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A nanosecond pulsed electric field (nsPEF) can affect membrane permeabilization and cellular viability in a 3D spheroids tumor model
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Three-dimensional (3D) cellular models represent more realistically the complexity of in vivo tumors compared to 2D cultures. While 3D models were largely used in classical electroporation, the effects of nanosecond pulsed electric field (nsPEF) have been poorly investigated. In this study, we evaluated the biological effects induced by nsPEF on spheroid tumor model derived from the HCT-116 human colorectal carcinoma cell line. By varying the number of pulses (from 1 to 500) and the polarity (unipolar and bipolar), the response of nsPEF exposure (10 ns duration, 50 kV/cm) was assessed either immediately after the application of the pulses or over a period lasting up to 6 days. Membrane permeabilization and cellular death occurred following the application of at least 100 pulses. The extent of the response increased with the number of pulses, with a significant decrease of viability, 24 h postexposure, when 250 and 500 pulses were applied. The effects were highly reduced when an equivalent number of bipolar pulses were delivered. This reduction was eliminated when a 100 ns interphase interval was introduced into the bipolar pulses. Altogether, our results show that nsPEF effects, previously observed at the single cell level, also occur in more realistic 3D tumor spheroids models.

Introduction

Pulsed electric fields (PEFs) of microsecond duration and field strengths of 100s to 1000s V/cm are promising tools for the localized treatment of various cancers [START_REF] Kolosnjaj-Tabi | Electric field-responsive nanoparticles and electric fields: physical, chemical, biological mechanisms and therapeutic prospects[END_REF][START_REF] Nuccitelli | Application of pulsed electric fields to cancer therapy[END_REF]. Plasma membrane "poration" that results from microsecond pulses is the basis of electrochemotherapy (ECT) and irreversible electroporation (IRE). During ECT, impermeable or poorly-permeable chemotherapeutics [START_REF] Mir | Standard operating procedures of the electrochemotherapy : Instructions for the use of bleomycin or cisplatin administered either systemically or locally and electric pulses delivered by the Cliniporator TM by means of invasive or non-invasive electrodes[END_REF][START_REF] Miklavčič | Electrochemotherapy : technological advancements for efficient electroporation-based treatment of internal tumors[END_REF][START_REF] Orlowski | Transient electropermeabilization of cells in culture. Increase of the cytotoxicity of anticancer drugs[END_REF] or high doses of calcium [START_REF] Falk | Calcium electroporation for treatment of cutaneous metastases ; a randomized double-blinded phase II study , comparing the effect of calcium electroporation with electrochemotherapy[END_REF][START_REF] Frandsen | Direct therapeutic applications of calcium electroporation to effectively induce tumor necrosis[END_REF] are introduced into the tumor cells whilst their membranes are temporarily permeabilized. IRE uses higher electric field strengths than ECT to induce permanent plasma membrane poration, which results in necrosis [START_REF] Davalos | Tissue ablation with irreversible electroporation[END_REF][START_REF] Miller | Cancer cells ablation with irreversible electroporation[END_REF][START_REF] Jiang | A review of basic to clinical studies of irreversible electroporation therapy[END_REF]. Nanosecond pulsed electric fields (nsPEF) with field strength of 10s of kV/cm can induce apoptosis or necrosis [START_REF] Beebe | Nanosecond pulsed electric field (nsPEF) effects on cells and tissues: apoptosis induction and tumor growth inhibition[END_REF][START_REF] Beebe | Diverse effects of nanosecond pulsed electric fields on cells and tissues[END_REF][START_REF] Beebe | Nanosecond, high-intensity pulsed electric fields induce apoptosis in human cells[END_REF] as a result of multiple cellular effects including plasma membrane poration [START_REF] Beebe | Diverse effects of nanosecond pulsed electric fields on cells and tissues[END_REF][START_REF] Bowman | Analysis of plasma membrane integrity by fluorescent detection of Tl(+) uptake[END_REF][START_REF] Carr | Calcium-independent disruption of microtubule dynamics by nanosecond pulsed electric fields in U87 human glioblastoma cells[END_REF][START_REF] Sözer | Nanometer-scale permeabilization and osmotic swelling induced by 5-ns pulsed electric fields[END_REF], increased intracellular calcium [START_REF] Beebe | Diverse effects of nanosecond pulsed electric fields on cells and tissues[END_REF][START_REF] Vernier | Calcium bursts induced by nanosecond electric pulses[END_REF][START_REF] White | Stimulation of capacitative calcium entry in HL-60 cells by nanosecond pulsed electric fields[END_REF][START_REF] Carr | Visualisation of an nsPEF induced calcium wave using the genetically encoded calcium indicator GCaMP in U87 human glioblastoma cells[END_REF][START_REF] Semenov | Primary pathways of intracellular Ca(2+) mobilization by nanosecond pulsed electric field[END_REF], loss of mitochondrial activity [START_REF] Carr | Calcium-independent disruption of microtubule dynamics by nanosecond pulsed electric fields in U87 human glioblastoma cells[END_REF][START_REF] Napotnik | Nanosecond electric pulses cause mitochondrial membrane permeabilization in Jurkat cells[END_REF][START_REF] Beebe | Transient features in nanosecond pulsed electric fields differentially modulate mitochondria and viability[END_REF], and cytoskeletal disruption [START_REF] Carr | Calcium-independent disruption of microtubule dynamics by nanosecond pulsed electric fields in U87 human glioblastoma cells[END_REF][START_REF] Thompson | Calcium influx affects intracellular transport and membrane repair following nanosecond pulsed electric field exposure[END_REF].

Over the last fifty years in vitro PEF experiments have typically been performed on cell monolayers (twodimensional [2D] models) adhered to the bottom of flat plastic or glass cell culture plates or petri dishes. However, such models are highly simplified and fail to represent the real cellular anatomical, biochemical, and biophysical structure of tissues and organs [START_REF] Huang | Functional and biomimetic materials for engineering of the three-dimensional cell microenvironment[END_REF][START_REF] Pampaloni | The third dimension bridges the gap between cell culture and live tissue[END_REF]. In particular, the lack of the cell microenvironment cross-talk, such as cellto-cell and cell-to-extra-cellular matrix interactions may lead to inaccurate prediction of in vivo situations [START_REF] Pampaloni | The third dimension bridges the gap between cell culture and live tissue[END_REF][START_REF] Nyga | 3D tumour models : novel in vitro approaches to cancer studies[END_REF][START_REF] Wasungu | A 3D in vitro spheroid model as a way to study the mechanisms of electroporation[END_REF][START_REF] Nath | Three-dimensional culture systems in cancer research: Focus on tumor spheroid model[END_REF].

