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The ability to modulate deregulated genes by RNAi provides treatment perspectives in certain diseases including cancers. Electrotransfer of oligonucleotides was studied in vitro, showing a direct transfer of negatively charged siRNA across the plasma membrane into the cytoplasm. In vivo, the feasibility of siRNA electrotransfer was demonstrated in different studies and tissues. While effective, electrotransfer of siRNA into 3D tissues still needs to be understood. Here, we evaluated the efficiency of siRNA electrotransfer and assessed its effect in 3D spheroids made of HCT116-GFP cells by confocal fluorescence microscopy and flow cytometry. Our results indicate that siRNA uptake was not uniform across 3D multicellular spheroids. The electrophoretic migration of nucleic acids upon delivery of unipolar electric field pulses could explain the asymmetry of siRNA uptake. Moreover, a gradient was observed from external layers toward the center, leading to siRNA silencing of GFP positive cells located in the outer rim. While siRNA delivery experiments on spheroids may differ from intratumoral injections, the levels of transfection in spheroids are comparable to levels observed in published studies in vivo. Taken together, our results provide fundamental information about siRNA 3D distribution during electrotransfer, indicating that multicellular spheroids remain a relevant alternative to animal experimentation.

1-Introduction

The understanding of the mechanisms of RNA interference (RNAi) has allowed proposing the transfer of double-stranded RNA into cells to inhibit the post-transcription of a target gene [START_REF] Fire | Potent and specific genetic interference by double-stranded RNA in Caenorhabditis elegans[END_REF][START_REF] Caplen | Specific inhibition of gene expression by small double-stranded RNAs in invertebrate and vertebrate systems[END_REF][START_REF] Hannon | Unlocking the potential of the human genome with RNA interference[END_REF]. Small interfering RNAs (siRNA) thus specifically, temporarily, or permanently inactivate the expression of a specific gene. The ability to modulate a deregulated gene (such as an oncogene) by RNAi thus provides novel treatment perspectives in certain cancers [START_REF] Mccaffrey | RNA interference in adult mice[END_REF][START_REF] Wall | Small RNA: can RNA interference be exploited for therapy?[END_REF]. SiRNAs are small double-stranded RNAs that are between 19 and 23 base pairs in length and allow post-transcriptional inhibition of target genes. SiRNAs are recognized in the cytoplasm by the RISC protein complex (RNA-Induced Silencing Complex), which recognizes the complementary messenger RNA and subsequently activates and cleaves the mRNA, resulting in RNAi down-regulation of specific proteins [START_REF] Fire | Potent and specific genetic interference by double-stranded RNA in Caenorhabditis elegans[END_REF][START_REF] Elbashir | Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured mammalian cells[END_REF].

While siRNA indeed shows great therapeutic potential, the main challenges remain the stability and delivery of siRNA to cells. Unmodified double-stranded RNA or siRNA molecules are particularly fragile. Naked siRNAs are very unstable intravascularly, with a short half-life due to their degradation by intraand extracellular nucleases and their rapid renal clearance [START_REF] Yang | Current status of non-viral vectors for siRNA delivery[END_REF]. The size (~ 20kDa) and negative charge results in hampered penetration of siRNAs into cells. Repeated injections are thus required to achieve long-term therapeutic effects. In addition, siRNAs might exhibit significant toxicity, which is characterized by three major mechanisms: i) saturation and competition with the miRNA pathway machinery, ii) stimulation of the immune response, and iii) non-specific actions such as off-target effects [START_REF] Jackson | Recognizing and avoiding siRNA off-target effects for target identification and therapeutic application[END_REF].

Among different methods that can be used to improve the delivery, electrotransfer of oligonucleotides has a proven record of being efficient in cells in vitro. At the single cell level, the direct visualization of the delivery of Alexa Fluor 546-labeled siRNA into murine melanoma cells stably expressing the enhanced green fluorescent protein (EGFP) as a target gene has been quantified by time lapse fluorescence microscopy and correlated with the silencing of eGFP expression [START_REF] Paganin-Gioanni | Tracking in vitro and in vivo siRNA electrotransfer in tumor cells[END_REF][START_REF] Paganin-Gioanni | Direct visualization at the single-cell level of siRNA electrotransfer into cancer cells[END_REF]. A direct transfer of the negatively charged siRNA into the cell cytoplasm was observed across the plasma membrane exclusively on the side facing the cathode [START_REF] Paganin-Gioanni | Direct visualization at the single-cell level of siRNA electrotransfer into cancer cells[END_REF]. The transfer kinetics of siRNA are compatible with the creation of nanopores, which have been described by molecular dynamics [START_REF] Breton | Transport of siRNA through lipid membranes driven by nanosecond electric pulses: an experimental and computational study[END_REF]. These findings thus highlight that electric field acts on both: the permeabilization of the cell plasma membrane and on the electrophoretic drag of the negatively charged siRNA molecules from the bulk phase into the cytoplasm. In vivo, a stably expressing green fluorescent protein (EGFP) subcutaneous tumor model in mice was used to demonstrate the feasibility of siRNA electrotransfer. Several studies indicate that electric field can be used as an efficient method for siRNA delivery and associated gene silencing into cells of solid tumors in vivo [START_REF] Paganin-Gioanni | Tracking in vitro and in vivo siRNA electrotransfer in tumor cells[END_REF][START_REF] Golzio | In vivo gene silencing in solid tumors by targeted electrically mediated siRNA delivery[END_REF][START_REF] Golzio | Targeted gene silencing into solid tumors with electrically mediated siRNA delivery[END_REF][START_REF] Paganin-Gioanni | Cyclin B1 knockdown mediated by clinically approved pulsed electric fields siRNA delivery induces tumor regression in murine melanoma[END_REF]. The silencing of EGFP gene expression was quantified over time by fluorescence imaging in the living animal. While effective, the investigation of the contribution of electrically-mediated delivery of siRNA into three dimensional (3D) tissues, still needs to be understood.

