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Abstract

:

Finite element analysis is used in this study to investigate the effect of media inhomogeneity on the electric field distribution in a sample composed of cells and their extracellular matrix. The sample is supposed to be subjected to very high pulsed electric field. Numerically computed electric field distribution and transmembrane potential at the cell membrane in electroporation conditions are considered in order to study cell behavior at different degrees of inhomogeneity. The different inhomogeneity grade is locally obtained using a representative model of fixed volume with cell–cell distance varying in the range of 1–283 um. The conductivity of the extracellular medium was varied between plain collagen and a gel-like myxoid matrix through combinations of the two, i.e., collagen and myxoid. An increase in the transmembrane potential was shown in the case of higher aggregate. The results obtained in this study show the effect of the presence of the cell aggregates and collagen on the transmembrane potential. In particular, by increasing the cell aggregation in the two cases, the transmembrane potential increased. Finally, the simulation results were compared to experimental data obtained by culturing HCC1954 cells in a hyaluronic acid-based scaffold. The experimental validation confirmed the behavior of the transmembrane potential in presence of the collagen: an increase in electroporation at a lower electric field intensity was found for the cells cultured in the scaffolds where there is the formation of collagen areas.
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1. Introduction


Electrochemotherapy (ECT) is a well-established therapy used in Europe and other countries to treat some types of tumors like melanoma or breast cancer recurrence after mastectomy, sarcomas, liver carcinoma, head and neck tumors, or others [1,2,3,4,5]. ECT uses a pulsed electric field in the presence of a chemotherapy drug to modify the structure of the membrane in a reversible condition to improve the drug uptake by the cells [6]. Elec troporation (EP) of the cell membrane occurs when the transmembrane potential (i.e., the difference in the electric field potential across the cell membrane) overcomes a prescribed threshold; thus, it is related to the local distribution of the electric field. The effect of the medium’s electrical characteristics have been already studied, considering cells suspended in buffer with different compositions and different electrical properties [7,8,9,10]. Electroporation of cells in suspension and in adherent cultures is usually carried out using an electroporation buffer, i.e., a phosphate buffer solution, which is a solution with a lower conductivity than the culture medium [11]. The typical EP buffer composed of phosphate and sucrose shows a conductivity of 0.2 S/m [10,12]. In the literature, some studies were performed using cells in suspension [9,10,13], and the analysis of several media showed that low conductivity media led to an improvement in EP efficiency and conductivity during EP [10,12].



Another issue in EP is the role of the extracellular matrix (ECM): membrane permeabilization is related to the local electric field intensity that modifies the transmembrane potential, and it is a function of tissue characteristics [14,15]. In particular, the electrical properties of tumors depend on tissue type (e.g., fat, muscle, etc.) and stroma [16,17,18,19,20] that contains a complex network of fibrous proteins embedded in hydrated glycosaminoglycans [21,22]. The stroma complexity is not mimicked by the two-dimensional (2D) in vitro models (cell suspensions or adherent cultures). Consequently, 2D models are unable to reproduce the electrical properties of tumor microenvironments. On the other side, the 3D models, like spheroids, mimic the cell–cell interaction [23,24] but not the effect of the extracellular environment. In a previous work, we proposed a 3D in vitro model in which breast cancer cells were cultured on hydrogels composed of hyaluronic acid (HA) enriched with self-assembly peptides carrying the IKVAV adhesion motif [25,26]. In these cultures, the cells produced abundant ECM, as demonstrated by histological staining [26]. Moreover, the same work showed a higher EP efficiency when a lower electric field strength was used with respect to the value suggested by the ESOPE protocol [4,6]. Thus, we have hypothesized that the local inhomogeneity in electrical properties due to ECM might affect the electric field distribution. This statement is supported here by computation using finite element analysis (FEA) as described by other authors [27,28]. Cell–cell distance and stroma conductivity are considered variables of our system.