Therefore, to bridge the gap between in vitro and in vivo models, three-dimensional (3D) in vitro models were developed to mimic the complexity of in vivo structures. These 3D assemblies have the advantage of being more complex than cells monolayers or cells suspensions [START_REF] Sutherland | Cell and environment interactions in tumor microregions: the multicell spheroid model[END_REF]. Depending on the cell-culture technique, as well as on the specific application, numerous 3D in vitro models exist including organoids, cellular spheroids and organs-on-chips [START_REF] Jensen | Is It time to start transitioning from 2D to 3D cell culture?[END_REF][START_REF] Koledova | 3D cell culture: methods and protocols[END_REF]. Cellular spheroids are formed by exploiting the natural tendency of certain cell types to grow and aggregate in clusters and they provide an improved 3D in vitro model of human solid tumors [START_REF] Nunes | 3D tumor spheroids as in vitro models to mimic in vivo human solid tumors resistance to therapeutic drugs[END_REF]. Namely, a gradient of oxygen and nutrients is established within the multicellular spheroid inducing a proliferation gradient. In the outer layers, proliferative cells are present while quiescent or dead cells can be found within the hypoxic region at the heart of the spheroid [START_REF] Nunes | 3D tumor spheroids as in vitro models to mimic in vivo human solid tumors resistance to therapeutic drugs[END_REF][START_REF] Friedrich | Experimental anti-tumor therapy in 3-D: spheroids--old hat or new challenge?[END_REF]. In addition, cell-to-cell interactions and the presence of extracellular matrix represent a microenvironment which is different from the one obtained in 2D-cultured cells (monolayers) or in cell suspensions [START_REF] Nath | Three-dimensional culture systems in cancer research: Focus on tumor spheroid model[END_REF]. For all these reasons, the spheroid has been shown to be an easy to use ex vivo tumor model that can reproduce or at least predict phenomena, which might occur in vivo [START_REF] Mellor | Optimising nonviral gene delivery in a tumour spheroid model[END_REF].

PEF studies using spheroids have mostly investigated the effects of the pulse conditions used in ECT, typically, 8 square-wave, 100 µs duration pulses applied at 1 Hz with an electric field strength of around 1 kV/cm [START_REF] Marty | Electrochemotherapy -An easy , highly effective and safe treatment of cutaneous and subcutaneous metastases : Results of ESOPE ( European Standard Operating Procedures of Electrochemotherapy ) study[END_REF]. These parameters were shown to cause uptake of propidium iodide (PI), a marker of plasma membrane permeabilization, in both peripheral and core cells in HCT-116 spheroids up to 600 µm diameter, with peripheral cells being more intensely marked with PI [START_REF] Gibot | Antitumor drug delivery in multicellular spheroids by electropermeabilization ☆[END_REF]. This membrane permeabilization was accompanied by an absence of change in macroscopic structure over the first 24 hours and a 40% size decrease 5 days following the exposure. Plasma membrane permeabilization was confirmed in spheroids formed from other cancer cell lines (HT29, SW780, MDA6, MB231) as well as normal fibroblasts (HDF-n), which all demonstrated uptake of PI [START_REF] Frandsen | Calcium electroporation: Evidence for differential effects in normal and malignant cell lines, evaluated in a 3D spheroid model[END_REF]. Similarly, the application of ten 5-ms pulses at 0.5 kV/cm to HCT-116 spheroids, also caused PI uptake throughout the spheroid [START_REF] Wasungu | A 3D in vitro spheroid model as a way to study the mechanisms of electroporation[END_REF].

Limited studies have investigated the effects of nsPEF on 3D cell cultures [START_REF] Muratori | Electrosensitization assists cell ablation by nanosecond pulsed electric field in 3D cultures[END_REF][START_REF] Muratori | Electrosensitization increases antitumor effectiveness of nanosecond pulsed electric fields in vivo[END_REF], with the aim to evaluate the occurrence of electrosensitization, i.e., the increased efficacy of nsPEF ablation when the electric pulse treatments were split in fractions [START_REF] Pakhomova | Electroporation-induced electrosensitization[END_REF]. Cellular spheroids of KLN205 squamous carcinoma cells exposed to a single train of 200 pulses (300 ns, 6 kV/cm at 50 Hz) resulted in 20 % cellular death whereas applying two trains of 100 pulses (300 ns, 6 kV/cm at 50 Hz), with a 100 s delay between the first and second train, resulted in 50% cellular death [START_REF] Muratori | Electrosensitization assists cell ablation by nanosecond pulsed electric field in 3D cultures[END_REF]. This electrosensitization was confirmed in vivo with KLN205 cells grown as subcutaneous tumors in mice [START_REF] Muratori | Electrosensitization increases antitumor effectiveness of nanosecond pulsed electric fields in vivo[END_REF]. This suggests that 3D cell cultures represent a valuable miniaturized tissue model providing more realistic information than 2D cell cultures.

In this study, we exposed, for the first time, cellular spheroids from the HCT-116 human colorectal carcinoma cell line to 10 ns duration pulses, with an electric field strength of 50 kV/cm, and varied pulse number and polarity. The rationale to use 10-ns electric pulses was to explore the biological outcome of very short pulses on 3D models as current literature is lacking. In addition, we aimed at comparing the biological effects obtained with 3D cells with those on 2D cell cultures of previous studies of our group. From a technical point, our generators are based on an optoelectronic technology [START_REF] Amari | Characterization of a linear photoconductive switch used in nanosecond pulsed electric field generator[END_REF][START_REF] Kohler | A versatile high voltage nano-and sub-nanosecond pulse generator[END_REF]. Two optoelectronic photoconductive semiconductor switches are optically triggered simultaneously by a pulsed laser. 10 ns duration pulses are particularly convenient for our setup and equipment. Indeed, the pulses duration should be less than the switches charges recombination time approximately assessed between 50 and 200 ns for our components. The technology also allows us to explore pulses with shorter durations in the sub-nanosecond range for further investigations on 3D spheroids intra-cellular effects. We used live cell imaging to investigate the immediate or delayed effects on plasma membrane permeabilization, spheroid size, growth and cellular viability.

