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Abstract

:

Electroporation, applied as a non-thermal ablation method has proven to be effective for focal prostate treatment. In this study, we performed pre-clinical research, which aims at exploring the specific impact of this so-called calcium electroporation on prostate cancer. First, in an in-vitro study of DU 145 cell lines, microsecond electroporation (μsEP) parameters were optimized. We determined hence the voltage that provides both high permeability and viability of these prostate cancer cells. Subsequently, we compared the effect of μsEP on cells’ viability with and without calcium administration. For high-voltage pulses, the cell death’s mechanism was evaluated using flow-cytometry and confocal laser microscopy. For lower-voltage pulses, the influence of electroporation on prostate cancer cell mobility was studied using scratch assays. Additionally, we applied calcium-binding fluorescence dye (Fluo-8) to observe the calcium uptake dynamic with the fluorescence microscopy. Moreover, the molecular dynamics simulation visualized the process of calcium ions inflow during μsEP. According to our results calcium electroporation significantly decreases the cells viability by promoting apoptosis. Furthermore, our data shows that the application of pulsed electric fields disassembles the actin cytoskeleton and influences the prostate cancer cells’ mobility.
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1. Introduction


Cell membrane integrity can be largely affected when the latter are exposed to pulsed electric fields (PEFs) of high enough intensity. The application of such electric pulses is believed to trigger formation of highly permeable spots (domains) in their lipid membrane [1,2]. This phenomenon is called electroporation (EP), and the changes induced depend on the intensity of the applied electric fields and can be either reversible, i.e., cells recover their integrity, or irreversible, in which case, the cells turn necrotic [3]. Electroporation has found use in the clinic as a non-thermal focal ablation method and has been applied as a minimal-invasive treatment of patients with internal organs tumors [4,5,6]. For focal prostate treatments, although several clinical trials showed promising results [7,8], IRE still remains at the investigation stage.



The reversible EP provides a broader spectrum of applications: It allows transfer of genes [9,10], drugs [11,12], small exogenous proteins, and other molecules [13,14]. It has been used, for instance, in clinic to increase the uptake of cytostatic drugs in a procedure known as electrochemotherapy [15]. Recently, we have described the technique of electroporation-based treatments in urology [16] and its development perspectives.



To avoid the potential harmful systemic effects of electroporation, and other drawbacks such as the difficult preparation and storage of cytostatic drugs, the use of calcium ions has been proposed as an alternative to traditional electrochemotherapy. This novel method termed calcium electroporation (CaEP) had been first presented by Frandsen et al. (2012) [17] and in no time proved its effectiveness in vivo and in vitro for treatments of different cancers [18,19,20]. Currently, clinical trials involve the application of calcium electroporation for skin malignancies (clinicaltrials.gov #NCT04259658), as a neoadjuvant therapy for early colorectal cancer (clinicaltrials.gov #NCT03694080), as a palliative treatment of head and neck tumors (clinicaltrials.gov #NCT03051269) as well as for advanced, inoperable colorectal cancer (clinicaltrials.gov #NCT03542214).



The present in vitro study aims to evaluate the effect of CaEP on prostate cancer model. Every year over one million patients are diagnosed with prostate cancer (PCa) [21]. The prevalence and mortality rate of PCa increases significantly with age. 55% of all deaths due to PCa concerns patients older than 65 years [22]. Nevertheless, the common risk connected to low and arguably to medium-risk PCa is an overtreatment [23]. The vast prevalence of PCa calls for effective, safe, and minimally-invasive therapy [24]. The fast development of new imaging methods such as multiparametric magnetic resonance imaging inevitably increases the meaning of focal therapies in PCa treatment [25]. Furthermore, recent researches show that access to care and treatment significantly influences the survival rate of patients with prostate cancer [26]. Calcium electroporation requires only readily available calcium chloride and an adequate electric generator with electrodes. Accordingly its simplicity and affordable cost are an undeniable potential for CaEP to become an effective accessible treatment among populations of developing countries [27].



Calcium EP has proved in in vitro and in vivo trials to have a selective effect on cancer cells [28]. To enhance the selectivity, it is required to minimize the occurrence of irreversible electroporation and boost rather the reversible one. Note that during CaEP, the death of reversibly electroporated cells results mainly from calcium influx [29], and cancer cells, with impaired mechanisms of calcium homeostasis, are those predominantly damaged [30,31].



Primary, in this study, the electrical voltage on electrode promoting the reversible electroporation has been determined.



Different cancer types might present different sensitivity to CaEP [32]. To establish whether CaEP has potential as the focal PCa treatment, the impact of CaEP on prostate adenocarcinoma viability was evaluated. The research on other cell lines suggested that the interval time between the drug administration and electroporation may influence the effect of the therapy [33]. As the outcome varies depending on the cell type, consequently, in this study, the optimal time of drug administration has been investigated.