In this context, we evaluated the siRNA distribution within 3D cellular model, the tumor cells spheroid. This 3D model can reproduce or at least predict phenomena, which might occur in vivo [START_REF] Chopinet | First explanations for differences in electrotransfection efficiency in vitro and in vivo using spheroid model[END_REF][START_REF] Gibot | Progress and prospects: the use of 3D spheroid model as a relevant way to study and optimize DNA electrotransfer[END_REF][START_REF] Gibot | Antitumor drug delivery in multicellular spheroids by electropermeabilization[END_REF][START_REF] Wasungu | A 3D in vitro spheroid model as a way to study the mechanisms of electroporation[END_REF]. Spheroids are three-dimensional (3D) multicellular structures mimicking small avascular tumors, where cells are grown tightly together, allowing cell-to-cell interactions and cell-to-cell communications. These 3D assemblies have the advantage of being more complex than cells monolayers or cells suspensions, and resemble tissues, in particular tumor tissues [START_REF] Sutherland | Cell and environment interactions in tumor microregions: the multicell spheroid model[END_REF]. In addition, within the multicellular spheroid, a gradient of oxygen and nutrients is established and in turn, it induces a proliferation gradient, occurring on different levels among cell layers. At the heart of the spheroid (within the hypoxic region), we thus have quiescent or dead cells, and in the outer layers we find proliferative cells [START_REF] Friedrich | Experimental anti-tumor therapy in 3-D: spheroids--old hat or new challenge[END_REF]. The presence of extracellular matrix and cell-to-cell interactions creates a microenvironment, causing a cellular response, which is different from the one obtained in 2D-cultured cells (monolayers) or in cell suspensions. The spheroid has been shown to be a good ex vivo tumor model and is easy to use [START_REF] Mellor | Optimising non-viral gene delivery in a tumour spheroid model[END_REF]. The spheroid also appears to be a promising model that could limit animal experimentation.

Cell electropermeabilization and cell viability experiments were performed on spheroids made with HCT116-GFP cells, to characterize spheroids behavior upon exposure to the electric field. Subsequently, we studied the effects of different electrical parameters on the efficiency of siRNA delivery and on the biodistribution of the siRNAs within the spheroids, using wide field and confocal fluorescence microscopies and flow cytometry. Our results show at which electric field parameters, the pulses of electric field can permeabilize the cells, constituting the spheroid. This permeabilization results in increased cellular permeability to small molecules, while preserving cell viability. In the case of siRNA molecules, the uptake was not uniform across the 3D tumor model. This asymmetry could be due to the electrophoretic migration of the nucleic acids upon the application of unipolar electric field. The uptake of siRNA occurred within the external layers of the spheroid. A gradient of siRNA uptake was observed and correlated with the siRNA silencing of the GFP positive cells located in the external rim of the spheroid. Our results add new information about siRNA distribution during electrotransfer. While siRNA delivery experiments on spheroids may to a certain extent differ from intratumoral injections of siRNA, the levels of transfection in spheroids are comparable to levels observed in published studies using in vivo models.

2-Materials and methods

Cells and oligonucleotides

Green fluorescent protein (GFP) transduced [START_REF] Pelofy | Chemically modified oligonucleotide-increased stability negatively correlates with its efficacy despite efficient electrotransfer[END_REF] human colorectal carcinoma cells HCT 116, supplied by ATCC® CCL-247TM were cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco-Invitrogen, Carlsbad, USA) containing 4.5 g/L glucose, L-Glutamine and pyruvate, supplemented with 1% of penicillin/streptomycin and 10% of fetal bovine serum. Cells were cultured in a controlled humidified atmosphere (5% CO2, 37°C).

Oligonucleotides specifically directed against the mRNA of the gene encoding GFP (Green Fluorescence Protein) were used. Oligonucleotides (double-stranded siRNA) (Qiagen Xeragon Germantown, MD) were suspended at a concentration of 100 μM in RNase free water (Qiagen) and stored at -20 ° C prior use. The sequence of siRNA directed against GFP (λex 475 nm, λem 509 nm) has been described and validated by the work of Caplen et al 2001 [START_REF] Caplen | Specific inhibition of gene expression by small double-stranded RNAs in invertebrate and vertebrate systems[END_REF]. The GFP22 siRNAs target the following sequence of the GFP messenger RNA: 5'-CGGCAAGCTGACCCTGAAGTTCA-3 '. Oligonucleotides were covalently bound to a Cyanine 5 molecule (exc = 649 nm, em = 670 nm) at their 3 'end. Cyanine 5 allowed monitoring the entry of oligonucleotides into cells without affecting their overall negative charge and their effectiveness [START_REF] Paganin-Gioanni | Tracking in vitro and in vivo siRNA electrotransfer in tumor cells[END_REF][START_REF] Paganin-Gioanni | Direct visualization at the single-cell level of siRNA electrotransfer into cancer cells[END_REF].