Material and Methods

Cell culture and spheroid formation

Human colorectal carcinoma cells HCT-116 (ATCC® CCL-247TM) stably expressing green fluorescent protein (GFP) [START_REF] Pelofy | Chemically modified oligonucleotide-increased stability negatively correlates with its efficacy despite efficient electrotransfer[END_REF] were cultured in Dulbecco's Modified Eagle Medium DMEM + 4.5 g/L of glucose (Gibco-Invitrogen, Carlsbad, USA), L-Glutamine (CSTGLU00, Eurobio, France) and pyruvate, supplemented with 10% of fetal bovine serum (F7524, Sigma, USA), and 1% of penicillin/streptomycin (P0781, Sigma, USA). Cells were kept in a humidified atmosphere at 37°C and 5% of CO2 and were mycoplasma negative (as tested every week with MycoAlert Mycoplasma Detection kit, cat n°#LT07-318, Lonza, Switzerland). The non-adherent technique was used to generate spheroids. Briefly, 500 cells were suspended in 200 µL of culture medium and seeded in Costar® Corning® Ultra-low attachment 96 well plates (Fisher Scientific, Illkirch, France). Spheroids were kept in a humidified atmosphere at 37°C and 5% of CO2. Cell aggregation occurred in the first 72 hours following the seeding, and allowed obtaining single spheroids of similar sizes in each well [START_REF] Gibot | Evaluations of acute and sub-acute biological effects of narrowband and moderate-band high power electromagnetic waves on cellular spheroids[END_REF]. Spheroids were exposed to nsPEF after 5 days of culture when their mean diameter reached 425±5 µm and 587±7 µm (see Fig. S2 of supplementary material) for experiments presented in Fig. 6 and Fig 7, respectively. The size of the spheroids was obtained from micrographs. Precisely, the spheroids were imaged by a microscope (Incucyte® Live-Cell Imaging System). The well plates containing the spheroids (one spheroid per well) were placed in the incubator, inside which the Incucyte® microscope allows the follow-up of an individual spheroid, with the acquisition of calibrated (x,y) micrographs being obtained every hour. From these images, the spheroids diameter were measured and their area was calculated. Moreover, under all conditions, untreated spheroids were used as internal controls.

nsPEF exposure system and dosimetry

To study the effects of nsPEF on spheroids plasma membrane permeabilization, size, growth and viability, a versatile high-voltage generator was used [START_REF] Orlacchio | High-voltage 10 ns delayed paired or bipolar pulses for in vitro bioelectric experiments[END_REF]. Cells were exposed up to 500, 10 ns unipolar or bipolar pulses, with or without delay of 100 ns between the two polarities at a frequency of 20 Hz. Sham exposures were also performed under the same experimental conditions used during exposure of cells, but with the generator switched off, i.e., no nsPEF were delivered. The generator set-up and its performances are fully described in [START_REF] Orlacchio | High-voltage 10 ns delayed paired or bipolar pulses for in vitro bioelectric experiments[END_REF].

In brief, the generator is based on the frozen-wave principle [START_REF] Arnaud-Cormos | Photoconductive switching for pulsed high-voltage generators[END_REF] as shortly explained hereafter. A coaxial transmission line is used to store a bias voltage from a high-voltage DC power-supply (SR20kV-300W, Technix, France). Two optoelectronic photoconductive semiconductor switches (PCSSs) are optically triggered simultaneously by a 3-ns Nd:YAG pulsed laser (L2241A, Ekspla, Lithuania with pulse repetition rate of 20 Hz and energy up to 70 mJ per optical pulse) to allow the delivery of the electric pulses into the biological samples. Exploiting the propagation of the electromagnetic waves along the transmission line allows generating pulses of different durations. For a 10 ns duration pulse, a 2 m transmission line (RG2014 coaxial cable) is inserted between the two switches. Depending on the termination of a second switch output, either bipolar or unipolar pulses can be generated and applied to the spheroids. Specifically, when a 50 Ω charge (Barth Electronics model 2051) is connected directly to the output of the 2-port box, the wave is totally absorbed, generating unipolar pulses (Fig. 1A). If a short circuit is provided, the wave is totally reflected and its phase is inverted, resulting in a bipolar pulse (Fig. 1B). A delay between the positive and negative polarities of the bipolar pulse can be introduced by enlarging the coaxial cable between the output of the 2-port box and the second switch termination. Here, to generate bipolar (Fig. 1C) pulses with a 100 ns delay, a cable of approximately 10 m was used.

Two steel wire electrodes that are 4-mm long and 2-mm wide separated by a gap of 1.4 mm were used to deliver nsPEF to the spheroids (Fig. 2). This configuration allows for real-time observations with the microscope objective as shown in Fig. 2A.

