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Abstract

:

Simple Summary


The drug resistance phenomenon in cancer constantly induces problems in therapeutic protocols. Pulsed electric fields (PEFs) seem to be a promising method in drug molecule delivery. Here we have proved that electroporation supported by calcium ions can alternate the activity of drug resistance proteins. Our results indicated that MDR1 expression is not significantly modified by nanosecond electroporation in multidrug-resistant cells. However, PEF significantly inhibited MDR1 activity and cell viability when combined with calcium ions.




Abstract


(1) Background: Calcium electroporation (CaEP) is based on the application of electrical pulses to permeabilize cells (electroporation) and allow cytotoxic doses of calcium to enter the cell. (2) Methods: In this work, we have used doxorubicin-resistant (DX) and non-resistant models of human breast cancer (MCF-7/DX, MCF-7/WT) and colon cancer cells (LoVo, LoVo/DX), and investigated the susceptibility of the cells to extracellular Ca2+ and electric fields in the 20 ns–900 ns pulse duration range. (3) Results: We have observed that colon cancer cells were less susceptible to PEF than breast cancer cells. An extracellular Ca2+ (2 mM) with PEF was more disruptive for DX-resistant cells. The expression of glycoprotein P (MDR1, P-gp) as a drug resistance marker was detected by the immunofluorescent (CLSM) method and rhodamine-123 efflux as an MDR1 activity. MDR1 expression was not significantly modified by nanosecond electroporation in multidrug-resistant cells, but a combination with calcium ions significantly inhibited MDR1 activity and cell viability. (4) Conclusions: We believe that PEF with calcium ions can reduce drug resistance by inhibiting drug efflux activity. This phenomenon of MDR mechanism disruption seems promising in anticancer protocols.
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1. Introduction


Multidrug resistance (MDR) of cancer cells is a high-priority biomedical problem that is constantly being discussed [1]. MDR is the most significant factor in a successful chemotherapeutic anticancer treatment protocol; however, it is not a straightforward problem to overcome this. The available data indicate that throughout chemotherapeutic clinical procedures, a significant reduction of the cytotoxic effect of a variety of chemotherapeutic agents can be observed, including anthracyclines, vinca alkaloids, and epipodophyllotoxins [2,3]. This phenomenon is called acquired drug resistance and commonly regards breast cancer [4]. The second type of resistance-primary or intrinsic resistance is caused by the primary overexpression of specific proteins and protein pumps that effectively remove drug molecules from the cells [5]. In this group, we can include colon and rectal cancer [6]. In general, this phenomenon we can call “multidrug drug resistance”. The cells’ ability to become resistant to a variety of cytotoxic drugs is frequently a consequence of a lower drug concentration inside a cell due to an increased drug efflux [7]. Drug-resistant cells often present a higher expression of molecular “pumps” on their membranes which can pump out drugs used in chemotherapy [8]. As a result, various types of cancer depending on MDR require a specific treatment strategy, such as surgery, radiotherapy, or chemotherapy. Currently, several defined mechanisms implicate this phenomenon, e.g., the family of ABC transporters [9], mutations, enhanced DNA repair systems, gene amplification, epigenetic altering, or miRNAs in gene dysregulation. However, the most commonly known and verified are the ABC transporters, particularly P-glycoprotein (P-gp, MDR1) [10]. The problem is severe because more than 50 mammalian ABC transporters having ATP-binding cassettes exist. These proteins can occur in normal cells too. Moreover, cancer cells show resistance to different drugs even before treatment, referred to as intrinsic multidrug resistance, which is typical in colon cancer [11]. Lastly, cells can acquire resistance to drugs as a consequence of the long-term therapy [12].



The available literature shows that physical methods, e.g., ultrasonic techniques (sonoporation) [13,14] or electroporation [15,16,17] in combination with chemotherapy, or electromagnetic treatment against antibiotic [18] or antimicrobial resistance [19], can be efficiently applied to overcome cell resistance in vivo and in vitro. Electrochemotherapy is based on the application of high-voltage electric pulses, causing permeabilization of membranes (electroporation) and increased drug uptake by cancer cells [20]. It is a pulse-dependent phenomenon, and usually, the microsecond range pulses are used [21]. However, in recent years, the interest in nanosecond range procedures has been increasing due to better pulse energy control, primarily non-thermal treatment, reduced muscle contractions, and improved electric-field distribution homogeneity [22,23]. The research of chemotherapeutic compounds which have synergy with electroporation is also constantly performed, and the interest in calcium as an antitumor chemotherapeutic agent has increased [24]. It was shown that calcium ions, when used in high concentrations (>100 mM), can be successfully applied in electrochemotherapy for the treatment of various types of tumors [25,26]. Nevertheless, the MDR phenomenon during electrochemotherapy is not widely covered, while different types of cancer cells have different susceptibility to the treatment [27,28].