The idea of the FEA model to evaluate the effect of cell distance in the presence of a material inhomogeneity starts from histological hematoxylin/eosin staining of a sarcoma slice (image in the top right corner of Figure 1) [19]: in the represented area, the histological sample shows cells well separated with a fibrous stroma (collagen-based) and an area where cells were close to each other. Authors studied how the effect of cell aggregation and stroma conductivity affect EP, evaluating the transmembrane potential that was widely studied considering different parameters [29,30,31]. In fact, in the literature, some authors modeled the behavior of the single cell [30,32,33] as well as investigating the transmembrane potential in multicellular structures [34]. Moreover, the influence of electrical conductivity on electropermeabilization while also considering the membrane’s pore formation was studied in [7,9,35].



The ECM locally modifies the conductivity of the treated volume, so this study is established to understand what occurs at the electric field strength distribution in EP conditions in the presence of inhomogeneity, i.e., in a tissue where cells could be both immersed in stroma with different electrical characteristics (e.g., fibrous with a conductivity close to that of collagen [10,36] at 0.2 S/m or myxoid with a conductivity close to a liquid medium, e.g., 1.3 S/m) or grouped closely together in a collagen shell. Moreover, the case in which cells are isolated (lower cell density) but surrounded by a collagen shell is studied, too. The focus of this work is the evaluation of what occurs to the transmembrane potential when electroporation pulses are applied to the sample in some relevant cases that include one or more of the described conditions. The first pulse condition is considered in the modification of the transmembrane potential before pore formation. The simulated cases are validated by an experimental case.




2. Materials and Methods


2.1. Electric Field Distribution Using FEA


In this paragraph, the finite element model used for the numerical evaluation of the electric field is described. The model considers the instant before pore formation. A simple 2D numerical model, a square with 1 mm × 1 mm sides that includes 9 cells with spherical shape was simulated by Finite Element Analysis (FEA) to estimates the electric field distribution and the transmembrane potential. The 1 × 1 mm slice was supplied with a voltage difference applied to 2 parallel edges, the electrodes, as reported in Figure 1. To obtain an electric field of 1000 V/cm, the top side is energized at 100 V and the bottom side at 0 V, i.e., the thick red and black lines in Figure 1, respectively. The 9 blue circles represent the cells, with the border made of non-conductive materials, the lipidic bilayer (σ = 5.3 10−6 S/m), which encapsulates the cell interior made of conductive material with conductivity σC. The cell diameter considered in the FEA is 10 μm or 50 μm (membrane thickness of 10 nm), and the cell–cell distance varied between 1 to 283 μm corresponding to a local density of cells between 8000 and 9 cell/mm2, depending on the cell diameter. The studied cases are summarized in Table 1. The material between the electrodes and outside the cells, the stroma, is a homogeneous conductive material with fixed electrical conductivity, σS. Typical values used in the simulation are reported in Table 1 [37,38].



Electric field strength and the electric potential due to a voltage applied between the electrodes is computed using FEA, solving Maxwell’s equations in static conditions. The color map on the left side of Figure 1 is an example of the computed electric field strength. In particular, a conduction problem is analyzed, as proposed by other research groups [28,39]. The electric field intensity E(P) is evaluated at each spatial point P = (x,y) by means of a commercial finite element simulator (Simcenter Magnet, https://plm.sw.siemens.com/it-IT/simcenter, Germany, accessed on 4 September 2023) solving a static conduction problem in direct current on electric scalar potential, i.e., V linked to E(P) as E(P) = −∇V, and imposing a constant voltage (i.e., a Dirichlet boundary condition) on the lines that represent the electrodes (0 and 100 V in opposite lines—Figure 1) [28]. The Laplace equation in the scalar potential V, is solved [40,41]:


  ∇ ⋅ σ ∇ V = 0  



(1)




where σ is the electrical conductivity of the material. Moreover, a tangent condition of electric field lines is assumed on the remaining two sides (i.e., a Neumann boundary condition for which the first derivative of the scalar potential V is null with respect to the normal direction, n, on the boundary line):


    ∂ V   ∂ n   = 0   on external boundary  



(2)