A tap-off box (Model 245-NMFFP-100, Barth Electronics, Inc, NV, USA), connected between the generator and the electrodes, allows to measure in real-time the generated pulses, visualized on the screen of a 12 GHz oscilloscope (DSO, TDS6124C, Tektronix, USA). Pulses display on the oscilloscope show a good repeatability of their shapes. Measured pulse profiles used in the experiments are shown in Fig. 1. In all cases, for the first pulse, the maximum amplitude of the delivered voltage was approximately 7.5 kV. Peak-to-peak maximum amplitude for the bipolar pulse was approximately 14 kV. For bipolar pulses with an interphase interval of 100 ns, the maximum amplitude of the second pulse was slightly lower compared to the first pulse. The technique used to generate these pulses implies a difference in amplitude between the positive and negative polarity pulse. The amplitude decrease is mainly due to the PCSS residual resistor losses. The delayed negative polarity pulse is propagating two more times through the PCSS residual resistor compared to the positive pulse. The amplitude decrease is also due to the cable losses which depend on the cable length (0.02 dB/m). Numerical simulations were performed by using the Finite Difference Time Domain (FDTD) numerical method [START_REF] Orlacchio | High-voltage 10 ns delayed paired or bipolar pulses for in vitro bioelectric experiments[END_REF]. The wire electrodes covered by a drop of pulsing medium (dielectric permittivity of 74 and conductivity of 1.4 S/m) were modeled as illustrated on Fig. 2B. The electric field distribution with a spheroid (dielectric permittivity of 40 and conductivity of 1.0 S/m) in the region between the electrodes is represented in Fig. 2C. Results show that the distributions are rather homogeneous and the electric field strength at the level of the exposed spheroid was approximately 50 kV/cm; this value is considered as a reference value for the experiments. The electric fields between the electrodes inside and outside a spheroid are shown in Fig. 2D. The electric field inside the spheroid is slightly higher (around 60 kV/cm) due to the lowest conductivity considered in this simplified homogeneous model. Temperature elevation of the medium during the exposure to nsPEF was measured with a fiber optic probe (Luxtron One, Lumasense Technologies, CA, USA) placed between the electrodes. In addition, microscopic temperature elevation was also retrieved from the fluorescence variation of Rhodamine-B (SigmaAldrich, Saint-Quentin Fallavier, France) using the protocol detailed in [START_REF] Nefzi | Microdosimetry using Rhodamine B within macro-and microsystems for radiofrequency signals exposures of biological samples[END_REF]. Data are in good agreement and they are shown in Fig. S1 of supplementary material.

A maximum ΔT of 7.4°C ± 0.3 °C was recorded when 500 pulses were delivered under the unipolar condition, which increased as expected with the application of bipolar pulses, either with and without delay, to 10.18 °C ± 1.26 °C. Temperature increase was induced only during the application of the electric pulses for a duration comprised between 0.5 s (10 pulses, ~0.2 °C ΔT) and 25 s (500 pulses). For viability and growth investigations, spheroids were collected from the electrodes delivery system immediately after exposure. As the experiments were performed at room temperature (22 °C), a 10 °C temperature increase would not lead to a temperature above critical physiological value. Nevertheless, electroporation can generate stresses such as thermal stress. This was demonstrated in vivo on a mouse model, in which the heat shock protein (HSP70) expression was monitored by the expression of a reporter gene (luciferase). Using electroporation parameters for gene transfer delivery (namely, long lasting pulses of several milliseconds), the thermal increment although moderate at the whole tissue level could be stronger inside the cells as shown by numerical 3D modeling [START_REF] Forjanic | Electroporationinduced stress response and its effect on gene electrotransfer efficacy: in vivo imaging and numerical modeling[END_REF]. Numerical modeling could provide additional information about this thermal increment but further experiments are needed to confirm this hypothesis as well as to characterize the cell death.

Live spheroid imaging 2.3.1. Cell permeabilization

A round 22 mm glass slide that was sandwiched into a plastic coverslip holder was placed on the microscope stage. The electrodes were lowered, using a micromanipulator, until they made contact with the glass. A spheroid was then placed between the electrodes in 500 µL of room temperature HEPES-buffered salt solution (HBSS) (NaCl 121 mM, KCl 5.4 mM, MgCl2 0.8 mM, NaHCO3 6 mM, D-glucose 5.5 mM, HEPES 25 mM and Ca 2+ 1.8 mM, pH 7.3) containing 100 µM PI (Sigma-Aldrich #P4170).

Cells were observed by epifluorescence using a Leica DMI6000 microscope with a 10x objective. Fluorescence excitation was provided by a Spectra 7 light engine (Lumencor). Emitted light was filtered and captured on an electron-multiplying charge-coupled device camera (EMCCD Evolve 512, Roper) with 512 × 512 pixels. X-Light spinning disk (CrestOptics, Rome, Italy) was used for confocal imaging of spheroids for enhanced fluorescence microscopy. The system was controlled by, and images were captured with, Metafluor (version 7.8 Molecular Devices). PI (excitation maximum: 493 nm; emission maximum: 636 nm) and GFP (excitation maximum: 488 nm; emission maximum: 510 nm) had an exposure time of 50 ms. Images were acquired every second for an imaging period of 240 seconds. A new spheroid was used for each experiment (n=3 to 4 spheroids).

Cell viability assessment

To evaluate cellular viability after exposure, each spheroid was individually placed in a well of the Costar® Corning® Ultra-low attachment 96 well plate (Fisher Scientific, Illkirch, France) containing culture medium. The plate was placed in the IncuCyte Live Cell Analysis System Microscope (Sartorius, UK) at x4 magnification (Fig. 6) and x10 magnification (Fig. 7). Spheroid growth was followed over a period of 6 days after treatment using bright field and GFP channels [START_REF] Griseti | Anti-cancer potential of two plasma-activated liquids: implication of long-lived reactive oxygen and nitrogen species[END_REF]. PI was used to assess cell viability in real-time and uptake into the spheroids was followed over a period of 48 hours following the exposure. Directly after the nsPEF exposure, culture medium containing 1 µM of PI was added into the wells. The red fluorescence due to PI penetration was followed with the IncuCyte Live Cell Analysis System Microscope with a x10 objective. Size image was 1392*1040 pixels (1.22 µm/pixel) and acquisition time was set to 400 ms and 800 ms for green and red channel, respectively. Single plane images using a wide field microscope were acquired. The focal plane was centered at the equatorial position of the spheroid. The depth of the field, which varies with numerical aperture and objective magnification, is 15.5 µm. Due to the size of the spheroid i.e. 425 µm in diameter, fluorescence signals coming from above and below are negligible.

Image processing 2.4.1. Cell permeabilization and changes in spheroid size

For permeabilization experiments image stacks from live cell imaging experiments were analyzed using Image Analyst MKII (Image Analyst Soſtware, Novato, CA). Images were first background subtracted and a region of interest (ROI) that followed the contour of the spheroid was then drawn and relative fluorescence intensity data from the ROI was generated by Image Analyst MKII. Kymographs and line scans were created using ImageJ software [START_REF] Schneider | NIH Image to ImageJ : 25 years of image analysis[END_REF] from a line ROI that passed from top to bottom of the spheroid. Change in spheroid size was also determined using ImageJ. The GFP images were thresholded to select the spheroid and the area was measured.