Our study hypothesized that electroporation in the nanosecond range modulates the functioning of drug resistance mechanisms at the membrane level, and the use of electroporation with Ca2+ ions can be more impairing for drug-resistant cells. We have also investigated the feasibility of nanosecond pulses and compared them to the microsecond range procedure. We have also investigated the feasibility of nanosecond pulses and compared them to the microsecond range procedure. The treatment’s efficiency was judged by evaluation of cell membrane permeabilization rate, viability, immunofluorescent staining, and transport activity of P-glycoprotein.




2. Materials and Methods


2.1. Pulsed Power Setup and PEFs Protocols


The experimental setup consisting of a 3 kV, 100 ns–1 ms square-wave high-voltage pulse generator (VGTU, Vilnius, Lithuania) and a commercially available electroporation cuvette with a 1 mm gap between electrodes (Biorad, Hercules, USA) was used. For a 20 ns pulse delivery, the PPG-20 generator (FID Technology, Germany) was applied. The voltage that was applied to the cuvette was varied in the 0.14–6 kV range, corresponding to a 1.4–60 kV/cm electric field. The pulses were delivered in bursts of 200 at 1 kHz for the 100–400 ns, 5–10 kV/cm protocols and in bursts of 200–1200 at 0.2 kHz frequency for 40/60 kV/cm × 20 ns protocols. For the final experiments, the following protocols were used: EP1 –10 kV/cm × 300 ns × 200; EP2–40 kV/cm × 20 ns × 400; EP3–60 kV/cm × 20 ns × 400. The 1.2 kV/cm × 100 μs × 8 microsecond pulses were used as a reference (EP4). EP4 protocol corresponds to the ESOPE standard applied in clinical practice [29]. The waveforms to highlight the rise and fall times of the pulses are shown in Figure 1. As can be seen, the 20 ns pulse features a quick transient process during the fall time which is due to a slight load impedance mismatch.




2.2. Cell Culture


Two human counterpart cell lines were selected for the experiment: breast and colon cancer. The studies were performed in vitro on a doxorubicin-sensitive (MCF-7/WT) and doxorubicin-resistant type (MCF-7/DX) of human breast adenocarcinoma cell line obtained from the Department of Tumor Biology, Comprehensive Cancer Center, Maria Sklodowska-Curie Memorial Institute in Gliwice (Poland), and a doxorubicin-sensitive (LoVo) and doxorubicin-resistant (LoVo/DX) type of human colon adenocarcinoma obtained from Ludwik Hirszfeld Institute of Immunology and Experimental Therapy, Polish Academy of Sciences (Wroclaw, Poland). MCF-7/WT and MCF-7/DX cells were grown in DMEM (Sigma, Poland), supplemented with 10% fetal bovine serum (Lonza BioWhittaker, Switzerland) and penicillin/streptomycin (Sigma, Poland). LoVo/DX and MCF-7/DX were obtained from parental counterparts by exposure to increasing concentrations of DOX according to the protocol [30]. LoVo and LoVo/DX cells were maintained in Ham’s F-12 (Sigma, Poland) supplemented with 10% fetal bovine serum (FBS, Lonza BioWhittaker, Switzerland) and 1% penicillin/streptomycin (Sigma, Poland). Cell cultures were cultured as a monolayer on a 25 and 75 cm2 plastic flask (Sarstedt, Germany), maintained in a humidified atmosphere at 37 °C and 5% CO2, and detached for the experiments by trypsinization (trypsin 0.025% and EDTA 0.02% solution, Sigma, Poland). Cells were passed every 2–3 days and a day before the experiment.




2.3. The Evaluation of Calcium and Magnesium Ion Content in Experimental Buffers


The assay of Ca2+ and Mg2+ in every buffer solution was evaluated via complexometric titration with standardized Na2-EDTA solution in a pH-controlled environment [31,32,33]. Here we determined the buffer solutions used in the electroporation experiments, i.e.,: Milli-Q class deionized water (control); 10 mM HEPES, 10 mM HEPES with sucrose and 1 mM Mg2+; and 10 mM HEPES with sucrose, 1 mM Mg2+, and 2 mM CaCl2. At first, the sum of dissociated Ca2+ and Mg2+ ions was measured at pH 10 against eriochrome black T (solochrome black) as an indicator. A total color change from wine red to blue or greenish-blue (since it was the final color being inflected by the buffer composition) was considered as a titration end point. Secondly, the assay of Ca2+ alone was evaluated from a separate aliquot, at pH 12, against murexide as an indicator. A total color change from pink to violet was considered as a titration end point. The assay of Mg2+ alone was calculated as a difference between the result of the first titration (Ca2+ + Mg2+) and second titration (Ca2+ only). Every titration was performed in triplicate using an over-titrated sample as an end point color reference. The “blank” titration was also performed in each of the above methods and the final results were corrected upon it. Every solution or dilution was performed using Milli-Q class deionized water which was free from measurable traces of Ca2+ or Mg2+. The pH was controlled by addition of concentrated ammonium chloride buffer (final pH 10) or 1 mol/L NaOH solution (final pH 12–13). The measurements are presented in Table 1.