After the unsuccessful treatment of PCa, disease progress often involves the development of metastasis [34]. In around 20% of patients, the recurrence of PCa after the focal treatment with IRE occurs [35]. To prevent the progression of cancer to the metastatic stage, the therapy should decrease the cancer cell motility [36].



Calcium EP may trigger cell death through different mechanisms. The most commonly-evaluated are apoptosis and necrosis. The apoptosis as programmed cell death prevents the development of excessive immune reaction, providing the high selectivity of focal ablation [37]. Conversely, necrosis stimulates immune response resulting in local inflammation. For higher voltage, affecting cell viability, the prostate cancer cell death mechanism after electroporation was evaluated.



Finally, the study of CaEP investigates the dynamics of the process. Firstly, the time dependence between PEFs delivery and calcium influx as well as the dynamic of calcium efflux was observed under the fluorescence microscopy using the calcium-selective Fluo-8 dye. Secondly, microsecond CaEP was analyzed with the in-silico molecular dynamic study. Both mentioned methods provide excellent insight and a better understanding of CaEP mechanism.




2. Results


2.1. Effects of PEFs on Cancer Cells Viability and Permeability


The impact of standalone microsecond short electric pulses was investigated on cancer cells suspended in the calcium free HEPES buffer. Figure 1 shows that the viability of cells decreases with the increasing intensity of the electric field. The most significant decrease occurs for electric fields intensities laying between 800 and 1200 V/cm. Note that even the highest electric field does not kill 100% of cancer cells. The curves indicate that permeability increases with higher electric fields intensities. The most significant increase in the permeability of the cells is detectable for fields between 400 and 800 V/cm. Above 1200 V/cm PEFs, almost all cells become permeable. Finally, the cells’ permeability does not appear to increase remarkably between 1200 and 2000 V/cm.



The results above enable the optimization of pulse parameters. The electric field intensity around 1000 V/cm provides the relatively high cell membrane permeability and does not decrease substantially the cell viability, indicating the highest ratio of reversibly electroporated cells. Once higher voltages on electrodes are applied, the cell permeability increases and viability decreases due probably to an irreversible electroporation of cancer cells.




2.2. The Influence of Time to Extracellular Calcium Application on CaEP Outcome


Figure 2 shows that the largest impact on the cells’ viability is achieved when calcium is added 2 min before the PEFs delivery. The administration of calcium after electroporation has a much lower influence on cell viability.



Overall, these initial data concerning the cells’ viability and permeability as well as the time to drug administration enable the optimization of the applied EP protocol for further investigation.




2.3. Effect of CaEP on Cancer Viability


The viability of prostate cancer cells after CaEP was evaluated for different calcium concentrations namely 1 mM, 2 mM, and 5 mM and different pulse parameters (600 V/cm, 800 V/cm, 1000 V/cm, 1200 V/cm). Figure 3 shows viability of DU 145 cells after exposure to PEFs and calcium ions relative to control. Control represents the viability of not treated cells. The cytotoxic effect of the therapy increases with increasing electric field intensity. Higher calcium concentrations significantly lower the viability of the electroporated cells. This effect was not observed at the low electric field intensity of 600 V/cm. The synergistic effect of calcium seems to be most pronounced when 1000 V/cm PEFs follow the drug (Ca) administration. Finally, the standalone incubation with calcium ions without the application of PEFs does not change the viability of cancer cell.




2.4. Calcium Uptake Evaluation


To visualize the calcium uptake, we used the Fluo-8 dye. In cells, the latter is split by esterase to become fluorescent [38]. The intracellular calcium binds to the dye, increasing its fluorescence. The electric pulses of intensity ~800 V/cm were delivered after the onset of the data record. Figure 4 depicts the dynamic of the CaEP. During the delivery of the PEFs, the fluorescence starts to increase. The data indicates that the calcium uptake starts immediately after permeabilization. After reaching the optimum fluorescence, the cells begin to excrete calcium ions. At the beginning of reversion, the fluorescence undergoes an exponential decay and subsequently, the decay constant stabilizes.




2.5. Cell Death Quantification Assay after CaEP


To assess the mechanism of cell death following CaEP, we performed flow cytometry studies. 16 h after electroporation the cells were stained with Sytox Green dye and APC-Annexin V. The apoptosis was assessed by measuring the shift of phosphatidylserine to the outer leaflet of the cell membrane. Differently, late apoptotic and necrotic cells were stained with SYTOX™ Green—dye, which inflows only to the permeabilized cells and binds to cellular nucleic acids. Figure 5 shows that the CaEP affects tumor cells by triggering principally apoptosis. Calcium, when combined with PEFs, decreases further the viability of prostate cancer cells promoting hence apoptosis as well. The level of necrotic cells after the therapy does not differ among investigated samples.