Formation of spheroids

HCT 116-GFP spheroids were made using the non-adherent technique in Costar® Corning® Ultra-low attachment 96-well plates (Fisher Scientific, Illkirch, France). Five thousand cells were seeded per well in 200 µL of cell culture medium, and plates were cultivated in 5% CO2 humidified atmosphere at 37°C. Single spheroids were obtained in each well 72 hours after seeding. On average, spheroids with a diameter of 500 μm were obtained after 3 days of culture and were considered ready for treatment.

Permeabilization of spheroids

The electroporation buffer was iso-osmotic (330 mOs / kg) and consisted of 8.1 mM K2HPO4, 1.9 mM KH2PO4, 1 mM MgCl2 and 250 mM sucrose. Its pH was 7.4 to maintain a medium adapted to eukaryotic cells and its conductivity was low (1.5 mS) to limit the Joule effect associated with the application of electrical pulses. Electrodes consisted of two flat and parallel stainless steel blades. The inter-electrode distance was 4 mm. The electroporation chamber was formed by the two plate electrodes and the bottom of a petri dish. Three-days-old spheroids were first transferred with a pipette into 1 mL of PBS, following which they were individually taken with the pipette and placed into the pulsating chamber, containing 100 μL of electroporation buffer with 100 μM of Propidium Iodide (PI) (Sigma-Aldrich). After the application of the electric field conditions (10 pulses 5 ms long at 1Hz, variable intensity), the spheroids were left for a 5-minutes incubation in the electroporation buffer at room temperature for the cell membranes to reseal. The spheroids were then analyzed by fluorescence macroscopy or confocal imaging.

Viability of spheroids

Spheroid viability was evaluated by measuring their ability to grow over several days. After electropermeabilization (same protocol as described in section 2.3 Permeabilization, but conducted in the electroporation buffer only, without PI), the spheroids were replaced into the culture wells containing 200 μL of fresh cell culture medium and incubated at 37°C under 5% of CO2 during 4 days without any further change of cell medium. The growth of the spheroids was followed by fluorescence macroscopy.

Electrotransfer of siRNA to spheroids

The spheroids were placed between the electrodes in 50 μL of electroporation buffer containing 2 μg of anti-GFP siRNA using the same set of electrodes. The selected electrical field parameters were previously determined for their efficacy in cell permeabilization, while preserving the viability of cells and consisted in: 10 pulses 5 ms long applied at 1Hz and 350 V/cm. The cyanine 5 labeling allowed determining the siRNAs transfer efficiency to the spheroids and the GFP fluorescence, allowed to determine the efficiency of the electro-transferred siRNAs. The analysis was done either by fluorescence macroscopy (Macrofluo, Leica) or by confocal fluorescence microscopy (FV 1000, Olympus) on intact spheroids or by flow cytometry (LSR II, BD Biosciences) after dissociation of spheroids cells with trypsin.

Fluorescence macroscopy

A spheroid was placed in a chamber of 20 mm in diameter and 1 mm thick composed of 2 glass coverslips (CoverWell ™ Imaging Chambers, Grace Bio-Labs, Sigma-Aldrich). We visualized the spheroid using the MacroFluo (Leica). Spheroids were imaged at 4x magnification using Metavue © software. Observation of the fluorescence of GFP and cyanine required the use of appropriate filters: excitation filter, BP 480/40 nm, emission filter, BP 527/30 nm for GFP; excitation filter, BP 620/60 nm, emission filter, BP 700/75 nm for cyanine 5. Acquired files were stored and analyzed with ImageJ software (National Institute of Health mental, Bethesda, MD, USA). The GFP green fluorescence was used to set a threshold mask on the spheroid and to measure i) the area at different time points and ii) the associated mean intensity.

Confocal fluorescence microscopy

The spheroids were placed in small chambers 4.5 mm in diameter and 1 mm thick, which were subsequently placed on a glass coverslip (Adhesive Silicone Isolators, Grace Bio-Labs, Sigma-Aldrich). The confocal fluorescence microscope Olympus FV1000 (Confocal Laser Scanning, Biological Microscope, FluoView, Germany) was used in a sequential mode (each channel separately) to visualize the spheroid at 10x magnification. Lasers for excitation of the fluorescent markers were 405 nm for the visualization of the nucleus labelled with Hoechst 33342, 488 nm for GFP and 633 nm for the cyanine 5. Filter sets used were: for the Hoechst BP 330-385 nm, 400 nm separating mirror, LP 420; for the GFP BP 470-490, split mirror at 500, LP 520; for cyanine 5 BP 510-550, 570 nm separation mirror, LP 590. A series of 3D images (20 planes spaced 10 μm apart: Z-stacks) were acquired corresponding to a thickness of about 200 micrometers. Each plane consists of an image of 1024 by 1024 pixels. 3D reconstruction of the spheroids was done with the software Fiji (Fiji Is Just Image, NIH). The software allowed projections in Z axis. The images were converted to the same gray levels for each color channel to be able to compare treated spheroids with control spheroids.