2.4. Cell Permeabilization Rate Evaluation Using Flow Cytometry


Flow cytometry analysis was performed to evaluate electroporation efficacy by assessing of the ability of cells to internalize impermeant dye-YO-PRO-1. Before the application of electric pulses, the cells were incubated on ice for 20 min. In the context of in vitro electroporation, keeping the cells on ice before application of the pulses is beneficial since it allows lower cell metabolism and thus the pH changes in the stock sample can be neglected. Before electroporation, YO-PRO™-1 iodide (YP-1, λexc491/λem509, Thermo Scientific, Poland) was added to the cell suspension. The concentration of YP-1 was 1 μM, which was prepared in the SKM buffer of low conductivity (0.12 S/m) (pH 7.4; 10 mM phosphate KH2PO4/K2HPO4 (POCH, Gliwice, Poland), 1 mM magnesium chloride (MgCl2, cat. no.: Sigma M8266), 250 mM sucrose (C12H22O11, Chempur, Poland)). After pulsing, the cells were incubated at room temperature for 10 min, followed by flow cytometry or fluorescence microscopy analysis. Flow cytometric analysis was performed using a CyFlow CUBE-6 flow cytometer (Sysmex, Poland). The samples were excited using the 488-nm line of the blue laser and the fluorescence of YP-1 was measured with an FL-1 detector. The control samples without treatment were used as a negative control for gate definition. After permeabilization, depending on the applied protocol, a fluorescent spectrum shift due to dye uptake was observed. Data were analyzed using CyView software (Sysmex). All experiments were repeated at least three times.




2.5. The Effect of PEF and Extracellular Ca2+


For electroporation, the cells were trypsinized and centrifuged (5 min, 1000 rpm, MPW-341 Centrifuge with a stable rotor, MPW Med. Instruments, Poland). For each sample, 5 × 105 of cells were resuspended in HEPES buffer (10 mM HEPES (C8H18N2O4S, Sigma-Aldrich, cat. no.: H337), 250 mM sucrose (C12H22O11, Chempur, Poland), and 1 mM magnesium chloride (MgCl2, Sigma, M8266) in sterile MilliQ water. The manufacturer of the sucrose indicated cation traces where calcium content may not exceed 0.002% of Ca2+ (0.05 mM). This value was considered as a control level. Cell suspension was kept on ice before electroporation and then pulses were delivered in a cuvette (Bio-Rad) between 1 mm gap parallel plate aluminum electrodes. Electroporation protocols were also combined with CaCl2 (Sigma-Aldrich) in a 2 mM concentration, based on our previous study [34]. Calcium chloride solution was prepared in the same buffer as for electroporation alone. After pulsing, 10 min incubation at 37 °C was performed. Then the cells were resuspended in the appropriate cell culture medium (DMEM or Ham’s F12) for further evaluation. Untreated controls were handled in the same way as treated cells, all steps were performed in the same time, and the same culture dishes were used (cuvettes, centrifugation tubes). For the MTT assay (Section 2.6), cells were seeded into 96-well microculture plates (density: 4 × 104 of cells in 200 µL of culture medium/well) (Nunc, Denmark). For the immunocytochemical assay (Section 2.7), cells were seeded into 10-well microscopic slides as described in the protocols below.




2.6. Viability Assay


The MTT assay was performed 24 or 72 h post electroporation to determine cell viability of breast or colon cancer cells as a viability marker. First, the cells were incubated with 100 μL of the MTT [3-(4,5-Dimethylthiazol-2-yl) -2,5-Diphenyltetrazolium Bromide] reagent (Sigma, Poland) at 37 °C for 1.5 h. Then, formazan crystals were dissolved with the addition of 100 μL of acidic isopropanol and mixed. The absorbance was measured at 570 nm using a multi-well plate reader (GloMax® Discover, Promega, Madison, WI, USA). The results were presented as a percentage compared to the untreated control cells. Experiments were repeated three times in triplicate.




2.7. P-glycoprotein and Cell Membrane Fluorescence Imaging


The confocal laser scanning microscope (CLSM) was used to semi-quantitatively evaluate P-glycoprotein (P-gp, MDR1) as the main marker of drug resistance promotion by immunofluorescence studies. Cells after treatment with EP alone or combined with calcium were resuspended on microscopic cover slides in 35 mm Petri dishes and incubated for 24 h to adhere. Then, cells were rinsed with PBS, fixed in 4% formalin (10 min), washed 3× by PBS, and permeabilized with 0.5% Triton X-100 in PBS for 5 min. After, cells were washed with PBS 3 × 5 min and blocked with 1% bovine serum albumin (BSA, Sigma-Aldrich, Poland, Poznan) in PBS for 1 h. The following antibodies were used: primary antibody monoclonal anti-MDR1 (1:200; Santa Cruz, USA) for overnight incubation at 4 °C, and secondary antibody Fluorescein (FITC)-conjugated AffiniPure Fragment Donkey Anti-Mouse IgG (cat. no.: 715-095-150), where the incubation was for 60 min, at RT (1:100; Jackson ImmunoResearch Laboratories, Biokom, Poland, Wroclaw). Then, cells were washed 2× with PBS and then incubated for 15 min with CellMask Deep Red (1:1000; Thermo Fisher, C10046) to visualize the distribution and structure of the membranes. The cells were mounted in a fluorescence mounting medium (Fluoroshield™, Sigma Aldrich, F6182). For the imaging, a confocal laser scanning microscope (Olympus FluoView FV1000) was used. MDR1 (FITC) was detected using 473 nm excitation wavelength and 520 nm emission wavelength, and a deep red membrane marker was detected by 635 nm excitation wavelength and 693 nm emission wavelength. All experiments were performed in four independent repetitions. Fiji package of ImageJ 1.52 p software (ROI Manager, Multi Measure) [35] was used for the quantification of the mean fluorescent signal. This method is based on the signal intensity analysis and from each cell, divided by the counted object number. A minimum of 102 cells were analyzed from each slide. Before the analysis, the background intensity was removed to avoid signal interference.