From the FEA, the color map of the electric field strength is extracted (an example is shown in Figure 1). The electric field strength is analyzed along the lines α and β in Figure 1, whereas the electric potential is only analyzed along the line α. In Figure 2, an example of the scalar potential behavior along the α-line, that is, the x coordinate in the schematic here adopted, is reported. The transmembrane potential i-th, ΔVi, is evaluated by considering the computed electric potential in two points close to the membrane, one outside and one inside the cell region (i.e., the points detected by the dashed lines in Figure 2) in the modeled non-homogenous domain that generally differs from the one in the case of a single cell immersed in an uniform distributed field given by [42,43,44,45]:


  Δ V i = f   R   1     E   e x t   c o s   α   p    



(3)




where R1 is the cell radius; Eext is the applied electric field; f is the shape factor that for round cells is 1.5; and αp is the angle between the electric field direction and a point on the cell surface. Different cases are investigated by varying the cell-to-cell distance, the cell diameter, the stroma conductivity σS, and the cell interior conductivity σC, as shown in Table 1. Column E in Table 1 shows the example of a model where the stroma conductivity is made of two materials: one half of the model is characterized by a value of conductivity different from the other half.




2.2. Scaffold Preparation and Cell Culture


2.2.1. Materials for Scaffold Preparation


Hyaluronic acid (MW = 100–1250 kDa) was obtained from Contipro Biotech s.r.o. (Dolni Dobrouc, Czech Republic). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and triethoxysilane (TES) were obtained from Sigma Aldrich (Steinheim, Germany), and ethanol was procured from VWR Chemicals Prolab (Fontenay-sous-Bois, France). The Rink Amide MBHA resin and the 9-fluorenylmethoxycarbonyl (Fmoc) protected amino acids were purchased from Novabiochem (Merck KGaA, Darmstadt, Germany). The coupling reagents 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and 1-hydroxybenzotriazole (HOBt) were obtained from Advanced Biotech (Seveso, MI, Italy). N,N-diisopropylethylamine (DIEA) and piperidine were purchased from Biosolve (Leenderweg, Valkenswaard, The Netherlands). N,N-dimethylformamide (DMF), trifluoroacetic acid (TFA), N-methyl-2-pyrrolidone (NMP), and dichloromethane (DCM) were procured from Biosolve (Leenderweg, Valkenswaard, The Netherlands). Acetonitrile and TFA were obtained from Sigma-Aldrich, Saint Louis, MO, USA.




2.2.2. Synthesis of an SAP Functionalized with Laminin Adhesion Sequence


The self-assembling peptide (SAP) used is an analogue of EAK 16 module II [46,47,48]. EAK 16 module II is a 16-mer peptide in which pairs of negatively (E, glutamic acid) charged residues are alternated with pairs of positively (K, lysine) charged residues, and each polar amino acid is separated from the following polar residue by a hydrophobic amino acid (A, Ala, alanine) [49]. The analogue of EAK 16, used in this study, presents the substitution Ala→Abu (Abu = α-aminobutyric acid) and the addition of a Laminin sequence IKVAV (Ile-Lys-Val-Ala-Val) at its C-terminus. The peptide was synthesized by Fmoc chemistry using Rink Amide MBHA resin (0.7 mmol/g; scale 0.125 mmol) and the synthesizer Syro I (Multisynthec, Witten, Germany). The first three amino acids and the last sixteen amino acids are introduced through double couplings [50]. At the end of the synthesis, the Fmoc is removed, the resin is washed with DCM and dried for 1 h under vacuum [50]. The peptide is cleaved from the solid support with contemporary side-chain deprotection using the following mixture: 0.125 mL MilliQ water, 0.125 mL TES, and 4.750 mL TFA over 90 min, under magnetic stirring. The resin is filtered, and the reaction mixture is concentrated. The crude peptide is precipitated with cold diethyl ether. The peptide is purified using reverse-phase high-performance liquid chromatography, and its identity is ascertained using MALDI-TOF (matrix-assisted laser desorption ionization–time of flight) mass spectrometry (theoretical value = 2239 Da; experimental value = 2236 Da).




