous medical therapies to treat cancer, including surgery, chemotherapy, radiation therapy, immunotherapy, cancer is still one of the leading causes of death worldwide [1]. Also, it is known that almost 90% of deaths from cancer are due to cancer metastasis [2,3]. Chemotherapy, indeed, has been studied for the longest and is the most widely used treatment for cancer, but it is still difficult to prevent the dissemination of cancer cells and completely cure cancer because of drug resistance.
In the midst of these difficulties in overcoming cancer, recently, atmospheric pressure plasma (APP) has been suggested for an alternative method for cancer treatment as its action mechanism does not follow the conventional chemotherapy drugs, and instead, various active species (charged particles, UV photons, ROS, NOX, O3, etc.) in plasma are known to physically and chemically eradicate cancer cells [4–7]. In addition, in various in vivo studies, APP-treatment was shown to impediment tumor growth and improved tumor-implanted animals’ survival rate [8,9]. Moreover, growing evidence suggests that cancer cells are more vulnerable to plasma than normal cells [5,6,10]. Along with many of these positive effects, APP treatment is known to be relatively safe because it does not have mutagenic side effects or thermal damage to cells or tissues [7,11,12].
In addition to these direct effects of APP in cancer cells or tumor mass, in our previous studies, we have found the possibility that APP can also be utilized as an auxiliary treatment after cancer surgery. Based on our previous findings that plasma treatment suppresses angiogenesis in endothelial cells [13] and converts the mesenchymal phenotype of mesenchymal cells into epithelial (less motile) phenotype [14], we hypothesized that APP-treatment could further be utilized to inhibit the spread of cancer cells possibly remained after surgery to remote organs. Based on this hypothesis, we treated APP to human breast cancer cells (MDA-MB-231), which is commonly used to establish a metastasis model, and found that plasma treatment can suppress the epithelial-mesenchymal transition (EMT) process and invasion of cells. As EMT and invasion to basement membrane are the key processes of cancer metastasis, we expect that APP treatment can be an effective therapeutic tool to suppress cancer metastasis.
METHODS
Plasma Setup
A micro-jet atmospheric pressure plasma was used for cell treatment. The plasma generator consists of a single copper pin electrode, an alumina tube covering the electrode, and a quartz tube (Figure 1A). An alternating current (AC) power supply (FTLab HPSI200) is set to a frequency of 50 kHz, and the peak-to-peak voltage of 2.85 kV (Supplementary Figure S1) and helium gas was used to discharge plasma. 4 standard liter per minute (slm) of helium gas was supplied into the tube. In order to ensure that there is no thermal effect induced by plasma, the temperature of the plasma plume was measured with a thermal camera (FLIR C5) and confirmed to be maintained around 14–20°C as shown in Figures 1C,D, and Supplementary Figure S2.
[image: Figure 1]FIGURE 1 | (A) Schematics of a micro-jet atmospheric pressure plasma (APP) treatment system, (B) plasma treatment area within the petri dish. (C) APP discharge image and (D) its thermal image obtained with FLIR C5.
Cell Culture
The breast cancer cell line, MDA-MB-231, which is known to have a metastatic phenotype, was used in our study. To better observe cells for cell migration and invasion analysis, MDA-MB-231 cells expressing green fluorescent protein (GFP) were used. The cells were cultured using Dulbecco’s Modified Eagle’s Medium (DMEM, Lonza) mixed 10% fetal bovine serum (FBS, Gibco, NY, United States) and 1% penicillin-streptomycin (Gibco). Cells were maintained in the incubator to provide an optimal environment with a temperature of 37°C, relative humidity of 95%, and 5% CO2. Cells were prepared on three different platforms depending on the analysis: 1. 2D imaging for morphology and migration analysis, 2. 3D imaging for 3D migration analysis, and 3. invasion assay. For 2D cell imaging, cells were seeded on collagen Ⅰ (PureCol, Advanced BioMatrix) coated 35 φ glass-bottom dish (SPL), and for the 3D imaging, cells were seeded on Matrigel (BD Biosciences) coated 35 φ glass-bottom dish. In addition, for invasion assay, cells were seeded on Matrigel-coated 24 φ transwell (Corning) membrane.
Cell Preparation on 2D Matrix, 3D Matrix, and Transwell
To coat collagen-I on a 35 φ glass-bottom dish for 2D culture, collagen-I (100 µg/ml) solution was placed on the glass-bottom dish and kept in 4°C for 12 h. After 12 h, the remained collagen solution on the glass was removed and washed three times. MDA-MB-231 cells were then seeded on the collagen-Ⅰ coated glass surface at a density of 5,000 cells/cm2 (Supplementary Figure S3A).