2.6. Immunofluorescence Study of the Expression of Caspase-3


The immunofluorescence experiments were conducted to visualize the caspase-3 expression as key executor of apoptosis [39]. Caspase-3 can be activated via the intrinsic mitochondrial pathway (Bcl-2/Bax, Caspase-9), or via an extrinsic death receptor (Fas/FasL, Caspase-8) route [40]. Figure 6 shows that application of 600 V/cm PEFs with and without calcium does not change the expression of the caspase. In comparison, the fluorescence signal is remarkably stronger after the application of 1000 and 1200 V/cm PEFs (respectively 1.5-fold and 2.5-fold more intense compared to the control). Moreover, there is a difference in the expression between high-voltage PEFs with and without calcium. Namely, the 1000 and 1200 V/cm PEFs with 2 mM of calcium resulted in 2- and 1.25-fold higher fluorescence signal of caspase-3 (1000 V/cm + 2 mM vs. 1000 V/cm; 1200 + 2 mM vs. 1200 V/cm), respectively.




2.7. Effect of CaEP on Cancer cells Motility


The lower voltage PEFs affect the PCa cell viability significantly less, than the higher intensity electric fields. However, the application of low voltage PEFs has an effect on the mobility of cancer cells. Figure 7 reports the results of the wound healing assays. The cells were seeded inside the silicone inserts for 16 h before the latter were removed. The cells were scrutinized for 10 h until the separated colonies connected. The data shows that the application of PEFs impedes the mobility of cancer cell, while the effect has not been observed for lower-voltage CaEP. Noticeably, the effect of CaEP for higher intensity (1000 V/cm) PEFs could not be assessed as the protocol significantly influenced the cell’s viability, precluding the comparison of the created wound. The short time incubation with calcium does not show on the other hand any remarkable effect on the cell mobility.




2.8. Immunofluorescence Study of F-actin


The cells were stained 16 h after the treatment with fluorescein-conjugated phalloidin. Figure 8 shows that non-treated DU 145 cells present a typical organization of F-actin fibers spanning the cytosol. Standalone incubation with calcium in low concentrations, does not influence the cytoskeletal structure of the PCa cells. Higher voltage PEFs increase the number of dying cells that have degranulated and fragmented actin filaments. 16 h after application of a 1000 V/cm PEFs, a loss of stress fibers and rounding of the cells occurs. When submitted to higher-voltage calcium electroporation, the cells create typical honeycomb-like structures due to actin accumulation on the cell periphery.




2.9. Molecular Dynamics Studies of CaEP


Molecular dynamic calculations were carried out to simulate the calcium ions distribution at the vicinity of the model lipid bilayer before and during electroporation. The microsecond electroporation was simulated by introducing the calcium ions imbalance (voltage) between the two compartments above and below the bilayer representing the extra and intra-cellular compartments. The electroporation process is visualized in Figure 9. Initially, calcium ions (green) show extramembrane localization (1). After an application of transmembrane voltage, the water molecules protrude to the membrane. Water fingers emerge on both sides of the lipid bilayer (2). Once, the water appendixes from both sides of the membrane contact, they form the water channel, which eventually spans the membrane. So, conducted electropores provide the possibility of calcium ions transport (3). With the increasing time of pore opening, more Ca2+ ions concentrate next to the pore opening, allowing more ions to cross the membrane (4).





3. Discussion


The intracellular calcium level is up to a thousand-fold lower than the extracellular one. To maintain this difference, the energy accumulated in ATP is required [41]. Inside the cell, calcium acts as a second messenger in biochemical processes and coordinates the changes in protein confirmations, so its level is required to be strictly controlled [41]. The equilibrium of cytoplasmic Ca2+ level is maintained in concentrations about 20 to 40 nM [42].



Electroporation can be used to increase the uptake of calcium and destabilize cancer cells. It was shown that CaEP leads to cancer death, decreasing cellular ATP level [29]. Moreover, it was recently shown that CaEP has an immunomodulatory effect. It converts a tumor microenvironment reducing the number of suppressor cells and increasing cytotoxic T-lymphocytes activity [43]. Besides, calcium electroporation affects tumor vasculature damaging blood vessels and potentiates as well the necrosis of tumor in vivo [44].