Cell viability

Micrographs of the green and red channels were analyzed with IncuCyte software ZOMM (Essenbio). The spheroid growth curves were evaluated from the area of the spheroid determined from green-fluorescent micrographs, plotted as a function of time every 12 h for 6 days (n=12 spheroids). The viability was determined by the PI mean fluorescence intensity from red-fluorescent micrographs and was plotted as a function of time every 6 h during 48h (n=9 spheroids). Data were exported to Microsoft excel software for the determination of the relative percentage and plotted using PRISM 5 software.

Statistical analysis

Statistical analyses were performed using Origin 2018 (OriginLab Corporation, Northampton, MA, USA) software. Datasets were first tested for normal distribution using Kolmogrov-Smirnov test. Either the nonparametric Mann-Whitney Rank or a two-way ANOVA were used. P values < 0.05, <0.01, or <0.0001 were considered statistically significant. Results are presented as mean ± SEM (Standard Error of the Mean).

Results and discussion

Plasma membrane permeabilization

Plasma membrane permeabilization was chosen as a primary indicator to evaluate the effect of nsPEF on spheroids. Permeabilization was assessed by following the uptake of PI, a dye that is excluded from cells with intact membranes. Uptake was visualized by confocal live cell imaging, with the optical slice going through the center of the spheroid. Uptake of PI occurred immediately after the start of nsPEF application in all exposure conditions and was still observed to occur in the minutes following pulse application (Fig. 3).

Maximal uptake of PI following unipolar exposure correlated to the number of pulses with more pulses resulting in higher uptake, the mean maximal change in fluorescence for 250 and 500 pulses being 1.6 and 2.3 times more, respectively, than that of 100 pulses. PI uptake following bipolar exposure was similarly linked to pulse number with mean maximal change in fluorescence for 250 and 500 bipolar pulses being 1.28 and 2.27 times more, respectively, than that of 100 bipolar pulses. However, unipolar pulses lead to a higher maximal uptake of PI than bipolar pulses with uptake being around three times higher when comparing the same number of pulses (mean unipolar maximal values were 2.7, 3.3 and 2.8 times higher than bipolar for 100, 250 and 500 pulses respectively). To obtain a comparable PI uptake of 100 unipolar pulses, 500 bipolar pulses have to be applied.

Note that no significant effects were elicited when the number of pulses was lower than 100.

The addition of a 100 ns delay between the phases of the bipolar pulse, for 500 pulses, resulted in an enhanced uptake of PI when compared to both 500 unipolar and bipolar pulses (maximal change in PI fluorescence in AU was 543.95±54.86, 192.62±2.79 and 669.93±94.11 respectively for unipolar, bipolar, and bipolar with 100 ns delay).

This difference between the amount of permeabilization induced by unipolar pulses and bipolar pulses, has been referred to as bipolar cancellation [START_REF] Pakhomov | Cancellation of cellular responses to nanoelectroporation by reversing the stimulus polarity[END_REF]. This phenomenon was consistently observed in numerous cell lines and for several durations of the pulse, mostly in the sub-microsecond range (from 2 to 900 ns) [START_REF] Valdez | The interphase interval within a bipolar nanosecond electric pulse modulates bipolar cancellation[END_REF][START_REF] Sözer | Modulation of biological responses to 2 ns electrical stimuli by field reversal[END_REF][START_REF] Casciola | Cancellation of nerve excitation by the reversal of nanosecond stimulus polarity and its relevance to the gating time of sodium channels[END_REF]. When a delay is introduced between the two phases of the bipolar pulse cancellation can still persist, but it is dependent on the duration of the delay and also the duration of the pulse [START_REF] Valdez | The interphase interval within a bipolar nanosecond electric pulse modulates bipolar cancellation[END_REF][START_REF] Valdez | Asymmetrical bipolar nanosecond electric pulse widths modify bipolar cancellation[END_REF][START_REF] Gianulis | Electropermeabilization by uni-or bipolar nanosecond electric pulses: The impact of extracellular conductivity[END_REF][START_REF] Orlacchio | High-voltage 10 ns delayed paired or bipolar pulses for in vitro bioelectric experiments[END_REF]. For pulse duration longer than 10 ns, cancellation may occur for interphase intervals as long as 50 µs [START_REF] Gianulis | Electropermeabilization by uni-or bipolar nanosecond electric pulses: The impact of extracellular conductivity[END_REF]. However, when a single 10 nsPEF was applied on adherent U87-MG human glioblastoma cells, at 115 kV/cm, cancellation was only observed for delays ≤ 30 ns [START_REF] Orlacchio | High-voltage 10 ns delayed paired or bipolar pulses for in vitro bioelectric experiments[END_REF]. Interphase intervals ≥ 40 ns resulted in cumulative effects, in terms of uptake of YO-PRO™-1 (YP), with the uptake observed with interphase intervals of 100 ns and 150 ns corresponding to that of two equivalent pulses of the same polarity [START_REF] Orlacchio | High-voltage 10 ns delayed paired or bipolar pulses for in vitro bioelectric experiments[END_REF]. This is consistent with the results of this study, where we show that for 500 pulses, the addition of a 100 ns delay between the phases of bipolar pulses resulted in an enhanced uptake of PI when compared to both 500 unipolar (~20% increase in fluorescence) and no delay bipolar pulses (~70% increase in fluorescence).