2.8. Rhodamine 123 Accumulation Studies—A Marker of P-gp Activity


Intracellular content of rhodamine 123 (Sigma-Aldrich, St. Louis, MO, USA) was evaluated by flow cytometry, as previously reported [36,37]. The working rhodamine 123 solution was freshly prepared prior to each experiment by dissolving 1 mg in distilled water and then diluting in a complete culture medium to the final concentration of 5 µM. Briefly, the treated and control cells were removed from the culture flask using TrypleTM Express solution (GIBCO, Waltham, MA, USA), spun down, and pelleted. The cells were then resuspended in 1 mL of rhodamine 123 solution in plastic Falcon tubes. The samples were incubated for 1 h at 37 °C in a CO2-incubator. Following the incubation time, the cells were washed once with ice-cold HBSS (4 °C) (Hank’s Balanced Salt Solution, Lonza, Basel, Switzerland) and then resuspended in 0.5 mL of ice-cold HBSS. The samples were immediately analyzed with a CyFlow® SPACE flow cytometer (Sysmex, Kobe, Prefektura Hyōgo, Japan) using 488 nm (50 mW) laser excitation and a 536/40 (BP) filter for rhodamine fluorescence detection. The results were analyzed using FCS express 4 flow software (De Novo Software, Glendale, CA, USA). Results were expressed as a mean fluorescence intensity (MIF) and normalized to the control (E0) according to previous study [37]. Experiments were repeated a minimum of three times.




2.9. Statistical Analysis


In all experiments, one-way analysis of variance (ANOVA) was used to compare different treatments. For the analysis of the fluorescent MDR1 staining, results were compared to the control untreated cells, expressing the basic level of this protein. Tukey HSD and Sidak’s multiple comparison tests for the evaluation of the differences was used when ANOVA indicated a statistically significant result (p < 0.05 or p < 0.005 depending on the experiment were considered as statistically significant. The data was post-processed in OriginPro software (OriginLab, Northampton, MA, USA) and GraphPad Prism 7.0 software (GraphPad Software, San Diego, CA, USA). All experiments were performed at least in triplicate and the treatment results were expressed as mean ± standard deviation.





3. Results


The purpose of this study was to investigate the dependence of cell permeabilization on the applied electric field parameters and the alternation on the drug resistance phenomenon in the used cell models after the PEF exposure.



3.1. Cells’ Susceptibility to Membrane Electropermeabilization


The pulses were supplied in bursts and the uptake of YO-PRO-1 was evaluated. The results for all four cell lines are summarized in Figure 2. As it can be seen in Figure 2A,B, the susceptibility of doxorubicin-resistant breast adenocarcinoma cells and non-resistant ones to pulsed electric field varies only slightly. In most of the cases, the response is similar (p > 0.05). However, the most notable difference was observed between breast and colon cancer cells (Figure 2A,B vs. Figure 2C,D). It can be seen that 100 ns pulses are not effective for permeabilization of these cells in the 5–10 kV/cm range, while a further increase of pulse duration and total burst energy showed a dose-dependent pattern. The 300 ns pulses allowed to cover the whole range of permeabilization efficacies and precisely control the electric field amplitude’s permeabilization rate. For example, the 5 kV/cm × 300 ns × 200 pulses protocol resulted in <20% of cells being permeable, while the 10 kV/cm protocol triggered more than 85% permeabilization. The equivalent pulse parameters were acquired for 400 ns bursts, i.e., the 85% permeabilization can be reached already at 8 kV/cm. Similarly, the response of human colon carcinoma (LoVo and LoVo/DX) was investigated (Figure 2C,D). As can be seen, the cells are much more treatment-resistive compared to breast adenocarcinoma cell lines. However, the responses between doxorubicin-resistive and sensitive cells are identical, highlighting the advantages of physical methods. Nevertheless, even the highest nanosecond treatment intensity (applied in this study) resulted only in half of the cells being permeable to YO-PRO-1.



The short nanosecond protocols (20 ns) also showed a definitive dose response in terms of permeabilization (Figure 3). As was shown in Figure 3, increasing the electric field’s amplitude from 40 to 60 kV/cm results in a 10–20% higher permeabilization rate. Likewise, to sub-microsecond protocols, there were no statistically significant differences between doxorubicin-resistant and non-resistant cell lines. We could not observe an absolute dependence of treatment efficiency on the number of pulses. With an increase of the PEF amplitude, the fluorescence intensity of the cells also increased.