Flow cytometry analysis

Hoechst 33342 is a DNA fluorescent dye that enters into the cell by diffusion and labels the nucleus. The dye was used as a three-dimensional landmark in the spheroid. The longer was the incubation time of the spheroid in the Hoechst dye, the deeper this molecule could penetrate into the spheroid. Spheroids were incubated for 10 seconds in a Hoechst solution (1 μg / mL in PBS) so that only the cells of the outer layer were strongly labeled. Spheroids were then incubated in 100 mL of trypsin (1X) for 10 minutes and then mechanically dissociated with a pipette. The sample of fully dissociated spheroids was taken up in 300 μL of PBS and placed on ice prior flow cytometry analyses. Several parameters were measured: the percentage and the intensity of Hoechst positive cells, the percentage and the intensity of cells expressing GFP and the percentage and the intensity of cyanine 5 positive cells. The excitation wavelength of the laser beam was 405 nm for Hoechst, 488 mm for GFP and 633 nm for Cyanine 5. The analysis of the populations was carried out on the channel proper to each fluorescent marker. The data were analyzed by the FlowJo software. A region of interest was defined according to the size and granulosity of the cells (viable cells). Histograms representing the number of cells counted according to their fluorescence intensity were obtained.

Statistics

Data are given as mean ± SEM with N denoting the number of spheroids. Statistical analysis was performed using Prism 5 statistical software (GraphPad Software Inc., San Diego, USA). For multiple comparisons, a one-way ANOVA analysis with Bonferroni post-test was used. Two way ANOVA analysis was performed for the viability test. A value of p <0.05 was considered representative of a significant difference between the groups. On the figures, statistics are only expressed relative to the control condition * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

3-Results

Characterization of HCT116-GFP spheroid permeability as a function of pulsed electric field intensity

The assessment of the permeability of spheroids as a function of electric field intensity was done by wide-field macroscopy. This semi-quantitative analysis provides a global view of the fluorescence of GFP and PI. Spheroids were electropermeabilized under pulsed electric field (PEF) conditions (10 pulses 5 ms long at 1Hz). Several field intensities have been tested in order to determine the optimal field intensity leading to the best permeabilization of cells while preserving their viability. For each condition, we visualized the GFP and the PI signals. This allowed to co-localize alive (green fluorescing) and permeabilized (red fluorescing) cells, and allowed the observation of the spatial distribution of permeabilized cells throughout the spheroid volume (Figure 1.A). Control spheroids (0 V/cm) were not exposed to electric field, they exhibited GFP fluorescence. At increasing field intensities, we observed that the red fluorescence increased homogeneously at the surface of the spheroids due to the PI uptake. The mean fluorescence of PI was quantified as a function of electric field intensity (Figure 1.B). The more the voltage increased, the more the spheroids were permeabilized, reaching a plateau value, meaning the permeabilization was obtained in all cells within the spheroid. A significant increase of the PI uptake was determined above 250 V/cm. However, to determine the optimal parameters of permeabilization of the spheroids, it was also necessary to study the viability of these spheroids following PEF exposure at different electric field intensities. 

Viability of HCT116-GFP Spheroids

Viability assessment of spheroids was done by measuring the variation of spheroids size as a function of time after PEF application. We observed the growth of spheroids by measuring the area of the spheroid on GFP micrographs between day 0 just before PEF application and during 4 days following the treatment (Figure 2 A). Determination of the ratio area from the initial area (day 0) showed that in the range of 0 to 350 V/cm, the spheroids had the same growth rate with an 0.2 increase of the ratio after 4 days. When spheroids were pulsed at 400 V/cm, a 0.2 decrease of the ratio was observed after 4 days with the release of non-GFP fluorescent cells (dead cells). At 500 V/cm, fluorescent spheroids exhibited an irregular shape and exhibited numerous blebs and bumps. This indicated that the spheroids were suffering and the viability of the cells was impaired. As an indicator of viability, GFP fluorescence intensity in these blebs and bumps was at the level of autofluorescence and not considered as GFP fluorescent. The size of the spheroid decreased as shown by the 0.5 drop in the ratio area (Figure 2B). Therefore, they had a smaller size than the one measured at day 0.

These results show that the viability of spheroids was affected by PEF, especially when the applied electric field intensity was beyond 350 V/cm. The optimal voltage to permeabilize the HCT116-GFP spheroids was thus defined as 10 pulses of 5 ms, at 350 V/cm applied at the frequency of 1Hz. 