In our study, CaEP is shown to decrease the viability of prostate cancer cells triggering apoptosis. High intensity electric fields and calcium concentration enhance the therapy outcome. The apoptosis was assessed by measuring the expression of phosphatidylserine on the cellular surface that binds Annexin V and was confirmed with immunostaining of caspase-3. The mechanism of death induced by CaEP differs between the results published in the literature. Namely, some studies report apoptosis [45,46], others necrosis [17,44]. It is not that surprising, when considering the role of calcium in various paths of cell death’s mechanisms [47]. The main cause of death that triggered by standalone intracellular Ca2+ overload is generally apoptosis. Increased intracellular Ca2+ level activates chains of cell death effectors such as calcineurin, calpain, transglutaminase, endonucleases and phospholipases [48]. Moreover, Ca2+ overload results in permeabilization of the outer mitochondrial membrane, the release of mitochondrial proteins, and secondary activation of apoptotic events in other cellular compartments [49].



Necrosis due to calcium overload can also occur, however it would likely be a post-apoptotic necrosis where Ca2+ overload triggers caspase cleavage and inactivation of vital Ca2+-extruding proteins in the plasma membrane [48]. Recently, Gibot et al. (2020) have shown that the cell death after CaEP occurs as a result of mitochondrial dysfunction, without DNA damages, highlighting therefore the safety of such a therapy [50].



Importantly, our research shows that calcium, in order to strengthen the cytotoxic effect of the therapy, should be administrated before PEFs delivery. The effectiveness of CaEP on prostate DU 145 cell line is comparable to the one achieved on other cancer cell lines [17]. Most of the electroporation settings in the experiments followed the standard ESOPE protocol on EP, as it proved efficient and provides the possibility of outcome comparison between different trials [51]. Accordingly, only the applied voltage was adjusted to the initial results of cell permeability and viability after PEFs. In vivo studies showed that CaEP effect is more pronounced on an immunocompetent organism. The stimulation of the immune system results in an even complete tumor regression [52]. The next set of trials should investigate the in vivo effect of CaEP on prostate cancer.



Two classes of Ca2+ ATPases provide the stability of Ca2+ influx and efflux. In PCa cells the plasma membrane Ca2+ ATPase (PMCA) enables the transport of Ca2+ across the plasma membrane and SERCA transfer calcium within intracellular pools, as the one located in the endoplasmic reticulum [42]. The other mechanisms described of PCa Ca2+ clearance are the mitochondrial uniporter (MCU) and with a more limited scope the sodium-calcium exchanger (NCX) [53]. Moreover, the transient receptor potential superfamily (TRP) of cation channels and store-operated Ca2+-permeable channels (SOC) contribute to Ca2+ homeostasis of PCa [54].



A different response to CaEP was observed for healthy cells compared to cancer cells [46,55]. Frandsen et al. (2017) suggested that the rationale behind this is the lower expression of PMCA among cancer cells. Reduced level of PMCA might impede the efflux of calcium ions which results in higher Ca2+ concentration in cancer cells after electroporation [30]. Considering prostate cancer, with the progression of PCa to androgen-independent state, the changes of Ca2+ homeostasis such us SERCA downregulation and increased Ca2+ leak from endoplasmic reticulum occurs [56]. Moreover, the down-regulation of MCU in PCa has been observed [57]. Therefore, prostate cancer cells might have the restricted potential to store intracellular Ca2+ in organelles, and consequently exhibit a high susceptibility to CaEP. Undoubtedly, further studies are needed to confirm this hypothesis.



In our study, electroporation with low voltage pulses decreases the mobility of prostate cancer cells in vitro. Surprisingly, the effect was not as prominent once cells are electroporated in presence of calcium at low concentration. However, an extracellular concentration of calcium up to 2 mM is more physiological than no calcium at all. Once low voltage PEFs are delivered, cells electroporated in medium with physiological level of calcium preserve their mobility properties.



The study investigates whether the cell mobility changes observed after EP can be partially due to actin filaments disruption. Actin filaments play an important role in cancer progression and mobility [58]. Calcium is a well-known modulator of the cytoskeleton of the cell plasma membranes. In this study, we have shown that an increased intracellular concentration of calcium enhances the EP-induced actin disruption after higher voltage PEFs. We did not observe any correlation between actin disruption and impeded mobility after an application of PEFs at lower voltage. Several studies investigated the impact of electroporation (with and without calcium) on actin filaments. However, the wide spectrum of possible alterations in cytoskeleton triggered by PEFs application indicates that the effects strongly depend on the cell type [59].



Our study proves that after the application of PEFs prostate cancer cells deal with calcium overload either by extrusion or reuptake into intracellular organelles. After a few seconds, the decay constant stabilizes and cells maintain the high level of intracellular calcium. The possible explanation of this phenomenon might be the beginning of the cells apoptosis, which results in higher concentration of intracellular calcium [60].