To coat Matrigel 35 φ glass-bottom dish for 3D culture, 200 µl of Matrigel mixture were loaded on the glass-bottom dish and kept at room temperature for about an hour. Cells were then seeded at a density of 5,000 cells/cm2 on the Matrigel (Supplementary Figure S3B). After seeding, both on 2D and 3D platforms, cells were incubated for 24 h before the plasma treatment.
For invasion assay, cells were prepared in a transwell. As shown in Supplementary Figure S3C, the transwell consists of a cell culture insert and a bottom well. The cell culture insert has a 24 φ polycarbonate membrane with an 8 µm pore. First, we coat the polycarbonate membrane with 200 µl of Matrigel mixture for an hour. Then, cells were seeded at a density of 1.2 × 105 cells/well on the Matrigel surface. Before plasma treatment, cells were kept in the incubator for 24 h. The bottom well needs to be filled with chemoattractant-rich-media (DMEM with 10% FBS) to trigger cell invasion. However, during culture, we used DMEM with 10% FBS in both the cell culture insert and bottom well because we did not want to create a chemo gradient environment across the Matrigel and let cells penetrate it before the plasma treatment.
Plasma Treatment
Right before the plasma treatment, we removed the culture media from the glass-bottom dish (or the transwell) and filled it with fresh FBS-free DMEM. The end of the plasma generator (the end of the quartz tube) was fixed at a distance of 1.2 cm from the surface of the culture medium, filling the glass-bottom dishes or the transwell (Figure 1A). Also, to maintain the plasma dosage affecting cells on different cell culture platforms with consistency, the thickness of the culture medium was kept at 3 mm in all three different cell culture platforms (Figure 1A). We place a grounded metal plate and a glass plate underneath the glass-bottom dish to let the plasma plume impinging toward the media surface. As the diameter of the plasma jet was approximately 0.5 cm, which is much smaller than the total cell area, we applied plasma on ten different spots as described in Figure 1B. Each spot seen in Figure 1B was treated one or 2 min; thus, the total treatment time was 10, or 20 min, respectively. In order to keep the plasma treatment points the same for all samples, the points shown in Figure 1B were marked on the glass plate placed under the glass-bottom dish. We moved the sample manually every one or 2 min to cover all ten spots.
Cell Invasion Assay
After plasma treatment, the FBS-free-media in the bottom well was replaced with chemoattractant-rich-media, while the FBS-free-medium in cell culture insert was left intact to generate a longitudinal chemo gradient in Matrigel (Supplementary Figure S3C). Then, control and plasma-treated cells were incubated in this chemo gradient environment for 72 h before being observed because we tried to allow sufficient time for the cells to reach the bottom of the transwell insert. The detailed experimental schedule is summarized in Supplementary Figure S4 because the experimental timelines vary depending on the assays and are somewhat complex.
Cell Imaging and Image Analysis
Plasma treated cells culture in a glass-bottom dish (both on 2D and 3D matrices) were incubated for an additional 24 h before being imaged. To quantify morphological traits of cells, we traced cell boundary and measured cell area and aspect ratio using ImageJ software (U.S. National Institutes of Health). The aspect ratio denotes the ratio of the major axis to the minor axis of the ellipses that fits best to the cell shape. For cell migration analysis, phase-contrast images and fluorescence images of cells were taken every 10 min for 12 h using Axiovert 200M (Carl Zeiss) microscope equipped with an incubator and CO2 controller. From the obtained time-lapse images, cells were manually tracked using a cell tracking plugin in ImageJ software.
As the invading cells travel from the surface of Matrigel through the Matrigel to the bottom of the transwell membrane, we waited 72 h after plasma treatment to image the cells settled down on the bottom of the transwell membrane. FITC filter set (488 nm) and 5x objective lens were used to image GFP expressing cells. For each experimental condition (control, APP 10 min, and APP 20 min), 10 different locations were imaged. The number of cells was then manually counted from the fluorescence images using the cell counting plugin in ImageJ software to evaluate the invasion capacity of MDA-MB-231 cells.