3.2. PEF Effects with/without Calcium Ions on Cell Viability


Furthermore, the study was limited to four protocols, EP1–EP4 (EP1–10 kV/cm × 300 ns × 200; EP2–40 kV/cm × 20 ns × 400; EP3–60 kV/cm × 20 ns × 400; EP4–1.2 kV/cm × 100 µs ns × 8), and the cells were electroporated with 2 mM CaCl2. We performed the titration of the buffers used in electroporation to determine calcium and magnesium ion content. The obtained results are shown in Table 1. It was noted that pure 10 mM HEPES was contaminated by trace ions. However, the manufacturer of sucrose indicated that this reagent can contain no more than 0.002% of calcium ions. It was verified, and in HEPES-based buffer, 0.005 mM of calcium ion concentration was detected. In our experimental study, we did not exceed 2 mM calcium concentration. The cell viability was evaluated 24 and 72 h post-treatment. Results for electroporation with calcium ions are presented for the breast adenocarcinoma in Figure 4A and colon carcinoma in Figure 4B. As shown in Figure 4, for all the cell lines, electroporation induced higher viability decrease, particularly when combined with calcium ions. The inactivation rate was higher after 72 h in most of the cases.



What is important is that nanosecond pulses alone caused a significant decrease in cell proliferation after 72 h. ESOPE (European Standard Operating Procedures on Electrochemotherapy) protocol (EP4) also reduced cell viability but less intensively than nsPEF, while EP1 (10 kV/cm × 300 ns × 200) had the strongest impact in most of the treated samples. The presence of external calcium ions provoked a strong viability decrease, up to 4-fold in the case of EP1 (72 h) in breast cancer cells and 1.5-fold in colon cancer cells (72 h). Resistant cell lines (derived from colon and breast) were slightly more sensitive. Therefore, PEF + Ca2+ reduced cell viability 3.5-fold in MCF-7/DX and 2.3-fold in LoVo/DX cells. The tendency of PEF protocols (EP1-EP4) when combined with calcium ions for the corresponding pairs of cells (MCF-7/WT vs. MCF-7/DX and LoVo vs. LoVo/DX) were comparable (±10%). The response of both MCF-7 cell lines was comparable, independently of DOX resistance. The exposure to PEF with calcium decreased wild-type cells’ viability to ca. 40% after 24 h and ca. 20% after 72 h. In MCF-7/DX cells, there was a noted decrease to ca. 30% after 24 h and to ca. 15–20% after 72 h. Thus, resistant cells were only slightly more sensitive to Ca-PEF. LoVo cell lines were more resistive to the treatment as compared to the MCF-7. PEF with calcium ions reduced LoVo cells’ viability to 50% after 24 h and 60–70% after 72 h. In resistant cells, the viability was lowered to ca. 40% after 24 h and 72 h. Thus, the most evident difference was observed in LoVo vs. LoVo/DX cells after 72 h (Figure 4B).




3.3. The Effect of PEF Combined with Calcium Ions on P-glycoprotein


The immunofluorescent analysis was employed in this study. The verification of the resistance phenomena was based on the immunofluorescent assay of P-glycoprotein and then visualized by confocal microscopy. The red cell membrane marker (CellMask Deep Red) was used to verify colocalization of green fluorescence emitted from P-gp (membrane protein) and to verify if MDR1 distribution could be affected (increased, decreased, or rearranged) by PEF with or without calcium ions. This double staining is crucial in varying resistance levels and MDR1 expression in sensitive (MCF-7/WT and LoVo) and resistant cells (MCF-7/DX and LoVo/DX). Although the red membrane marker fluorescence is not reduced in electroporated cells, green MDR1 fluorescence significantly changes. The results for breast cancer cells are presented in Figure 5a,b, and the results for colon cancer cells are shown in Figure 5c,d. All controls are shown in the upper panel (CTRL). In both resistant cell types (breast and colon), an increased P-glycoprotein expression was observed in untreated controls. Sensitive MCF-7/WT cells did not exhibit a fluorescent signal and LoVo cells exhibited only a trace signal. MCF-7/WT cells after electroporation with calcium ions showed a slight fluorescence signal. In sensitive colon cancer cells (LoVo), an increase in MDR1 signal was observed after electroporation alone and a slight decrease after adding extracellular calcium ions. In resistant cells, the initial level of MDR1 protein was detected, and after electroporation, expressly with calcium ions, the signal was weakening, e.g., after EP2, EP3, and EP4 in MCF-7/DX and after EP1, EP3, and EP4 in LoVo/DX.



The mean fluorescent signal intensity (MFI) corresponding to mean MDR1 amount was presented in Figure 6. Only green fluorescence (MDR1) was analyzed, as this is the only variable. ImageJ analysis indicated the most significant decrease in MCF-7/DX after EP3 and EP4 with calcium ions. The MDR1 signal derived from LoVo and LoVo/DX cells indicated the most significant decrease after the exposure of EP1 and EP4 with calcium ions.