Research evaluating the calcium uptake confirmed that Ca2+ peaks can be achieved with single pulse delivery [61]. Moreover, even in a calcium-free medium, the peak can be observed. It was demonstrated that a single μs PEF increases the intracellular calcium level acting on the endoplasmic reticulum [61]. Low-voltage CaEP, which does not affect cell viability, enables the investigation of Ca2+ level shifts and their impact on prostate cancer cells’ physiology. In this cited study, the fluorescence intensity curve shape is similar to the one obtained in our experiment.



Used in our experimentFluo-8 dye might not be the optimal dye for measuring the calcium uptake after the electroporation. However, this dye indicates the changes in intracellular Ca2+, which can occur either as a result of the inflow of extracellular Ca2+ or due to the release of Ca2+ from intracellular stores. The latter was not estimated in our study.



The live-cell calcium uptake experiments were performed on adherent cells. The adherent cells have a robust cytoskeleton, with cell-to-cell junctions. The cytoskeleton stabilizes the cell membrane and affects electroporation [62]. Moreover, the difference in shape between adherent cells and cells in suspension indicate that their transmembrane voltage in the same external electric field can differ [63]. Therefore, the calcium uptake curve of suspended cells might have a different shape. Accordingly, the results obtained from the calcium uptake study cannot support and explain the results and conclusion of the experiments performed on suspended cells.



Molecular dynamics simulations help model the phenomena through the numerical integration of multiple particle motion equations. In the case of CaEP it provides a mean of following at the molecular level the calcium uptake and the specifics of the calcium ions interactions with the lipid membrane [64]. Our model proves high affinity of the calcium ions to the bilayer, which results in the accumulation of the calcium beside the cells. We present that the process of calcium ions’ transport through the membrane is sequential and not all of the ions penetrate the membrane at once, even though the ionic gradient is present. Moreover, the simulation shows that electroporation does not result in immediately alignment of intracellular and extracellular calcium. MD simulations have already proved that the presence of Ca2+ has almost no effect on the pore lifetime [65]. Calcium changes though the conductivity of the electroporation buffer and consequently might have an impact on transmembrane voltage generation [66]. This effect is more pronounced once nanosecond PEFs are applied.



Given the promising in vitro results, a series of clinical studies investigating the outcome of CaEP in vivo have been conducted. In the majority of such studies, a higher calcium concentration of 168 mM calcium was injected into tumor tissues [27]. The volume of injected calcium chloride solution was ~50% of the volume of the tumor [27]. First a CaEP double-blind Phase 2 study on patients with cutaneous metastases proved the effectiveness and safety of the treatment. The Ca2+ solution was injected intratumorally, and the EPs were delivered immediately after the calcium administration. No serious adverse events were observed. The outcome of the therapy on cutaneous metastases was similar to that of electrochemotherapy using bleomycin [18]. One case report describes the systematic immune response after the CaEP treatment [67]. In another Phase I study the effect of CaEP was studied on patients with recurrent head and neck cancer [19]. Following CaEP, no serious adverse events were reported. No signs of hypercalcemia, or cardiac arrhythmias were observed after the Ca2+ intratumoral injections. Clinical responses were observed in three out of six patients. Moreover, one patient remained without any clinical evidence of cancer during 12 months of observation. Calcium was also applied with IRE for internal organs tumor treatment [68]. Although restricted, the present clinical experience with CaEP did not show any serious side effect of the therapy, thus the CaEP can be further investigated in clinical trials also for broader spectrum of tumors.



The present experience with electroporation-based technologies for PCa treatment concerns predominantly IRE [16]. One case report describes the application of electrochemotherapy with satisfying results [69]. For PCa treatment, the electroporation is applied for focal cancer ablation or in case of spread tumor for the whole gland ablation. Potential candidates for the therapy are patients with intermediate-risk PCa [16]. The electrodes are inserted transperineally under the guidance of ultrasound [35]. During IRE protocols patients require general anesthesia and muscle relaxation [70]. Although effective, IRE not always provides the total oncological control of the tumor [8]. Considering promising results in vitro, EP with calcium has a chance to enhance the oncological outcome of the therapy.




4. Materials and Methods


4.1. Cell Cultures


The human prostate cancer cell line DU 145 was obtained from the American Type Culture Collection. Cells were grown in monolayer cultures in Eagle’s Minimum Essential Medium, (EMEM, Sigma-Aldrich, Merck, Poznan, Poland) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich) and antibiotics (penicillin/streptomycin; Sigma-Aldrich). Cells were kept under standard culture conditions at 37 °C in a humidified atmosphere containing 5% CO2. The cells were regularly rinsed with PBS and harvested with 0.025% trypsin solution (EDTA; Sigma-Aldrich).




4.2. Preparation of the Calcium Solutions


The later were prepared from the stock solution of calcium (CaCl2, Sigma-Aldrich dissolved in PBS (Sigma-Aldrich) at a concentration of 100 mM. Subsequently the required concentrations were achieved with dilution of stock in EP buffer to concentrations: 0 mM, 0.5 mM, 1 mM, 2 mM, 5 mM, and 10 mM.