2.2.3. Preparation of the 3D Scaffold


An SAP (4.2 mg, 0.12% w/v) is dissolved in 3.5 mL of MilliQ water under stirring. Hyaluronic acid (108 mg, 3% w/v) is slowly added to the solution. The dense solution is divided and weighed into the 5 wells of a chamber slide, frozen in liquid nitrogen, and lyophilized. The scaffolds (dimension: 8 × 10 × 5 mm) are cross-linked through a reaction with 60 mM EDC in 95% ethanol for 24 h. The scaffolds are washed both with ethanol and then MilliQ water (three times each) in an ultrasound bath for 1 min, and another 2 min without sonicating. Finally, the scaffolds are frozen at −20 °C and lyophilized. Similarly, the same protocol without the peptide produces control matrices of cross-linked hyaluronic acid only (HA).




2.2.4. Cell Cultures


HCC1954 cells (derived from human ductal carcinoma cells, primary tumor), purchased from ATCC (Manassas, VA, USA) (https://www.atcc.org, accessed on 1 September 2023), are cultured in RPMI medium supplemented with 1% penicillin/streptomycin, 1% L-glutamine, and 10% FBS at 37 °C in a humified atmosphere with 5% CO2 (SteriCult CO2 incubator, Thermo Electron Corporation, Thermo Fisher Scientific, Cincinnati, OH, USA). Cells (1.8 × 105) are seeded on hydrated scaffolds previously put into each well of an 8-well cell chamber slide.




2.2.5. Electroporation Procedure


EP is performed by applying a sequence of 8 voltage pulses, 100 µs long at 5 kHz, at different amplitudes to each well through a plate electrode. The electrode is formed by two 3 cm-long, 1 cm-large stainless-steel plates, with a gap of 7 mm (Figure 2). The voltage pulses are applied using a pulse generator EPS-01 (Igea, Carpi (MO), Italy). The electrode is immersed in the cell culture in medium. The applied voltages lead to electric fields ranging between 0 and 1000 V/cm (0, 400, 600, 800, and 1000 V/cm). These experiments are carried out in cells cultured in 2D in RPMI medium and in scaffolds, both HA-only and HA-EAbuK-IKVAV, to evaluate the influence of the extracellular matrix in the electric field intensity threshold to electroporate cell membranes.




2.2.6. Fluorescent Staining after Electroporation


The occurrence of EP is evaluated by adding 15 μL of propidium iodide, PI, (Sigma Aldrich, Saint Louis, MO, USA) solution (1 mg/1 mL in deionized water) immediately before the delivery of the voltage pulses. Then, EP 5 μL of Hoechst 33342, HOE, (ThermoFisher, Waltham, MA, USA), solution (1 mg/1 mL in PBS) is added. In particular, PI selectively stains in red the nucleus of electroporated cells [13,51], whereas HOE stains all the cells in the culture [26,51].



The 2D and 3D cultures are observed 20 min after staining with an inverted microscope Leica DI4000 (objective 20 × 0.35 DRY, camera DFC300FXR2-078921405) (Leica Microsystems Srl, Wetzlar, Germany): PI (excitation 538 nm, emission around 619 nm) and HOE (excitation 352 nm, emission around 455 nm) are visualized. For each culture, some blue and corresponding red images were recorded. Both blue and red fluorescence images are superposed through the software LAS AF Lite (Leica, https://www.leicabiosystems.com, Deer Park, IL, USA, accessed on 1 September 2023).






3. Results


3.1. Numerical Analysis of Relevant Cases


Figure 3 and Figure 4 show the computation results in some relevant cases, considering nine cells with a different intercell distance in the simulated domain (1 × 1 mm) and a cell diameter fixed to 50 μm. The domain is energized by a couple of plate electrodes supplied with a voltage difference of 100 V able to generate a constant electric field of 1000 V/cm in homogeneous medium conditions. The reported results show that the electric field distribution and the consequent transmembrane voltage are influenced by the intracell material conductivity (named the stroma), σS, the cell interior conductivity, σC, and in some cases the cell distance and non-homogeneous stroma arrangement. From the color map of the electric field strength, it can be observed, as is well known, e.g., in [30,52], that the cells are able to locally modify the electric field strength distribution even if the stroma conductivity is homogeneous in all the domains (Figure 3A–D). The cells shown in Figure 3 have a cell diameter of 50 μm and a density of 9 cell/mm2 with a cell–cell distance of 283 μm for the cases in panels A, B, and E and a density of 350 cell/mm2 with a cell–cell distance of 3.5 μm for the cases in panels C and D.