Real-Time PCR
Plasma-treated MDA-MB-231 cells culture in the collagen-I coated glass-bottom dish were incubated for an additional 24 h before being harvested for PCR analysis. Total RNA was obtained from harvested cells with NucleoSpin RNA LL kit (Macherey-Nagel), and cDNA was reversely transcribed from RNA with iScriptTM cDNA synthesis kit (Bio-Rad). iQ SYBR Green supermix (Bio-Rad) and qRT-PCR detection system (Bio-Rad CFX96) were used for real-time PCR. The followings are the primers used in the real-time PCR analysis: Vimentin (forward 5′-TCC​CGC​ATC​TCC​TCC​TCG​TA-3′; reverse 3′-CTG​AAT​GAC​CGC​TTC​GCC​AA-5′), α-smooth muscle actin (forward 5′-TGACAGGACGTTGTTAGCAT-3′; reverse 3′-GCC​ATG​TAT​GTG​GCT​ATT​CA-5′), NME1 (forward 5′-AAGGAGATC GGCTTGTGGTTT-3′; reverse 3′-CTG​AGC​ACA​GCT​CGT​GTA​ATC-5′), KDM3A (forward 5′- GTG​CTC​ACG​CTC​GGA​GAA​A-3′; reverse 3′-GTGGGAAACAGCTCGAATGGT-5′) human glyceraldehyde 3-phosphate dehydrogenase (GAPDH; forward 5′-GAAGGTGAAGGTCGGAGTC-3′; reverse 3′-GAA​GAT​GGT​GAT​GGG​ATT​T-5′).
Immunofluorescence Staining
For immunofluorescence staining, cells were prepared on collagen-I coated glass-bottom dishes. After the plasma treatment, plasma-treated cells and control cells were incubated for another 24 or 48 h, then washed twice with phosphate-buffered saline (PBS, pH 7.4) and fixed with 3.7% formaldehyde/PBS for 15 min at room temperature (RT). After fixing, cells were permeabilized with 0.2% Triton X-100 (Sigma) for 15 min and incubated with 5% BSA/PBS for 1 h at RT. Then, the sample was incubated with the vimentin antibody (ab11256, Abcam) diluted in 1% BSA/PBS overnight at 4°C, and, with the secondary antibody, donkey anti goat alexa fluor 488 (A11055, Invitrogen) for 1 h at RT. To label actin, cells were than incubated with Rhodamine phalloidin (R415, Invitrogen) diluted in PBS for 1 h at RT, and, to label nuclei, cells were incubated with 5 μg/ml Hoechst 33342 (Sigma) diluted in PBS for 10 min at RT. In each step, the sample was washed three times with PBS. For the anti-bleaching method mounting solution (Vectashield® Vector Labs.) was used. Cell images were taken using a widefield fluorescence microscope (DMi8, Leica) and a confocal microscope (TCS SP5, Leica).
Statistical Analysis
To compare the results between the experimental groups (control, APP 10 min, APP 20 min, or gas-treated) unpaired student t-test was conducted using Microsoft Excel and p-values are marked within the graph. (*p < 0.05, **p < 0.01, *** p < 0.001, and ****p < 0.0001).
RESULTS AND DISCUSSION
Alteration in Cell Morphology by Atmospheric Pressure Plasma Treatment
As the plume of plasma did not come into direct contact with the cell layer, we did not observe any necrotic cells immediately after atmospheric pressure plasma (APP) treatment. Also, we did not observe a dramatic decrease in the number of cells in APP-treated group following an additional 24 h of incubation (Figure 2A). Interestingly, some round-shaped cells indicating the sign of apoptosis (marked with white arrowheads in Figure 2A) appeared in a cell group treated with plasma for 20 min. In many previous reports, APP is known to induce DNA damages and apoptotic cell death [15,16]. Therefore, it was necessary to first determine how plasma affects cell viability before observing other phenotypic changes by APP. We conducted three different assays to more clearly confirm and accurately quantify the effect of plasma on cellular viability: 1) Live/dead assay immediately after the plasma treatment, 2) Annexin-V apoptosis assay 24 h after plasma treatment, and 3) CCK-8 assay across the whole experimental time points (right before the plasma treatment, 24 h after plasma treatment, 48 h after plasma treatment, and 72 h after plasma treatment). The details about the experimental methods and results are described in the Supplementary materials (Supplementary Figures S4–S7). Although cellular proliferation rates were slightly affected (decreased by 11–20%), cell viability was not dramatically changed by plasma treatment.