To verify the activity of P-gp, the efflux assay with rhodamine 123 was used. This method is based on cytofluorimetric measurements and enables simultaneous validation of cell condition and viability (FSC and SSC parameters). Figure 7 and Figure 8 represent results from the rhodamine 123 assay performed by flow cytometry. In our study, a Rod-123 efflux study corresponds to P-gp activity as a “drug pump”. This assay was applied to determine the transport function of P-glycoprotein. The values E/E0 normalized to the control (E0) represent Rod-124 accumulation—an indicator of P-gp activity. The higher the accumulation, the lower the activity of the drug resistance pump. Rhodamine 123 is a substrate of P-gp. Recent reports indicate that rhodamine 123 (Rod-123) may also be a substrate of other multidrug resistance-associated proteins [37,38,39,40].



The obtained results indicated that individual electroporation parameters inhibited P-gp transport function, which was revealed by an increased accumulation of Rod123 in the case of all parameters for MCF-7/WT and MCF-7/DX cells, EP2 (20 ns, 40 kV/cm, 400 pulses) for LoVo and LoVo/DX, and EP3 (20 ns, 60 kV/cm, 400 pulses) for LoVo/DX. The effect was stronger in the case of electroporation with calcium ions and in the case of resistant cells. The experiment performed by flow cytometry also enabled us to evaluate cell viability 24 h after electroporation (Figure 7b,d and Figure 8b,d) (SSC to FSC graph, exemplary marked red area on dot-plots Figure 7e and Figure 8e). The exposure to calcium ions alone stimulated viability in all four cell lines (Figure 7b,d and Figure 8b,d) compared to non-treated cells. The viability dropped significantly after electroporation with calcium chloride, in particular in DOX-resistant cell lines.





4. Discussion


This study shows that electroporation in combination with calcium ions can alternate drug resistance in cancer cells. The anticancer effect of pulsed electric fields with calcium ions was previously demonstrated in various cancers [25,41,42], but not in drug resistance cells. It was demonstrated that the nanosecond range pulses could be used for effective cell-membrane permeabilization for sensitive cells and cells with drug resistance. Interestingly, our results revealed that a high electric field (40 and 60 kV/cm) with 20 ns pulses could diminish P-glycoprotein activity. This effect was not associated with the immunofluorescent reactivity of MDR1 protein. Thus, we suppose that nsPEF could inhibit or modulate the efficacy of drug pumps related to ABC transporters (ATP-binding cassette (ABC) transporter superfamily including P-gp, MRP1, and BCRP) [43,44]. Chemotherapeutic drugs can relatively easily diffuse across the cell membrane based on passive diffusion. ABC-transporters then act as efflux pumps in the membranes of cancer cells, and their overexpression and activity are responsible for the reduced drug uptake [45]. Selective inhibitors or modulators (e.g., verapamil, elacridar) can be applied to reverse these pumps’ activity [46]. Unlike chemical factors, electroporation supported by calcium ions seems a reasonable method to control and overcome drug resistance.



Our study confirmed that cell membranes in various cancer cell lines differ in sensitivity to nsPEF. The level of membrane permeabilization was significantly higher in breast cancer cells than in colon cancer cells which is attributed rather to the morphological difference between the cells, i.e., cell size, cell membrane composition, and fluidity [47], but not the drug resistance. The available experimental and theoretical data also confirm that larger cells are more willingly permeabilized [48,49]. According to the viability results, we could indicate that EP1 (300 ns, 10 kV) and EP3 (20 ns, 60 kV) revealed the strongest anticancer effect. Electroporation with calcium ions (2 mM CaCl2) significantly intensified the difference in survival rate between cell lines but the difference between separate protocols (EP1-4) was not high (±10%). However, the electrophoretic component of longer (microsecond) pulses is much higher compared to ultra-short pulses; therefore, a similar treatment outcome indicates that passive diffusion of calcium was the dominant mechanism of delivery through a permeabilized membrane. Indeed, calcium is a small ion, and thus passive diffusion is sufficient to ensure significant electrotransfer, even in the nanosecond range when the electrophoresis influence is negligible [34]. We have shown that during supra-electroporation, when the pulse duration is significantly shorter than the polarization time, electric field strength should be increased several-fold to trigger the same permeabilization rates as in the case of longer pulses. It is an expected result, while the capability to derive equivalent pulse parameters for any pulse duration opens opportunities for development of new (shorter-pulse) protocols which will ensure less muscle contractions, bioimpedance mitigation, and thus more uniform exposure for the tumors.



Our previous study has shown that colon cancer with doxorubicin resistance can be efficiently exposed to microsecond electroporation to support the anticancer DOX effect. We have also demonstrated that the electroporation technique induced changes in P-gp expression [50]. In the case of human breast cancer with the same type of resistance, we used microsecond electroporation to enhance photodynamic reaction efficacy with NIR-cyanines. It was shown that MCF-7/DX cells were more susceptible to electroporation than wild-type breast cancer cells. Similar to our research, increased MDR1, GSTpi, and MRP7 protein levels after electroporation of breast cancer cells were reported [51]. The authors indicated that one of the factors that differ between normal and cancer cells is the fraction and localization of the negatively charged phospholipid PS [52].