4.3. Electroporation of Cells


The cells in the concentration of 5 × 105 cells/mL were suspended in 300 μL HEPES buffer (10 mM HEPES (Lonza), 250 mM sucrose, and 1 mM MgCl2 in sterile water) with different concentration CaCl2 or in calcium free HEPES for controls. The cells were placed in a 4 mm cuvettes (BTX, Syngen Biotech, Poland). The square wave electroporator was used to deliver the electric pulses (ECM830 Square Wave Electroporation System; BTX, Syngen Biotech, Wroclaw, Poland). The cells were exposed to 8 pulses of 100 µs, 1 Hz, and 400, 800, 1200, 1600, or 2000 V/cm. Subsequently, the cells were incubated for 20 min and then suspended in the culture medium and placed in 96 or 6 well plates. All measurements were performed after a 24 h incubation.




4.4. Cell Viability Assay


To determine the cell viability, the activity of mitochondrial dehydrogenases was measured with MTT assays. First, the electroporation of suspended cells was performed following the protocol described above. Subsequently, after a 24 h incubation, the culture medium from 96 well plate was removed, and 100 μL of 0.5 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma) in PBS buffer was added. After 3 h of incubation at 37 °C, a 100 μL acidified isopropanol (0.04 M HCl in the absolute isopropanol) was added to dissolve formazan crystals. Finally, the multiplate reader (GlowMax, Promega, Walldorf, Germany) was used to measure the absorbance at 570 nm. The results were expressed as the percentage of viable cells relative to untreated (control) cells.




4.5. Evaluation of the Influence of Time to Drug Administration on CaEP Outcome


Calcium chloride was added to the cell suspensions in cuvettes in different time intervals relative to electroporation. Each time, the final concentration of 2 mM calcium in buffer was achieved. To electroporate the cells, 1000 V/cm pulses were delivered according to the protocol described above. The cell viability was measured according to the viability assay.




4.6. Cell Permeability Quantification Assay


The cells were electroporated according to the protocol described above. Prior to electroporation, the green-fluorescent dye YO-PRO®-1 stain (Y3603, Thermo Fisher Scientific Inc., Warsaw, Poland) in the concentration of 100 μL/L was added to buffer. YO-PRO®-1 cellular uptake reflects the degree of the plasma membrane permeabilization [71]. The EP cells were then centrifuged and diluted in 0.5 mL PBS. The green Fluorescent intensities were detected on the Cube 6 flow cytometer. YO-PRO was excited with a 488 nm laser and measured with the FL-1- detector (525/50). The results are expressed as the percentage of permeabilized cells.




4.7. Cell Death Quantification Assay


The cell death mechanism was detected with flow cytometry. The cells were electroporated according to the description above and left incubating in the culture medium for 24 h. In the next step, the cells were harvested with trypsin and centrifuged. Subsequently, the cells were resuspended in 0.5 mL PBS containing SYTOX™ Green Nucleic Acid Stain (Thermo Fisher Scientific, Warsaw, Poland) and APC bounded Annexin V from the APC Annexin V Apoptosis Detection Kit (BioLegend, San Diego, CA, USA) as described in BioLegend instructions. Flow cytometry was performed with a Cube 6 flow cytometer. The fluorescence of Sytox was excited with a 488 nm laser and measured with the FL-1 detector (525/50) and APC fluorescence was excited with 640 nm laser and measured with the FL-4 detector (675/30).




4.8. Calcium Uptake Evaluation


A volume of 50 μL of cell suspension in the concentration of 105 cells/mL was placed on the microscope slide. After 24 h the medium was removed, cells were stained with 4 µM Fluo-8 diluted in PBS and left incubating for 20 min. The slide was placed on the microscope stage with the electrode touching its surface. Cells visible in the objective were directly placed between two needles of the electrode BTX533 (BTX, Syngen Biotech, Poland). The PBS on the microscope slide was replaced with electroporation buffer HEPES with calcium at a 2 mM concentration. Subsequently, the cells were electroporated according to the protocol with field intensity reaching around 1000 V/cm. The increase in cell fluorescence during the electroporation was observed with the fluorescent microscope Olympus BX53F2 (Olympus, Tokyo, Japan). The changes in cell fluorescence were evaluated with ImageJ [72].




4.9. Immunofluorescence Studies of Actin Cytoskeleton and Caspase-3 Expression


The cells were electroporated according to the protocol described above. Subsequently the cells were seeded on glass coverslips places in 6 well plate and incubated for 16 h at 37 °C and 5% CO2. then the samples were washed with PBS (BioShop, dist. Lab Empire, Rzeszow, Poland), fixed in 4% formaldehyde (Roth, Germany) and washed with PBS again.