Electrotransfer of siRNA GFP22 in spheroids

Visualization by fluorescence macroscopy

The anti-GFP siRNA delivery was first assayed by fluorescence macroscopy. The experiments were performed with the selected PEF parameters (10 pulses 5 ms long, at 350 V/cm applied at the frequency of 1Hz). The observation of GFP signals allowed us to determine the efficiency of siRNA delivery, as siRNA silenced the GFP expression. Acquisitions were made just after the application of the electric field and on the third day following the treatment, when the inhibition of GFP by the siRNAs was maximal (Figure 3A). In comparison to untreated spheroids, a 2-fold decrease in mean GFP fluorescence intensity was measured at day 3 (Figure 3B). Subsequently, Cy5-labeled anti-GFP siRNA was used to visualize the spatial distribution following electrotransfer. The observation was made just after the application of the pulses (Figure 3C). In untreated (NP), pulsed only (EP) spheroids and nonpulsed spheroids but incubated with labeled siRNA for 10 minutes, Cy5 signals were not observed. In the pulsed spheroids in the presence of labeled siRNA, the Cy5 labelling was located on the periphery of the spheroids, indicating the penetration of siRNA into cells in the outer layers of spheroids (Figure 3C). However, the distribution of the Cy5 was heterogeneous over the periphery of the spheroids. Namely, the labelling was more pronounced on one side of the spheroid. As siRNAs are negatively charged, they move along the liquid due to electrophoretic action, parallel with the electric field, toward the positive electrode (anode). Therefore, they interact with the cells on the side facing the negative electrode (cathode) which may explain the asymmetry of electrotransfection [START_REF] Paganin-Gioanni | Direct visualization at the single-cell level of siRNA electrotransfer into cancer cells[END_REF]. 

Visualization by confocal microscopy

As the fluorescence macroscopy gives a general overview of the entire spheroid, we subsequently used confocal fluorescence microscopy to obtain more precise observations (Figure 4). Same experiments were reproduced with 3 control spheroid conditions: non-pulsed (NP), pulsed only (EP), non-pulsed in the presence of siRNA (siRNA) and the electrotransferred siRNA condition. In untreated (NP) or pulsed only (EP) spheroids, Cy5 signals were not observed, as siRNA was not present. In the non-pulsed spheroids incubated with labeled siRNA, we observed a very weak signal of Cy5 indicating that siRNAs have penetrated into few cells (potentially dead cells) (figure 4A). In the pulsed spheroids in the presence of labeled siRNA, the Cy5 labelling was located on the periphery of the spheroids (Figure 4A). We confirmed that the electric field caused significant penetration of siRNA into cells constituting the spheroid (Figure 4A). A pseudocolor image and its corresponding Look-Up Table (LUT) was applied to the single channel fluorescence image (red) using the Image J software. Different levels of fluorescence intensity (from 0-4000 A.U./pixel) were displayed as LUT with colorized pixels, where different colors in the pseudo-colored images reflect different levels of intensity, which correspond to red-fluorescent siRNA labelling of the non-pulsed (B) and pulsed (C) spheroids, showing that siRNA delivery occurs on the outer layer of the spheroid in an asymmetrical fashion. 

Uptake quantification by flow cytometry

To better quantify the delivery of siRNAs in cells in respect to their location depth within the spheroid, we performed flow cytometry analysis. As siRNA molecules were covalently labelled with Cy5 dye, a cell-by-cell analysis of the Cy5 fluorescence was performed and the number of cells (referred to as cell population) was plotted as a function of Cy5 fluorescence intensity (figure 5). Again, the experiments comprised 3 control spheroid conditions: non-pulsed (NP), pulsed only (EP), non-pulsed in the presence of siRNA (siRNA) and the electrotransferred siRNA condition (figure 5A). For the siRNA + EP spheroid cells, we observed a shift of the cell population towards greater Cy5 fluorescence intensities than for the other conditions (Figure 5A, first panel). For all conditions, 100% of the cells were GFP positive (Figure 5A, second panel). In addition, the percentages of Cy5 positive cells were quantified for each condition showing that electrotransfer of siRNA occurred in 43% +/-6 of the cells (figure 5B).

Subsequently, in order to confirm the localization depth of transfected cells, spheroids were incubated for a very short period of time (10 s) in PBS containing a permeant DNA staining molecule (Hoechst 33342). As Hoechst penetrates by passive diffusion into cells, it marks the nuclei following a diffusion gradient. The longer the spheroid is incubated in Hoechst, the more Hoechst penetrates the different layers of the spheroid towards the spheroid's core. Therefore, we obtained a 3D reference of the organization of the cellular sub-layers of the spheroid (Figure 5C), as the cells that were more intensively stained with Hoechst 33342 corresponded to outer layers, and decreasingly less stained cells corresponded to deeper layers. Once labeled with Hoechst, the spheroids were dissociated and analyzed by flow cytometry. The cell populations were divided in 3 sub-populations: high (Hoechst Hi), intermediate (Hoechst Int) and low (Hoechst Lo) intensities of Hoechst labelling (figure D, first panel). Hoechst Hi represented 16.5 % of the total cell population, Hoechst Int 62.6 % and Hoechst Lo 19.4% of the total cell population (figure 5D first panel). For each of these sub-populations, the Cy5 and GFP signals were analyzed. For the electrotransferred siRNA, the Hoechst Hi cells population was shifted toward higher Cy5 intensity values demonstrating that EP favored the transfer of siRNAs into cells at the periphery of the spheroid (Figure 5A, second panel). These cells represented only 16% of the Cy5 positive cells. In addition 27% of the Hoechst intermediate cells were also labelled with Cy5. As expected, there was no significant difference on the GFP pattern (Figure 5A, third panel). 