Why pulses of 10 ns duration maintain bipolar cancellation for only very short interphase durations could be due to an occlusion mechanism [START_REF] Gowrishankar | Nanopore occlusion: A biophysical mechanism for bipolar cancellation in cell membranes[END_REF]. For sufficiently short intervals, the pores created by the front pulse are rapidly occluded by external molecules assisted by the back pulse, resulting in a minor uptake of PI. However, for longer interphase intervals, the occlusion phenomenon is delayed allowing for more entry of PI which results in cumulative effects similar to the application of two positive polarity pulses [START_REF] Orlacchio | High-voltage 10 ns delayed paired or bipolar pulses for in vitro bioelectric experiments[END_REF]. The polarity of the pulse also had an effect on the spatial distribution of PI uptake (Fig. 4). Data overtime is available in the kymograph which shows intensity of fluorescence over time (left to right) and distance along ROI (top to bottom) for a line ROI that passes top to bottom along the center of the spheroid. The line scans show PI fluorescence in arbitrary units along the same line ROI at 30 seconds post-pulse and the end of the 240 second imaging period. PI at earlier times can be correlated with cell permeabilization whereas PI at 240 post pulse could be correlated with more permanent membrane alterations. In all cases, the application of 500 pulses leads to an increase in PI fluorescence throughout the whole spheroid. For unipolar exposure, there is an enhanced emission of PI in the external layer of cells proximal to the electrode at the top of the image. In the case of bipolar pulses, the fluorescence increase is fairly homogenous across the spheroid and the addition of the 100 ns interphase delay leads to more intense fluorescence in the external cells in proximity to both electrodes. Asymmetric pore formation and preferential anodal entry of YP or PI due to unipolar nsPEF were reported by several studies [START_REF] Valdez | Asymmetrical bipolar nanosecond electric pulse widths modify bipolar cancellation[END_REF][START_REF] Sözer | Asymmetric patterns of small molecule transport after nanosecond and microsecond electropermeabilization[END_REF][START_REF] Frey | Plasma membrane voltage changes during nanosecond pulsed electric field exposure[END_REF][START_REF] Vernier | Nanoelectropulse-driven membrane perturbation and small molecule permeabilization[END_REF][START_REF] Bo | Probing nanoelectroporation and resealing of the cell membrane by the entry of Ca2+ and Ba2+ ions[END_REF]. Anodal uptake of PI was observed in U-937 cells following the application of 10, 6 ns pulses, at 200 kV/cm. Similar anodal YP uptake was reported in Jurkat cells exposed to 100 unipolar, 4 ns, 80 kV/cm pulses at a repetition rate of 1 kHz [START_REF] Vernier | Nanoelectropulse-driven membrane perturbation and small molecule permeabilization[END_REF]. The anodal preference of dye uptake can be explained by differences in transmembrane potentials over the two poles of the cell [START_REF] Frey | Plasma membrane voltage changes during nanosecond pulsed electric field exposure[END_REF] that may result in asymmetric distribution of the created electropores and inhomogeneous perturbation of the membrane phospholipid bilayers [START_REF] Sözer | Asymmetric patterns of small molecule transport after nanosecond and microsecond electropermeabilization[END_REF][START_REF] Vernier | Nanoelectropulse-driven membrane perturbation and small molecule permeabilization[END_REF][START_REF] Vernier | Nanosecond pulsed electric fields perturb membrane phospholipids in T lymphoblasts[END_REF]. The homogenous uptake following bipolar exposure is in agreement with previous literature [START_REF] Valdez | The interphase interval within a bipolar nanosecond electric pulse modulates bipolar cancellation[END_REF][START_REF] Vernier | Nanoelectropulse-driven membrane perturbation and small molecule permeabilization[END_REF], including data obtained using µs pulse duration where similar fluorescence patterns were also observed [START_REF] Faurie | Effect of electric field vectoriality on electrically mediated gene delivery in mammalian cells[END_REF]. The addition of the 100 ns interphase delay leads to more intense fluorescence in the external cells in proximity to both electrodes. We assume that the application of the back pulse determines a rapid inversion of the electrical phenomena occurring at the level of the membrane. This may result in a more homogeneous entrance of the dye throughout the spheroid, which is more pronounced when a delay is applied. 

Spheroid size

A small but rapid increase in spheroid size was also observed under all pulse conditions (Fig. 5A) with unipolar exposure resulting in a significantly larger increase than an equivalent number of bipolar pulses. Compared to spheroid size before pulse, the average percentage increase in size for unipolar vs bipolar (with average % difference) was: 3.7 ± 0.4 vs 1.4 ± 0.3 (62%), 4.45 ± 0.5 vs 2.5 ± 0.1 (43%), and 3.4 ± 0.8 vs 2.5 ± 0.4 (26%), for 100, 250, and 500 pulses, respectively. The average percentage increase (62%, 43%, 26%) was dependent on the pulses number, decreasing as the pulses number increased. The addition of the 100 ns interphase delay to the 500 bipolar pulse condition resulted in an average percentage size increase (3.3 ± 0.3) comparable to that of 500 unipolar pulses (3.4 ± 0.8). The dynamics of the size increase also varied between unipolar and bipolar exposure (Fig. 5B andC) with onset of the increase occurring with the start of the pulse train for unipolar pulses and the end of the pulse train for bipolar pulses.

Such cell diameter increase was already reported during electropulsation process following µs pulse duration application and could be explained by osmotic swelling. Mammalian cells are able to maintain control over their intrinsic volume and osmotic shock causes water to accumulate in cells by osmosis. This leads first to an increase in the cell size, following which the volume decreases after the extrusion of osmolytes, through a variety of transport systems [START_REF] Mccarty | Calcium signaling in cell volume regulation[END_REF]. Human erythrocytes pulsed in an isotonic solution kept swelling because of continuous penetration of solutes toward equilibrium [START_REF] Kinosita | Voltage-induced pore formation and hemolysis of human erythrocytes[END_REF][START_REF] Kinosita | Formation and resealing of pores of controlled sizes in human erythrocyte membrane[END_REF]. Swelling was also reported for CHO cells [START_REF] Golzio | Control by osmotic pressure of voltageinduced permeabilization and gene transfer in mammalian cells[END_REF] and this effect could be explained by alteration of the cell cytoskeleton, due to ATP and GTP leakage during electropulsation [START_REF] Rols | Electropermeabilization of mammalian cells to macromolecules: control by pulse duration[END_REF]. Studies, performed on cells submitted to nsPEF, also reported swelling phenomena. Significant differences in volume regulation behavior after unipolar and bipolar nsPEF have indeed been recently published [START_REF] Sözer | Modulation of biological responses to 2 ns electrical stimuli by field reversal[END_REF]. The authors showed that unipolar pulses induced cell swelling while bipolar pulses caused shrinking of human lymphoma cells in suspension. This was interpreted as differences in membrane potential recovery resulting from the different sizes of the permeabilized structures. Interestingly, not all cells have the same responses to nsPEF. Chromaffin cells do not swell when exposed to 5 ns PEF [START_REF] Craviso | Adrenal chromaffin cells do not swell when exposed to nanosecond electric pulses[END_REF]. The lack of swelling and the absence of morphology changes contrasts with cell swelling and blebbing observed for other types of cells such as Jurkat T lymphoblasts [START_REF] Romeo | Water influx and cell swelling after nanosecond electropermeabilization[END_REF].