[image: Figure 2]FIGURE 2 | (A) Phase-contrast images of control and 10 min-APP treated, and 20 min-APP treated MDA-MB-231 cells. (B) Cell area, and (C) aspect ratio of MDA-MB-231 cells (Control n = 93, APP 10 min n = 101, APP 20 min n = 91, ±SD). Relative expression of mesenchymal marker genes; (D) α-SMA, and (E) Vimentin (n = 3, ±SD) *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
Interestingly, as shown in Figure 2A, cellular morphology was slightly altered by APP treatment. Given that no such morphological changes were observed in the gas-treated samples, we confirmed that it was definitely due to APP (Supplementary Figure S8). Cell area and aspect ratio were measured to better quantify the morphological changes in cells. MDA-MB-231 cells remained their original elongated shape in the control sample; however, APP-treated cells exhibited a slightly reduced cell area and a rounded and shortened shape rather than an elongated one (Figures 2B,C). Morphological alteration became greater with longer APP treatment time, and, especially, the morphological difference was significant between control cells and the cells treated with APP for 20 min (Figures 2B,C). Based on these observations, we fixed the APP treatment time at 20 min for a solid comparative study between the control and APP-treated cells.
This morphological change seems to be related to a decrease in the mesenchymal phenotype of cells, we briefly measured the mesenchymal marker genes, alpha smooth muscle actin (α-SMA), and vimentin. In APP-treated cells, as shown in Figures 2D,E, mesenchymal marker α-SMA decreased by 80%, and vimentin decreased by 10% compared to the one expressed in control cells. To confirm whether reduction of mesenchymal marker at the mRNA level further induces changes in protein level, we obtained the immunofluorescence images labeled with vimentin.
Alteration of Vimentin by APP Treatment
In the immunofluorescence images, the vimentin architecture seems to be dramatically altered in plasma-treated cells. At an early time point (24 h after plasma treatment), empty spots without vimentin are seen in the cytosolic area (marked with yellow arrowheads in Figure 3). In addition, fragmented vimentin was shown in plasma-treated cells (marked with a yellow circle in Figure 3), whereas intact vimentin was shown in control cells. Especially, we observed a significant decrease of vimentin in the periphery as indicated by yellow arrowheads in Supplementary Figure S9. When this peripheral region was enlarged and observed under a confocal microscope, we could see a more distinct difference between the control and the plasma-treated groups. In control cells, vimentin seems to colocalize with actin filament (white arrowhead in the enlarged images of Figure 3), but the decrease of peripheral vimentin in plasma-treated cells seems to reduce the vimentin interacting with actin. Given that vimentin facilitates the migration of cells by incorporating with actin filaments [17–19], it is likely that this reduction in peripheral vimentin may be associated with the reduction in cell migration and invasion. Based on this series of changes, morphological alteration with reduced aspect ratio, reduction of the mesenchymal marker, and loss of peripheral vimentin, we can hypothesize that plasma-induced stress suppressed the epithelial-to-mesenchymal transition (EMT) in cells. To further investigate the functional characteristics associated with EMT, we then investigated the cell migration characteristics of APP-treated cells.
[image: Figure 3]FIGURE 3 | Immunofluorescence images (40x) of control (24 h), 20-min APP (24 h), control (48 h), and 20-min APP (48 h) cells. Vimentin (green), Actin (red), and Nucleus (blue). Scale bar 50 and 10 μm in the enlarged images.
Reduced Cell Migration by APP Treatment
As mentioned in the Methods section above, we have investigated cell migration properties in two different platforms: a 2D matrix using collagen Ⅰ coated 35 φ glass-bottom dish and a 3D matrix using Matrigel-coated 35 φ glass-bottom dish (See Supplementary Figures S3A,B). The representative cell trajectories observed in the 2D matrix are shown in Figure 4A. As can be predicted from the 2D trajectory plot, the motility of APP-treated cells drastically decreased (approximately by 88%) compared to one of the control cells (Figure 4B).