Figure 3 compares, in terms of electric field distribution (color map), electric potential along α (x-axis in the reported behavior) and transmembrane potential, in the cases of well-separated cells and aggregated cells. The focus is on the cell labeled ‘2’ (which is in the center of the modeled group of cells) and neighbor cells labeled ‘1’ and ‘3’. Cases A and B in Figure 3 (well-separated cells) represent a cell and a cell with a lipid component (e.g., from a liposarcoma or similar), respectively. Both cases consider the same stroma. This example shows a decrease in the transmembrane potential, ΔV, in the case where the cell is filled with a lipid component (Figure 3B). Its value passes from 4.2 V to 2.9 V when the cell with an internal lipid is considered. On the other hand, panels C and D show that the cell proximity (e.g., as can occur in a spheroid) modifies the transmembrane potential ΔV of the internal cells (A vs. C and cell marked ‘2’). In this example, the well-separated cells (Figure 3A) shows a ΔV of 4.2 V, whereas the ΔV of the same cell in middle of the aggregated cells (Figure 3 C) is lower, i.e., 3.95 V instead of the external cells’ 4.65 V (Table 2). The same occurs for the 10 μm cells and a cell–cell distance of 1.2 μm (M case in Table 2). Moreover, in the aggregated cells, the stoma conductivity affects the ΔV that increases if σS is higher (σS from 0.2 to 1.3 S/m). This increment, observable from case C to case D, sees an increase of 0.7 V, whereas it is less evident in the well-separated cells, in which the ΔV increase is limited to 0.2 V (ΔV from 4.2 V to 4.4 V if the σS varies from 0.2 to 1.3 S/m). Then, the effect of the stroma conductivity in case of the well-separated cells is limited. Results are reported in Table 2. In this table, cases with cell diameters equal to 10 μm and different cell distances, as well as different stroma conductivity, are also analyzed (cases from G to M). Focusing on the central cell, labeled ‘2’, and considering the 10 μm diameter, the transmembrane is not affected by large variations except for case M, the closest cells, for which ΔV is 0.914 V instead of 0.977 or 0.979 V in the cases of 100 and 1000 cell/mm2, respectively.



Figure 4 shows what happens to the transmembrane potential if a cell with a diameter of 50 μm is encapsulated in a medium with different electric conductivity, e.g., a fibrous shell, with respect to the other cells immersed in a myxoid medium. The represented cells have a local density of nine cells/mm2 with a cell–cell distance of 283 μm. In this case, the cell in the center of the nine-cell group is surrounded by a capsule of collagen, a fibrous stroma with a diameter of 200 μm.



With respect to the homogeneous case, the potential electric distribution is deformed around the cell in the center of the nine-cell group. The transmembrane potential computed using Equation (3) is approximately 3.47 V, lower than the one numerically evaluated using the FEA simulation. In particular, the one obtained using FEA for the cell in the center of the group, the one labeled ‘2’ in Figure 4, is 4.4 V in the homogeneous case and 6.9 V for the cell surrounded by a fibrous shell, as the data in the table of Figure 4 report. Moreover, considering the cell labeled ‘3’ in Figure 4, which does not have a fibrous shell around itself, it can be noted that the transmembrane potential is close to that of the homogenous case (all of the medium around the cells has the same conductivity), 4.0 V vs. 4.4.V, respectively. Then, the FEA results suggest that the conductivity inhomogeneity affects the transmembrane potential. This numerical evidence in terms of electric field distribution was already discussed by the authors of [53]. In [53], the electric field distribution was computed and experimentally verified in a two-material sample (similar to the case in Figure 3E, where half of the model was potato and half was a gel with a different conductivity). The output was a modification of the electric field distribution at the border of the two materials, as can be seen in Figure 3E in the center close to the cell labeled ‘2’. Also, the transmembrane potential for cells immersed in media of different levels of conductivity is different, 7.3 V for the cell marked ‘1’ and 1.2 V for the cell marked ‘3’.