4-Discussion

The ability of RNA interference (RNAi) to silence target genes with high efficiency and specificity has triggered efforts to develop these molecules into therapeutic agents. In the early 2000, several companies were founded to exploit the therapeutic potential of RNAi. Unfortunately, during more than a decade, clinical developments of RNAi as therapeutic agents has slowed down as clinical trials using unmodified small interfering RNA (siRNA) resulted in immune-related toxicities and questionable RNAi effects [START_REF] Kleinman | Sequence-and target-independent angiogenesis suppression by siRNA via TLR3[END_REF]. Since August 2018, new hopes have emerged as the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) inducted RNAi drugs into medicine by approving Onpattro (patisiran), a siRNA-containing drug acting on the liver, for the treatment of hereditary transthyretin amyloidosis (hATTR) with polyneuropathy [START_REF] Setten | The current state and future directions of RNAi-based therapeutics[END_REF].

In many cancers, the efficacy of conventional therapies (chemotherapies) has been hampered by drug resistance, which can either be acquired or inherent to the tumor. In addition, increased therapeutic dosages and subsequent adverse effects in patients are very common. Therefore, there is a critical need for developing treatment methodologies, which would be more efficient than current standard care. Within this scope, RNAi, particularly siRNAs, present an alternative for silencing of specific oncogenes to control tumor growth [START_REF] Devi | siRNA-based approaches in cancer therapy[END_REF]. This inhibition may result in a signaling cascade, allowing (a) silencing the mutation, (b) manipulation of pathway kinetics, and (c) cancer cell sensitization to drug treatment [START_REF] Tatiparti | siRNA Delivery Strategies: A Comprehensive Review of Recent Developments[END_REF].

The efficacy of RNAi therapies mainly relies on one hand, on the transfection method efficiencies and on the other hand, on the model used for studying the delivery modality. In this study, we used multicellular tumor spheroids made with HCT116 cancer cells as a tissue model to assess the three dimensional distribution of siRNA uptake in a multicellular environment following electroporation. The ability of a given cell line to form and maintain a 3D spheroid shape allows the occurrence of cell-cell communications, establishment of cell networks, and onset of interactions, mediated by binding or cross-linking of surface proteins, receptors, and ligands. Such 3D systems may also overcome some of the limitations of 2D cultures in terms of cell-cell communication and cell networks, which are essential for understanding differentiation, structural organization, shape, and extended connections with other cells or organs [START_REF] Baek | Real-time monitoring of cisplatin cytotoxicity on three-dimensional spheroid tumor cells[END_REF]. The use of the spheroid model for the study of siRNA transfer was thus considered relevant because its cellular organization is similar to avascular tumors architecture.

Within our study, we have first set electrical parameters that could efficiently permeabilize the cells without affecting the spheroids growth. As already observed in previous experiments [START_REF] Wasungu | A 3D in vitro spheroid model as a way to study the mechanisms of electroporation[END_REF], propidium iodide uptake could be observed in spheroids for field strengths of 250V/cm and higher, with the percentage of permeabilized cells increasing with an increase in field intensity. Our experiments also showed that the entire cell population was permeabilized as there was no difference between cells at the periphery of the tumor model and the cells located deeper within the spheroid's core. Subsequently, our experiments clearly show that PEF increases the penetration of siRNA oligonucleotides into the spheroid. Namely, the electrotransfer of siRNAs was efficient, as we observed a maximum inhibition of GFP intensity, which attained a 50% decrease of GFP fluorescence 3 days following the treatment. This is in agreement with our previous experiments performed in vivo on solid tumors (B16F10 constitutively expressing the GFP) where we showed that electrical treatment led to siRNA-mediated endogenous gene silencing in solid tumors (60% of gene expression decrease 48 hr after siRNA electrotransfer), using the same siRNA sequence [START_REF] Paganin-Gioanni | Tracking in vitro and in vivo siRNA electrotransfer in tumor cells[END_REF][START_REF] Golzio | In vivo gene silencing in solid tumors by targeted electrically mediated siRNA delivery[END_REF].

In contrast to PI uptake, differences could be observed in the case of the uptake of siRNA. siRNA transfer takes place on a small part of cells, located in the outer layers of the spheroids, and does not occur in the heart of the spheroid. Overall, we quantified the uptake of Cy5 siRNA in 43%+/-6 of tumor cells within the spheroids. Assuming that the volume of a spheroid with a mean diameter of 500 µm contained 100% of the cells and that 57% of the non-transfected cells were located in the center, this led to the determination of a volume with a mean diameter of 445 µm that did not contain transfected cells. Thus, only a shell of 27.5-µm in thickness was receptive to siRNA electrotransfer. This is consistent with the fact that we could observe multiple (~ 3-4) layers of cells having integrated siRNA. When compared with the in vivo situation, the localization of fluorescently-labeled siRNA after intratumoral injection was more homogeneously distributed with tumor cells [START_REF] Paganin-Gioanni | Tracking in vitro and in vivo siRNA electrotransfer in tumor cells[END_REF]. This might explain that a better gene silencing was observed in vivo.