In our present study, with HCT-116 cells grown in a 3D model and submitted to nsPEF, we also observed spheroid size amplification following electropulsation, but to a significantly lower extent. Cell swelling creates a hydrodynamic influx of water, which could explain the increase in membrane permeabilization due to an increase in the size of the pores. In addition to cell swelling, transient breakdown of intercellular connections between cells in the 3D spheroid model may occur, and can also contribute to the observed change in the size of the spheroid. The exact mechanism of action and the biological consequences of exposing cells to unipolar or bipolar nsPEF have still to be determined. The understanding of the processes and causes of action related to the delay between pulses, their number and their polarity, is mandatory for determining how differences in cells and tissues responses could be further exploited both in basic research and clinical applications. 

Spheroid viability and growth

Live fluorescent microscopy was used to assess the longer-term impact of nsPEF exposure by observing i) the death of the cells in the spheroids 48 hours after their exposure and ii) and their ability to grow over a 6 day period. Spheroids were submitted to 1 to 500 unipolar pulses and following exposure 1 µM PI was added to the culture medium. At this point any pulse induced membrane resealing was considered to have occurred and therefore cells that were PI positive were considered non-viable. All cells in the spheroids were viable following exposure to 1, 5, or 10 pulses with no cells showing PI uptake. 100 pulses induced uptake of PI into the spheroid's peripheral cells (Fig. 6A), observed at 24 h, this effect was more pronounced following exposure to 250 pulses. Following 250 pulses, cells within the center of the spheroid were non-viable and after 500 pulses, PI uptake was observed throughout the entire spheroid. In the case of both 250 and 500 pulses breakup of the spheroid was observed, most likely due to a loss of cohesion of the structure. The mean fluorescence intensity measurements showed that PI uptake, for all conditions, occurred during the first 24 h following exposure and then plateaued (Fig. 6B).

The spheroid growth curves (GFP fluorescence area of viable cells) showed that spheroids treated with 1, 5, 10, and 50 pulses grew at a similar rate as sham exposed control spheroids. Spheroids treated with 250 pulses exhibited a slower growth rate than control and spheroids exposed to 500 pulses did not grow during the 6 days follow up (Fig. 6C). Spheroids exposed to 100 pulses exhibited a lower, but not significantly different, growth curve indicating that the cell death observed with PI during the first 24 h was not deleterious for the spheroids.

In results presented in Fig. 6A, no necrotic core within spheroids was observed compared with observations of [START_REF] Griseti | Pulsed electric field treatment enhances the cytotoxicity of plasma-activated lquids in a three-dimensional human colorectal cancer cell model[END_REF], where a necrotic core on smaller spheroids was observed but only after 8 days of culture. Note that in our experiments, spheroids were exposed to nsPEF after 5 days of culture. Long-term effect on viability and spheroid growth was then evaluated using larger spheroids of 587 µm, rather than the 425 µm used in our other experiments (Fig. 7). We found again that increasing of the number of unipolar pulses from 100 to 500, led to an increase of PI uptake (Fig. 7A and7B). However, with these larger spheroids a yellow fluorescence in the center of spheroids was observed revealing a necrotic core [START_REF] Griseti | Pulsed electric field treatment enhances the cytotoxicity of plasma-activated lquids in a three-dimensional human colorectal cancer cell model[END_REF]. The presence of the necrotic core and the spheroids initial diameter may explain the differences in cell mortality compared to results shown in Fig. 6.

We then used these larger spheroids to investigate the effect of bipolar pulses with or without an interphase delay on cell viability and spheroid growth. Following the application 100, 200 or 500 bipolar pulses, no PI labelling was observed indicating that no cell death occurred at the surface of the spheroid as for control spheroids (Fig. 7A). Quantification of the mean PI fluorescence intensities for all conditions, at various time points over 36 h showed no statistical difference in cell viability when compared to the control (Fig. 7B). Following all bipolar exposure conditions spheroid growth was also found to be comparable to control (Fig. 7C). Given that, when compared to control, the corresponding unipolar pulses resulted in decreased cell viability and decreased spheroid growth, the bipolar cancellation that was observed in Fig. 3 and4 seems also to have a cancellation effect on these longer-term parameters. The introduction of a delay of 100 ns between the two bipolar phases resulted in a complete restauration of the unipolar effect (Fig. 7A), with no difference found in the quantification of PI fluorescence or spheroid growth when compared to the corresponding unipolar pulse (Fig. 7B and7C). 

Conclusion

In this study, we evaluated the potential effects induced by unipolar and bipolar 10-nsPEF on cellular spheroids derived from the HCT-116 human colorectal carcinoma cell line. Different biological effects were studied including i) membrane permeabilization, ii) variation of the spheroid size, iii) cellular viability 48 h postexposure, and iv) spheroids growth over a 6-day follow-up.

A high-voltage generator was used to provide 50 kV/cm unipolar or bipolar pulses. In addition, bipolar pulses with an interphase interval of 100 ns were also generated by modifying the delay of propagation of the electromagnetic waves.

Membrane permeabilization of the exposed spheroid was analyzed through the uptake of PI, which can only enter into cells with permeabilized membranes. As expected, by increasing the number of unipolar pulses from 100 to 500, PI uptake increased by a factor of two. Moreover, we studied the occurrence of bipolar cancellation in 3D cellular models. We demonstrated that the application of bipolar pulses with no delay between the polarities induced cancellation. PI uptake under bipolar pulses was about three times lower compared to the uptake induced by unipolar pulses, independently of the number of pulses applied. However, the addition of a 100-ns delay between the two-pulse polarities completely tapers off cancellation, resulting in additive effects with an increase of PI uptake of about 30% in comparison to unipolar pulses.

The analysis of the spatial distribution of PI uptake shows an asymmetric poration of the membrane when 500 unipolar pulses are delivered, which disappears when bipolar pulses are applied, possibly due to the switch of the electrical phenomena carried by the back pulse at the level of the cellular membrane.

The application of 100 to 500, 10-ns pulses induced a slight increase in the size of the exposed spheroids. Unipolar pulses caused a larger maximal size increase than bipolar exposure, and the size increase depending on the number of pulses.