3.2. Electroporation of Cell Cultures


Figure 5 reports the experimental results obtained for the HCC1954 cultured in the HA or in HA-EAbuK-IKVAV scaffolds. The left panels show the Masson trichrome staining, performed 3 days after seeding, with the collagen fibers shown in blue. In particular, the cells cultured in the scaffold functionalized with EAbuK-IKVAV show collagen around the cells or around the cell spheroids. This abundance of collagen is not evident for the HA-only scaffold. In a previous author’s work [26], real-time PCR analysis showed an increment of Cola1a1 and LamB1 transcription only in the HA-EAbuK-IKVAV-based cultures as opposed to the HA-based and 2D cultures. Finally, the right panels of Figure 5 show the EP results at different electric field intensities from 0 to 1000 V/cm for, from top to bottom, the HA-EAbuK-IKVAV, 2D, and HA cultures, respectively. EP is carried out in presence of the culture medium RPMI with an electrical conductivity [26] close to 1.3 S/m. Red cells (PI staining) are permeabilized cells, whereas the only blue cells (Hoechst staining) are not permeabilized. In particular, the cells cultured in HA-EAbuK-IKVAV scaffolds in EP conditions uptake more PI and at lower electric field strength. In fact, the images in the first row of Figure 5 (cells cultured in HA-EAbuK-IKVAV scaffolds) show a larger number of red cells with respect to the cells cultured in 2D and in HA scaffolds. Therefore, the electroporation of the cell membrane is more effective in HA-EAbuK-IKVAV scaffolds with respect to the other cases. From Figure 5, it appears that the electroporation threshold for cells cultured in HA-EAbuK-IKVAV scaffolds is close to 400 V/cm (cells are stained in red in the panel related to 400 V/cm), whereas for cells in suspension or cultured in HA, the scaffold is higher than 1000 V/cm (the number of red cells increases in the last panel). Moreover, cells cultured in HA-EAbuK-IKVAV that show collagen production are permeabilized already between 400 and 600 V/cm, whereas the cells cultured in HA are not permeabilized at the same electric field intensity. As expected, control 2D cultures are not substantially permeabilized at any electric field intensity (no cells stained in red); in fact, only a few cells are red at 1000 V/cm. Then, the presence of collagen fiber, which has a conductivity close to 0.2 S/m [36], improves EP efficiency already at lower values of electric field intensity. In the literature, in order to electroporate cells in 2D adherent or suspension cultures, the cell medium is changed with an electroporation buffer (a solution of K2HPO4/KH2PO4, MgCl2 sucrose) [10,12] with a conductivity close to 0.2 S/m. We hypothesize that, in our cultures, the presence of the collagen fibers locally modifies the distribution of the electric field intensity since it modifies the local conductivity as already found through the simulation of real cases [27,39,54,55]. This fact is verified by culturing cells in HA-based scaffolds where collagen production is not experienced by the cells, as documented by the lack of blue areas in Masson trichrome staining and Cola1a1 in real-time PCR [26]. This situation is verified using FEA, considering both the cases of a single cell or a spheroid, respectively, surrounded by a collagen shell.




3.3. FEA vs. Experimental Results


Figure 6 and Figure 7 analyze in detail the experimental case related to the HCC1954 culture in HA or in HA-EAbuK-IKVAV scaffolds using FEA. Figure 6 analyzes the case of a single cell eventually enclosed in a collagen shell, whereas Figure 7 analyzes the case of a spheroid with nine cells eventually surrounded by a collagen shell. The results obtained with the single cell or spheroid enclosed by a collagen shell are compared to the same results obtained with a homogeneous media around the cells, without any shell. In this FEA, the cell diameter was 10 μm, that is, the average diameter for the HCC1954 cells cultured in the scaffold (see authors’ previous work [26]). In the FEA, the cell density is 1000 cell/mm2 (cell–cell distance 21.6 μm) for the single-cell case and 8000 cell/mm2 (cell-cell distance 1.2 μm) for the nine-cell group, which simulates the spheroid.