For the caspase-3 expression assessment, following fixation, the cells were incubated for 5 min with PBS with 1% Triton 100X, washed with PBS and left for 60 min with 1% HS, and the primary anti-caspase 3 antibody (1:100, sc-7272, Abcam, UK), diluted in PBS and incubated for 60 min at 37 °C and 5% CO2. Subsequently, the samples were washed 3 times with PBS, and incubated with Alexa Fluor 488 secondary anti-mouse antibody (Ex. 490 nm, Em. 525 nm; 2 μg/mL, A11029, Invitrogen) for 60 min at 37 °C and 5% CO2. After the washing in PBS, the cells were mounted with DAPI Mounting Medium (Roth, Germany).



For the actin cytoskeleton staining, the cells were incubated for 5 min with PBS with 1% Triton 100X, washed in PBS and left for 60 min with 1% HS, and the Alexa Fluor™ 594 Phalloidin (Ex. 581 nm, Em. 609 nm; 2 μg/mL, A22283, Life Sciences—Thermo Fisher Scientific), diluted in PBS and incubated for 60 min at 37 °C and 5% CO2. After washing in PBS, the cells were mounted with DAPI Mounting Medium (Roth, Germany).



The samples were analyzed with a confocal laser scanning microscope with using laser wavelengths: 405 nm, 473 nm and 559 nm; 60X oil immersion objective lens with 1.35 NA (Olympus FluoViewer 1000, Tokyo, Japan).




4.10. Wound Healing Assay


To investigate the effect of CaEP on the migratory capacity of cells, the wound healing assay was performed. The cells were electroporated following the protocol described above. After EP, the cells were centrifugated and diluted in the culture medium. The silicone insert was applied in to form a 500-μm ± 50 μm cell-free space between colonies. Cells were incubated at 5% CO2 and 37 °C for 16 h to stick to the bottom and create the monolayer. Subsequently, the silicone insert was removed. Images of the wounds were captured directly after insert removal and after 2, 4, 6, 8, and 10 h of observation on Leica light microscope (DMi1, Watzlar, Germany).




4.11. Molecular Dynamics Simulations


The MD simulations were performed using the GROMACS 2018.3 software on the computational cluster at the Department of Theoretical Chemistry and Physics of the University of Lorraine. The systems were prepared with the CHARMM-GUI software and visually inspected with VMD. The membrane model was composed of a lipid bilayer composed of 40% POPC, 30% POPEE, 16% POPCE, 4% POPCE, and 10% Cholesterol. 10 calcium ions were added to the system, by replacing two Na+ cations for one calcium ion in the NaCl solution. The system was initially minimized and equilibrated. Afterwards, 100 ns additional equilibration at constant temperature and constant pressure (NPT simulation) was applied to achieve the lack of surface tension across the simulated membrane. In order to induce transmembrane voltage and mimic the conditions of the EP experiments, we followed the protocols of the charge imbalance developed recently [73,74]: The box size was first extended in the z-axis to separate both water baths. Next, a short (10 ns) constant volume and constant temperature (NVT simulation) was performed to evaluate the surface tension on the vacuum-water interphase. This surface tension was applied in the subsequent constant temperature and constant surface tension (NPγT) simulation protocol, which was used to simulate electroporation and still allow as in experiment for a complete relaxation of the membrane surface tension. An ion imbalance of 8 electric charges was applied to induce a transmembrane potential large enough to induce the lipid bilayer electroporation. The simulation described was conducted for over 10 ns and the results were analyzed and visualized using VMD.




4.12. Statistical Analysis


The statistical analysis was performed using the GraphPad Prism 7 (La Jolla, CA, USA). Differences in cell viability were analyzed by two- way ANOVA or student t-test depending on the experiment. Results were expressed as mean ± standard deviation of the mean and with p < 0.05 being considered statistically significant.





5. Conclusions


This research confirms that calcium electroporation is a potent anti-PCa therapy in vitro. In the future it could potentially be used as an alternative, minimally-invasive focal therapy for prostate cancer. The hallmark of the CaEP is its safety and relatively easy applicability. In the nearest future, we can expect more data from clinical trials, and in case of promising results, extending the therapy to other cancers such prostate adenocarcinoma.
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Figure 1. Viability and permeability of DU 145 cells as a function of electric field intensity. Suspended cells were electroporated in 4 mm cuvettes. The viability was assessed with MTT assay and permeability with YO-PRO®-1 uptake on the flow cytometry. Graphs are representative of 3 independent experiments. Data are mean ± SD (n = 3 independent experiments). (*) indicates statistically significant differences between the pair of samples electroporated with different electric field intensity (t-test, p < 0.05). 