[image: Figure 4]FIGURE 4 | (A) Trajectories of single cells for control and 20 min-APP treated cells. The cells were tracked every 10 min for 12 h. (B) Total travel distance of control and 20 min-APP treated cells on the collagen type Ⅰ coated glass surface, and (C) on the Matrigel coated surface (n = 9, ±SD). (D) Fluorescence images of the insert bottom (from left to right: control, and 20 min-APP treated MDA-MB-231 cells). (B) The number of cells at the insert bottom (n = 10, ±SD). (F) Relative mRNA expression of metastasis suppressor NME1, and metastasis promotor KDM3A (n > 8, ±SEM) *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
Considering that cancer cell metastasis requires cells to pass through the basement membranes in the 3D microenvironment, and cell migration characteristics alter when the dimensions of the microenvironment change [20,21], the same migration experiment were repeated in the 3D matrix, Matrigel. As can be seen in Figure 4C, the average motility of both control and plasma-treated cells in the 3D matrix was reduced by about 70% compared to the motility in the 2D matrix. Given that cellular motility decreases on the softer substrate, reduction in migration of the cells in the 3D matrix seems to be reasonable because the stiffness of Matrigel is known to vary from 0.5 to 10 kPa, whereas the stiffness of glass used in the 2D migration experiment goes up to a few GPa [22–24]. Although overall motility has decreased in the 3D matrix, similar trends are still evident in APP-treated cells. The motility in APP-treated cells dramatically decreased (approximately by 86%) compared to one of the control cells (Figure 4C). Although some of the cells on Matrigel could penetrate the gel and make a z-directional motion, only 2D motions of cells within a fixed focal plane were be analyzed because the z-position of the objective lens was fixed during cell imaging.
Suppressed Cell Invasion by APP Treatment
To confirm that the reduced cell migration further impacts cancer cell invasion capacity, we measured cell invasion property through transwell assay. Interestingly but not surprisingly, we found that APP-treated cells tend to invade less than control cells. As shown in Figure 4D, far fewer cells successfully reached the bottom of the transwell insert. By 20-min of plasma treatment, cell invasion capacity decreased by 85% (Figure 4E). Moreover, just by 10-min plasma treatment, a condition in which the cell's shape did not change significantly, cellular invasion capacity also significantly decreased (71%) (Figure 4E). Here, we should be careful when comparing the cell numbers between control and APP-treated cells because the previously shown CCK-8 results show that APP-treatment could suppress cell proliferation (Supplementary Figure S7). However, even considering the reduction in cell proliferation rate (maximum 20% drop compared to control), we can assure that the invasion capacity of MDA-MB-231 has decreased because the reduction rate of fully invaded cells was much higher (85% drop compared to control).
As such, atmospheric pressure plasma appears to result in reduced migration, invasion, and possibly suppression of EMT. To further investigate the alterations in the epigenetic markers linked directly to cancer cell invasion and metastasis, we quantified gene expressions of NME1 and KDM3A, which are known to suppress and promote cancer invasion and metastasis, respectively [25–28]. As shown in Figure 4F, gene-level expressions of NME1 and KDM3A respectively increased and decreased 48 h after plasma treatment (with a statistical significance in KDM3A expression).
SUMMARY AND FUTURE PERSPECTIVE
Collectively, our study has demonstrated APP-induced alterations in overall cellular morphology and vimentin architecture, whose traits consistently indicated suppression of EMT; this transformation further impacted cellular migration to subdue cancer cell invasion dramatically. Furthermore, these APP-induced phenotypic and functional changes seem to occur with more profound epigenetic modifications in NME1 and KDM3A. There has been a great deal of research on development of plasma devices for biomedical research and clinical uses, and the knowledge on its immediate interactions with the cells and tissues are increasingly being accumulated [12,29,30]. Many previous studies focused on the use of APP as a surgical tool to selectively remove cancer cells from the surrounding normal tissues. This study emphasizes the applicability of APP as an auxiliary treatment strategy to inhibit the spread of residual cancer cells remaining after the surgery. Given that metastasis is a highly complicated process that occurs in sequential steps of invasion, intravasation, extravasation, and growth in a secondary organ, further experiments would be necessary to identify the core signaling pathways associated with suppression mechanism of metastasis by APP. Previously, we have identified OH, OI, N2+and He I peaks in the plasma emission spectrum, which can interact with DMEM to produce reactive species such as hydroxyl radical (•OH), and nitrite (NO2−) [31,32]. However, we need to track down the pivotal effectors of APP to have a better control of the anti-metastatic processes.
Over the last 2 decades, studies conducted by various research groups have greatly improved our understanding of the underlying mechanisms of cancer treatment by APP, and through these studies, APP has shown a great potential to become an innovative therapeutic treatment to cure cancer. Given the current level of APP application, it may be difficult for APP to immediately replace the well-established conventional cancer treatment such as surgery or chemotherapy. Therefore, it would be much more realistic to utilize the APP as an auxiliary strategy in parallel with the existing treatment. In this context, we believe that our research has demonstrated a new direction for realizing these applications.
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