Up to now, the activity of a drug resistance protein after nanosecond electroporation was not reported. Based on the P-gp activity (Rod-123) we can state that PEF can block the function of this drug transporter. Here we show that nsPEF can be used as a temporary MDR controlling tool to obtain better drug uptake, and calcium supports this effect. Possibly, the membrane-stabilizing effects of calcium [53,54] also impact drug resistance proteins. Levine et al. demonstrated that calcium ions induced conformational changes of PS in mixed bilayers [53]. We suppose that this phenomenon will not be inert to the membrane proteins, including the ABC-transporter superfamily. The group of Pakhomova et al. revealed that necrosis was dependent on the increased calcium content (2 mM) and the osmotically-independent pore expansion. It was also stated that even new or larger pores could be formed without membrane destruction [55]. Thus, this pore expansion seems favorable in the case of resistant cells. Cemazar et al. performed studies on radioresistant tumors in vivo and obtained a good response using ESOPE protocol with cisplatin or bleomycin [44,45,46]. Similar research was carried out by Condello et al. on almost the same cell model, including a mitomycin-resistant cell line. The authors show morphological alternations in cells exposed to microsecond electroporation by AFM visualization [56,57]. It was also indicated that nanosecond pulses caused recruitment of intracellular Ca2+ [58]. It was previously observed that mitochondria and other membranous cell organelles are “porated” during exposure to nanosecond pulses [22,59,60,61]. The authors also observed that after applying nsPEF, calcium ions are released from internal calcium-stores such as ER and mitochondria or taken up from outside the cell through permeabilization. Thus, pulsed electric fields can recruit two sources of calcium ions, i.e., extracellular and intracellular released from intracellular compartments, contributing to the enhanced anticancer effect.




5. Conclusions


We have demonstrated that nanosecond pulses increased cell membrane permeability independently of the drug resistance phenomenon. The permeability rate appeared to be dependent on the cell size and type. We could observe an enhanced antiproliferative effect in the presence of Ca2+ in electroporated cancer cells, which seems to be a safe anticancer drug in therapeutic protocols. The immunofluorescent studies revealed that the expression of P-gp was not downregulated. However, the most important observation was the decreased MDR1 activity after nanosecond electroporation, particularly calcium ions. According to our results, we presume the phenomenon of MDR mechanism disruption using electroporation in combination with calcium ions is promising. We suppose that PEF with calcium ions can reduce drug resistance by inhibiting drug efflux activity. Nevertheless, this statement and the effect of pulsed electric fields on drug resistance mechanisms require further studies in the future, including cells with varying lipid membrane composition and different contents of drug-resistant proteins.
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Figure 1. Waveforms of the pulses applied in the study; red color represents signal of 100 ns pulse (15 kV/cm) and navy blue corresponds to 20 ns pulse (40 kV/cm). 
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Figure 2. The fraction of YO-PRO-1 permeable cells 10 min post electric field treatment evaluated using flow cytometry, where (A) doxorubicin-sensitive (MCF-7/WT) and (B) doxorubicin-resistant (MCF-7/DX) human breast adenocarcinoma cells; (C) doxorubicin-sensitive (LoVo) and (D) doxorubicin-resistant (LoVo/DX) human colon cancer cells. Asterisk (*) corresponds to statistically significant (p < 0.05) difference versus untreated control. The percentage of permeabilized cells shows the fraction of permeabilized cells compared to all the cells in each sample. 
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Figure 3. The fraction of YO-PRO-1 permeable cells 10 min post nanosecond-electric field treatment evaluated using flow cytometry in MCF-7/WT, MCF-7/DX, LoVo, and LoVo/DX cells. Asterisk (*) corresponds to statistically significant (p < 0.05) difference between two types of cells (MCF and LoVo). The percentage of permeabilized cells shows the fraction of permeabilized cells compared to the whole cells’ portion in each sample. 
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Figure 4. The viability of cells (A) MCF-7/WT and MCF-7/DX; (B) LoVo and LoVo/DX exposed to electroporation and calcium ions measured my MTT assay depending on the treatment protocol, where EP1–10 kV/cm × 300 ns × 200; EP2–40 kV/cm × 20 ns × 400; EP360 kV/cm × 20 ns × 400; EP4–1.2 kV/cm × 100 µs ns × 8 (ESOPE); CTRL–untreated control. All the data is normalized to untreated control. Asterisk (*) corresponds to statistically significant difference (p < 0.05) between protocols (EP1–EP4) with and without calcium; (x) corresponds to statistically significant difference (p < 0.05) between non-resistant cells and DX-resistant cells. 
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Figure 5. Immunofluorescent analysis of MDR1 protein double-stained with CellMask membrane marker in human breast adenocarcinoma cells, (a) MCF-7/WT; (b) MCF-7/DX and human colon carcinoma cells; (c) LoVo; (d) LoVo/DX. The following parameters were applied without/with 2 mM Ca2+: EP1–10 kV/cm × 300 ns × 200; EP2–40 kV/cm × 20 ns × 400; EP3–60 kV/cm × 20 ns × 400; EP4–1.2 kV/cm × 100 µs ns × 8 (ESOPE). Red fluorescence corresponds to the DeepRed®CellMask cell membrane marker, green fluorescence corresponds to MDR1 protein.White scale bar corresponds to 10 µm. 
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Figure 6. The analysis of fluorescent P-gp (MDR1) signal from breast cancer cells (A) MCF-7/WT; (B) MCF-7/DX, and colon cancer cells (C) LoVo and (D) LoVo/DX. The following parameters were applied without/with 2 mM Ca2+: EP1–10 kV/cm × 300 ns × 200; EP2–40 kV/cm × 20 ns × 400; EP3–60 kV/cm × 20 ns × 400; EP4–1.2 kV/cm × 100 µs ns × 8 (ESOPE). Dotted line represents the control level. Signal was examined by ImageJ software. Grey fields indicate samples with calcium ions. Asterisk (* and #) corresponds to statistically significant (p < 0.05) difference. (*) in relation to the untreated control cells; (#) in relation to calcium-treated control. 
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Figure 7. Rhodamine 123 accumulation assay and viability in breast adenocarcinoma (a,b) sensitive and (c,d) resistant cells after 24 h post electroporation with/without CaCl2. Results were normalized to control untreated cells (E/E0 where E0 = Ctrl, E–(MFI) mean fluorescence intensity of the appropriate sample). Exemplary dot plots and histograms are shown in (e), where X axis corresponds to FSC (forward scatter-diameter of the cells), and Y axis to SSC (side scatter-internal complexity of the cells. The following parameters were applied: EP1–10 kV/cm × 300 ns × 200; EP2–40 kV/cm × 20 ns × 400; EP3–60 kV/cm × 20 ns × 400; EP4–1.2 kV/cm × 100 µs ns × 8 (ESOPE), * p ≤ 0.05. E/E0 (Rod-123 uptake) and MFI results are taken from Gate 2 (blue); Gate 1 indicates dead or damaged cells; Gate 3 (purple) separates the analyzed cells from the debris. 