Figure 1. Viability and permeability of DU 145 cells as a function of electric field intensity. Suspended cells were electroporated in 4 mm cuvettes. The viability was assessed with MTT assay and permeability with YO-PRO®-1 uptake on the flow cytometry. Graphs are representative of 3 independent experiments. Data are mean ± SD (n = 3 independent experiments). (*) indicates statistically significant differences between the pair of samples electroporated with different electric field intensity (t-test, p < 0.05).



[image: Molecules 25 05406 g001]







[image: Molecules 25 05406 g002 550] 





Figure 2. The influence of time to extracellular calcium application on DU 145 cells viability after exposure to pulsed electric fields (PEFs) (1000 V/cm). (*) indicates statistically significant differences between the pair of samples at a different time to calcium chloride administration (t-test, p < 0.05). Graphs are representative of 3 independent experiments. Data are mean ± SD (n = 3 independent experiments). 
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Figure 3. Viability of DU 145 cells after exposure to PEFs and calcium ions. The effect of EP was measured at three different calcium concentrations in HEPES buffer and HEPES buffer without calcium. Suspended cells were electroporated in 4 mm cuvettes. Graphs are representative of 3 independent experiments. Data are mean ± SD (n = 3 independent experiments). (*) indicates statistically significant differences between the samples at different calcium concentration (two-way analysis of variance (ANOVA) p < 0.05). 






Figure 3. Viability of DU 145 cells after exposure to PEFs and calcium ions. The effect of EP was measured at three different calcium concentrations in HEPES buffer and HEPES buffer without calcium. Suspended cells were electroporated in 4 mm cuvettes. Graphs are representative of 3 independent experiments. Data are mean ± SD (n = 3 independent experiments). (*) indicates statistically significant differences between the samples at different calcium concentration (two-way analysis of variance (ANOVA) p < 0.05).



[image: Molecules 25 05406 g003]







[image: Molecules 25 05406 g004 550] 





Figure 4. The dynamic of calcium uptake after microsecond electroporation (μsEP). The pulses were delivered after 3 s of initial observation. The whole observation period is 50 s. (A): The intensity of fluorescence as a function of time; (B): pictures of fluorescent cells taken every 10 s of observation. The graph represents the data form the three replicates of an individual experiment (n = 3 replicates). 
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Figure 5. The distribution of apoptosis and necrosis in DU 145 cells after electroporation (EP) and CaEP measured by fluorescence of SYTOX™ Green and APC-Annexin V. The staining was performed 16 h after PEFs delivery. The graph represents the data form one individual experiment. (A): The distribution of healthy, early apoptotic, late apoptotic and necrotic cells after the treatment; (B): Flow cytometry dot plots. Each event is represented as a single point on a scatter-plot. Cells after 16 h incubation with camptothecin represent positive control for apoptosis. SYTOX™ Green fluorescence—forward scatter height; APC—Annexin V fluorescence—side scatter height; C: The overlay of histograms present fluorescence distribution for every sample. 
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Figure 6. Confocal laser scanning microscopy (CLSM) visualization and intensity measurement of caspase 3 in DU 145 PCa cells after different therapy conditions. (A): CLSM pictures show the intensity of caspase-3 expression 16 h after the therapy; scale bar = 100 µm; (B): The caspase fluorescence signal intensity was analyzed by ImageJ software; The graph represents the data form the three replicates of an individual experiment. Data are mean ± SD (n = 3 replicates). 
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Figure 7. Effect of CaEP on cancer cell motility investigated with wound healing assay. The influence of different therapy protocols was investigated. (A): The percentage of a healed wound as a function of time. Images were analyzed by ImageJ software; (B): Images of wound gradually invaded by migrating cells. Images were taken in given time intervals. The graph represents the data form the three replicates of an individual experiment. Data are mean ± SD (n = 3 replicates). 






Figure 7. Effect of CaEP on cancer cell motility investigated with wound healing assay. The influence of different therapy protocols was investigated. (A): The percentage of a healed wound as a function of time. Images were analyzed by ImageJ software; (B): Images of wound gradually invaded by migrating cells. Images were taken in given time intervals. The graph represents the data form the three replicates of an individual experiment. Data are mean ± SD (n = 3 replicates).



[image: Molecules 25 05406 g007]







[image: Molecules 25 05406 g008 550] 





Figure 8. CLSM visualization F-actin structure in DU 145 prostate cancer (PCa) cells after different therapy conditions. Actin filaments were stained with fluorescein-conjugated phalloidin 16 h after the therapy; scale bar = 100 µm. 
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Figure 9. Molecular dynamics simulation of CaEP. Green molecules represent calcium ions. Numbers from (A–D) show the evolution of the process. 
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