Cellular viability of the spheroids was analyzed over a period of 48 h post-exposure. Obtained results are consistent with the observations of membrane permeabilization immediately after the pulse. Following the application of 100 pulses, permeabilization was visualized in the peripheral zone of the spheroid and increased as a function of the pulse number. The spheroids growth was also affected by the number of pulses. The application of an increased number of pulses led to a decrease of the growth of the spheroids. A complete inhibition of the spheroid growth could be achieved after application of 500 pulses, as evidenced 24 h post-exposure. Similarly, to membrane permeabilization, the application of bipolar pulses did not affect spheroids growth, suggesting that cancellation may also occur in realistic tumor models. The cancellation phenomenon was reversed by 100-ns delay between the bipolar pulses.

Our results contribute to the knowledge of the effects of short nsPEF on more realistic 3D cellular models. We have proved that cellular spheroids can be easily and efficiently used to investigate the potential effects of 10 nsPEF either monopolar or bipolar. The use of spheroids over classical 2D in vitro cultures appears extremely advantageous in the electroporation field because it allows obtaining important information such as membrane permeabilization or cellular viability, which are closer to the in vivo response, possibly avoiding or at least limiting in vivo experimentation. In our study, we have, for the first time, moved from 2D to 3D in vitro cultures in the ns duration electroporation field. We have demonstrated that some of the bioeffects observed in 2D models are confirmed in 3D cell cultures under specific exposure conditions, including membrane permeabilization, cellular swelling, or loss of cellular viability. In addition, bipolar cancellation was also observed, both as a reduction of PI uptake or inhibition of cellular growth, suggesting that this phenomenon may also occur in tissues. Further investigations would allow gaining new insights into the mechanism behind nsPEF as well as bipolar cancellation, which still remains unraveled.
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 1 Fig. 1. Measured time-domain pulse profile for a 10-ns pulse duration: (A) unipolar, (B) bipolar and (C) bipolar with a delay of 100 ns. Voltage (V/kV) is presented as a function of time (t/ns).

Fig. 2 .

 2 Fig. 2. Wire electrodes delivery device. A) Setup on the microscope stage, B) FDTD numerical modelling and meshing of the delivery system, the inset represent a spheroid placed between the electrodes, C) Electric field (E/(kV/cm)) distribution with a spheroid model D) Electric field (E/(kV/cm)) versus time (t/ns) between the electrodes inside (red curve) and outside (blue curve) a spheroid.

Fig. 3 .

 3 Fig. 3. Fluorescence (Δf/-) against time (t/s) plot for uptake of PI following the application of unipolar (100, 250, 500) pulses, bipolar (100, 250, 500) pulses, or 500 bipolar pulses with a 100 ns interphase delay. In all experiments 10 ns pulses were applied at 20 Hz with a 50 kV/cm electric field. Lines show average PI change over all experiments and the error bars show S.E. (n=3 for all the conditions except for 250 and 500 unipolar pulses where n=4).

Fig. 4 .

 4 Fig. 4. Representative images of spatial distribution of PI uptake following the application of 500 unipolar, bipolar, or bipolar with 100 ns interphase delay, pulse application started at 10 seconds. The kymographs show intensity of fluorescence over time (left to right) and distance along ROI (top to bottom) for a line ROI that passes top to bottom along the center of the spheroid. The line scans show PI fluorescence in arbitrary units along the same line ROI at 30 seconds (blue) post-pulse and the end of the 240 seconds (red) imaging period. Scale bar = 50 µm.

Fig. 5 .

 5 Fig.5. A. Size change (%), over time (t/s), of spheroids compared to initial size following application of unipolar (100, 250, 500) pulses, bipolar (100, 250 and 500) pulses or 500 bipolar pulses with a 100 ns interphase delay. By focusing on the first 50 seconds of A) the onset of size increase is shown in B) for unipolar (100, 250, 500) pulses, and in C) for bipolar (100, 250 and 500) pulses. The arrows under the plots denote the duration of the pulse train (from top to bottom in both cases: 100, 250, 500 pulses). n=3 for all the conditions except for 250 and 500 unipolar pulses where n=4. All data were statistically significant except for those indicated with n.s., non-significant (Mann-Whitney test, p <0.05).

Fig. 6 .

 6 Fig. 6. Spheroid growth inhibition and cell viability depend on the number of pulses. HCT 116-GFP spheroids were treated by the application of unipolar (1, 5, 10, 50, 100, 250, 500) pulses lasting 10 ns at 20 Hz with a 50 kV/cm electric field. Subsequently, the spheroids were incubated in culture medium containing 1 µM PI during wide field fluorescence video microscopy over a period of 6 days. (A) Representative images of spheroids with Propidium iodide (PI) represented in red and GFP represented in green at 24 h. Scale: 250 µm. (B) cell viability reflected by PI uptake mean fluorescence intensities (MFI/µm²) plotted as a function of time per hour (t/h). N=2 experiments, n=9 spheroids per condition. C) Growth curves plotted from GFP fluorescence area (Area/µm²), mean ± standard error mean as a function of time per hour (t/h). N=2 experiments, n=12 spheroids per condition. Two-way ANOVA ****p < 0.0001; **p<0.01.

Fig. 7 .

 7 Fig. 7. Effect of bipolar pulses on cell viability and growth of spheroids. HCT 116-GFP spheroids were treated by the application of 10 ns pulses with (100, 250, 500) unipolar (uni), bipolar (bip) or bipolar pulses with 100-ns delay at 20 Hz with a 50 kV/cm electric field. Then, spheroids were incubated in culture medium containing 1 µM PI during wide field fluorescence video microscopy over a period of 6 days. (A) Representative images of spheroids with Propidium iodide (PI) in represented in red and GFP in represented in green at 24h. Scale: 300 µm. (B) cell viability reflected by PI uptake mean fluorescence intensities (MFI/µm²) plotted as a function of time per hour (t/h). N=2 experiments, n=12 spheroids per condition. (C) Growth curves extracted from GFP fluorescence area: Relative area change (RA%, mean ± standard error mean) plotted as a function of time per hour (t/h). N=2 experiments, n=12 spheroids per condition. Two-way ANOVA ****p < 0.0001; **p<0.01.
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