We also observed an asymmetry in electrotransfection at the level of the spheroid. SiRNAs are negatively charged, thus they move by an electrophoretic flow, which is parallel with the electric field. We previously demonstrated at the single cell level that siRNA uptake in the cell occurred during the pulse application upon electrophoretic drift of the molecule. The negatively charged siRNA molecules migrated toward the positive electrode (anode). Subsequently, they entered into the cell cytoplasm through the permeabilized plasma membrane site facing the cathode (negative electrode). The same phenomenon should occur in 3D [START_REF] Paganin-Gioanni | Direct visualization at the single-cell level of siRNA electrotransfer into cancer cells[END_REF]. This electrophoretic movement may facilitate the penetration of the siRNA within the first layers of cells on the side facing the cathode (negative electrode). Such a well-defined localization of transfected cells reaffirms what was observed with cells in culture, indicating that only the side facing the cathode is susceptible to nucleic acid transfer, as previously reported [START_REF] Paganin-Gioanni | Direct visualization at the single-cell level of siRNA electrotransfer into cancer cells[END_REF][START_REF] Golzio | Direct visualization at the single-cell level of electrically mediated gene delivery[END_REF]. Nevertheless, the delivery of siRNA was more efficient than plasmid DNA. Namely, for DNA electrotransfer, gene expression was only located in the first outer proliferating cell layers at one particular pole of the spheroids [START_REF] Wasungu | A 3D in vitro spheroid model as a way to study the mechanisms of electroporation[END_REF][START_REF] Mellor | Optimising non-viral gene delivery in a tumour spheroid model[END_REF].

The results reported herein provide new insights on different molecules delivery into tumor like tissues. Alltogether with already published data, we showed that molecular uptake is consistently dependent on the size of the molecules to be delivered. The PI (MW: 668 Da), siRNA (MW: 16 kDa) and plasmid DNA (MW: 3 MDa) uptake into spheroids have been observed with different efficiencies in 100%, 40% and 4% of the cells [START_REF] Wasungu | A 3D in vitro spheroid model as a way to study the mechanisms of electroporation[END_REF], respectively. Such findings highlight an accessibility problem of the molecules into the core of the spheroid. Indeed, close contacts between cells may act as physical barriers that limit the diffusion of macromolecules, but the flow of charged molecules also has its share, as it results in macromolecules concentration at a specific side, as shown for siRNA and DNA.

Studies using spheroids as models, mimicking in vivo situations, have been reported by others groups, but to our knowledge, only one study demonstrated that direct electroporation of encapsulated organoids reached up to 80% transfection in RWPE-1 organoids [START_REF] Laperrousaz | Direct transfection of clonal organoids in Matrigel microbeads: a promising approach toward organoid-based genetic screens[END_REF]. In this study, organoids were made using Matrigel microbeads and a customized microfluidic device. In this 3D culture system, the presence of Matrigel might have modified the cell-cell junctions, or the extracellular matrix (ECM) produced by the cells. This matrix might have formed a permissive 3D environment, which could help the molecules to diffuse or migrate into the microbead, facilitating the transfection and reaching the core of the spheroid. In addition, in the mentioned study, the parameters of electroporation were not specified, so the high transfection rate might had been obtained by bipolar pulses, as no evidence of asymmetric distribution was reported.

The use of 3D cell culture does not fully mimic the in vivo experiments with concrete tumors. In a complex tumoral environment, such as the one that occurs in animals and humans, the tumor is composed of cancer and stromal cells. The ECM is thus among the components that govern cancer progression and resistance to treatment. The interplay of cancer cells and their stromal surroundings results, among other, in important mechanical constraints on cells and an increased interstitial pressure [START_REF] Netti | Role of extracellular matrix assembly in interstitial transport in solid tumors[END_REF]. Therefore, if compounds are injected into the tumor, they tend to leak in the tumor periphery. The higher the tumor stiffness, the greater is the leakage [START_REF] Netti | Role of extracellular matrix assembly in interstitial transport in solid tumors[END_REF]. We are perfectly aware that multicellular spheroids lack stromal components, but as liquids can leak out of tumors following intratumoral injections, the siRNAs placed in the liquid surrounding the spheroids could be considered as a surrogate for the situation that occurs when siRNA leaks out of the tumor following intratumoral injection. This leakage of injected compounds is due to the high interstitial fluid pressure (IFP) within the tumor core, and results in the leakage of the intratumoraly injected liquid, which spreads out of the nodule. As IFP drops at the tumor periphery, the periphery gets filled with injected liquid.

Our finding show that even when located outside the spheroids, the siRNA could penetrate 3 to 4 layers of the cell nodule, mainly thanks to the electrophoretic forces. Strategies using bipolar pulses could probably increase this delivery.

The observations detailed herein, might gain an understanding of siRNA electrotransfer and incitate us to propose the following mechanism describe in Schematic 1.

Schematic 1: Drawing showing siRNA electrotransfer in spheroid. Before EP, siRNA is outside the spheroid. During EP, the electric field permeabilizes all the cells within the spheroid. This permeabilization also destabilizes cell-cell junctions, which in turn allow the access of siRNA to the external layers of cells within the spheroid. The application of the pulses electrophoretically pushes the siRNA towards deeper layers of the tumoral volume. 48h after EP, the electrotransfer of siRNA leads to the inhibition of the GFP expression in the cells located at the periphery that were permissive for siRNA uptake.