Figure 7. Rhodamine 123 accumulation assay and viability in breast adenocarcinoma (a,b) sensitive and (c,d) resistant cells after 24 h post electroporation with/without CaCl2. Results were normalized to control untreated cells (E/E0 where E0 = Ctrl, E–(MFI) mean fluorescence intensity of the appropriate sample). Exemplary dot plots and histograms are shown in (e), where X axis corresponds to FSC (forward scatter-diameter of the cells), and Y axis to SSC (side scatter-internal complexity of the cells. The following parameters were applied: EP1–10 kV/cm × 300 ns × 200; EP2–40 kV/cm × 20 ns × 400; EP3–60 kV/cm × 20 ns × 400; EP4–1.2 kV/cm × 100 µs ns × 8 (ESOPE), * p ≤ 0.05. E/E0 (Rod-123 uptake) and MFI results are taken from Gate 2 (blue); Gate 1 indicates dead or damaged cells; Gate 3 (purple) separates the analyzed cells from the debris.
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Figure 8. Rhodamine 123 accumulation assay and viability in colon carcinoma (a,b) sensitive and (c,d) resistant cells after 24 h post electroporation with/without CaCl2. Results were normalized to control untreated cells (E/E0 where E0 = Ctrl, E–(MFI) mean fluorescence intensity of the appropriate sample). Exemplary dot plots and histograms are shown in (e), where X axis corresponds to FSC (forward scatter-diameter of the cells), and Y axis to SSC (side scatter-internal complexity of the cells. The following parameters were applied: EP1–10 kV/cm × 300 ns × 200; EP2–40 kV/cm × 20 ns × 400; EP3–60 kV/cm × 20 ns × 400; EP4–1.2 kV/cm × 100 µs ns × 8 (ESOPE), * p ≤ 0.05. E/E0 (Rod-123 uptake) and MFI results are taken from Gate 2 (blue); Gate 1 indicates dead or damaged cells; Gate 3 (purple) separates the analyzed cells from the debris. 
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Table 1. The results of the titration for calcium and magnesium ions in experimental buffers.






Table 1. The results of the titration for calcium and magnesium ions in experimental buffers.





	Sample
	Ca2+ & Mg2+ [mmol/L]
	Ca2+ [mmol/L]
	Mg2+ (= [Ca, Mg]−[Ca])

[mmol/L]





	10 mM HEPES
	0.017 ± 0.005
	0.015 ± 0.006
	0.00



	10 mM HEPES + sucrose + 1 mmol/L Mg2+
	0.96 ± 0.03
	0.010 ± 0.009
	0.95 ± 0.04



	10 mM HEPES + sucrose + 1 mmol/L Mg2+ + 2 mmol/L Ca2+
	2.64 ± 0.05
	1.68 ± 0.02
	0.96 ± 0.07



	Milli-Q
	0.00
	0.00
	0.00
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