5-Conclusion

Taken together, our results provide additional fundamental information about siRNA 3D distribution in model tissues during and following electrotransfer. In addition, we confirm that the spheroid model is more relevant than cells in 2D culture, as it mimics the in vivo situations to a greater extent and can thus be used as a useful tool to study electro-mediated gene delivery processes. Sandrine Pelofy was fellowship recipient from "la ligue contre le cancer" 2010-2013. This contribution was supported by grant from the seventh framework European programme OncomiR (Grant 201102) and the CNRS.

Figure 1 :

 1 Figure 1: Spheroid permeabilization by PEF. Four days-old HCT-116-GFP spheroids were exposed to PEF (10 pulses 5 ms long at 1Hz) with increasing field intensities in presence of 100 µM propidium iodide (PI) in electroporation buffer and directly visualized by fluorescence macroscopy. (A) Visualization of the fluorescence of GFP and PI as function of the intensity of the electric field. (B) Quantification of the average fluorescence of the PI observed on the surface of the spheroids as a function of the intensity of the electric field. Experiments were done in triplicate (mean ± SEM, oneway ANOVA). ***P <0.001; **P<0.05; *P<0.5.

Figure 2 :

 2 Figure 2: Spheroids viability after PEF exposure. Four days-old HCT-116-GFP spheroids were exposed to PEF (10 pulses 5 ms long at 1Hz) at increasing field intensities voltages in electroporation buffer and then placed in culture medium for growth follow-up over 4 days post treatment. (A) Representative wide field micrographs (GFP fluorescence and white light microscopy) of spheroids before treatment (day 0) and 4 days after treatment. The micrographs showing representative spheroids submitted to different exposure conditions, where the images of the same spheroid were taken at different time points: at day 0 and day 4 post EP. Scale bar: 200 µm. (B) Growth curves representing the ratio area of viable spheroids (GFP fluorescence) area over time (days) after treatment: 0V/cm; 350V/cm;  400V/cm and 500V/cm.Experiments were done in triplicate (mean ± SEM). Two-way ANOVA ****p < 0.0001.

Figure 3 :

 3 Figure 3: Efficiency of siRNA electrotransfer and biodistribution. Four days-old HCT-116-GFP spheroids were pulsed with the PEF conditions (10 pulses 5 ms long at 1Hz, 350 V/cm) in presence of 2 µg of anti-GFP siRNA. Three control conditions were used for spheroids comparison: non-pulsed (NP), pulsed only (EP), non-pulsed in the presence of siRNA (siRNA). Subsequently, the spheroids were placed in culture medium for growth follow-up over 4 days post treatment. (A) Representative wide field micrographs (GFP fluorescence) show spheroids before treatment (day 0) and 3 days following the treatment. The images show the same spheroids at different time points, at day 0 and day 4 post EP. (B) Quantification of the mean GFP fluorescence intensity ay day 3 (C) Representative wide field micrographs (GFP fluorescence and Cy5) of spheroids just after the treatment (day 0). (N=4, mean ± SEM, one-way ANOVA and Bonferroni post test). * P <0.05.

Figure 4 :

 4 Figure 4: Biodistribution of electrotransferred siRNAs by fluorescence confocal microscopy. (A) Four days-old HCT-116-GFP spheroids were exposed to PEF conditions (10 pulses 5 ms long at 1Hz, 350V/cm) in presence of 2 µg of anti-GFP siRNA (siRNA +EP). Three control conditions were used: nonpulsed (NP), pulsed only (EP), non-pulsed in the presence of siRNA (siRNA). (A) Representative confocal micrographs (GFP and Cy5 fluorescence) of spheroids just after treatment. (B and C) Pseudocolor images and the respective color look-up table (LUT) were made using the Image J software for nonpulsed (B) and pulsed spheroids (C) on the corresponding fluorescence image (red). Different levels of fluorescence intensity (from 0-4000 A.U./pixel) were displayed as LUTs with colorized pixels, where different colors in the pseudo-colored images reflect different levels of intensity, showing that siRNA delivery occurred on (multiple) outer layers of the spheroid, following asymmetrical delivery. (N=3)

Figure 5 :

 5 Figure 5: Analysis of the electrotransfer of the siRNAs by flow cytometry. Four days-old HCT-116-GFP spheroids were submitted to PEF conditions (10 pulses 5 ms long at 1Hz, 350 V/cm) in presence of 2 µg of anti-GFP siRNA (siRNA-cy5 +EP). Three control conditions were used for spheroid comparison: non-pulsed (NP), pulsed only (EP), non-pulsed in the presence of siRNA (siRNA-cy5). Subsequently, spheroids were dissociated and analyzed by flow cytometry. A cell-by-cell analysis of the fluorescence was performed and the number of cells (referred to as cell population) was plotted as a function of fluorescence intensity (A) Representative histograms of the Cy5 and GFP cell populations and (B) Quantification of the percentage of Cy5 positive cells for each condition. (C) Schematic drawing showing the labelling of spheroid cells by Hoechst. (D) For the siRNA + EP spheroid, representative histogram of the Hoeschst uptake (first panel), representative histograms of Cy5 (second panel) and GFP (third panel) cell populations as a function of the Hoechst intensity gradient. The % of Max represents the % of cells adjusted to 100% for each population.
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