In Figure 6, the electric field is represented in the color map, and it is sampled along the orthogonal lines α and β given the electric field strength behavior in the y- and x-axes shown at the top of Figure 6. Panel A represents the no-shell case, whereas in panel B the central cell has a collagen shell with diameter of 30 μm. The electric potential along the line α is evaluated for the homogeneous and collagen-shell cases. As evidenced by the graph of the electric field as a function of the spatial coordinate (generically indicated as X), the presence of the collagen shell, the blue line, increases the electric field strength close to the cell membrane with respect to the no-shell case. In fact, the color map B shows a higher value of the electric field around the central cell with respect the no-shell case (color map A). The same occurs for the electric potential along the line α. In fact, as reported in the table in Figure 6, the central cell has a transmembrane potential of 0.817 V and 1.586 V in the no-shell and shell case, respectively. The histological images (Masson trichrome staining) under the table in Figure 6 are representative of the single-cell case in the HA-only and HA-EAbuK-IKVAV cultures. The increase in the electric field intensity around the cell membrane due to the presence of electrical conductivity inhomogeneity, with a consequent increase in the transmembrane potential, can enhance the electroporation of the cell, as evidenced in Figure 5. In particular, the presence of collagen in the HA-EAbuK-IKVAV culture shows a lowering of the electric field threshold to obtain cell electroporation with respect to the culture on the HA-only scaffold. In fact, the cells cultured in HA only have the same round shape, diameter, and cell–cell proximity, also with the presence of some spheroids, as the cells cultured in the HA-EAbuK-IKVAV scaffold. The remarkable difference in these two cultures is the presence of collagen fibers only in the one produced on the HA-EAbuK-IKVAV scaffold. In this case, the effect on electroporation reported in Figure 5 is enhanced around the central cell labeled ‘2’.



The single cell surrounded by a collagen shell shows the role of the collagen shell in cell transmembrane potential. In Figure 7, the spheroids, in our case a group of nine cells close together, was analyzed. The spheroid is evaluated without (Panel A) and with (Panel B) a collagen shell with a diameter of 80 μm that encloses the entire cell group. The electric field map is shown in Figure 7, and it is sampled along the orthogonal lines α and β. The electric potential along the line α is also evaluated for homogeneous and collagen-shell cases. As evidenced by the graph of the electric field as a function of the spatial coordinates, the presence of the collagen shell, the blue line, increases the electric field strength close to the shell that encapsulates the cell groups with respect to the no-shell case. The color map B shows a higher value of the electric field around the group of cells inside the collagen capsule with respect the no-shell case (color map A). The same occurs for the electric potential along the line α. In fact, as reported in the table in Figure 7, the upper cell (labelled ‘1’) has a transmembrane potential of 1.092 V and 3.168 V in the no-shell and shell cases, respectively. Finally, considering both the cases with and without a collagen shell, the transmembrane potential of the central cell (labeled ‘2’) drops down with respect to that of the external cell labeled ‘1’. The histological images (Masson trichrome staining) under the table in Figure 7 are representative of the single-cell case in the HA-only and HA-EAbuK-IKVAV cultures.





4. Conclusions


In this work, the simulation results highlight the effect of inhomogeneity on the transmembrane potential related to the application of an electric field in tissue. In particular, the presence of collagen around a cell increases the transmembrane potential, with respect to the homogeneous case. The same conditions are applied in the numerical model reproducing the presence of collagen around a group of cells. The experimental results show that EP could be improved by collagen produced by 3D cultures grown on HA-based hydrogels enriched with EAbuK-IKVAV. In fact, this is evident when comparing results of the HA-EAbuK-IKVAV scaffold with the ones determined in 2D adherent cultures or HA-based cultures lacking collagen, for which the transmembrane potential is not enhanced, and experimental results do not show electroporation at the same electrical conditions. Then, this work gathers the numerical analysis by FEA with experimental validation in a synthetic scaffold able to mimic ECM similar to the real tissues. This way, the presented method is able to show in an experimental platform the effect of the inhomogeneity of the tissue’s electrical properties during the application of the voltage pulses of ECT.







Author Contributions


Conceptualization, M.E.M., M.D. and E.S.; methodology, M.E.M., P.L. and M.T.C.; software, M.F.; validation, E.S. and A.Z.; investigation, B.B., C.B. and A.Z.; data curation, E.S. and B.B.; writing—original draft preparation, M.E.M., A.Z. and E.S.; writing—review and editing, M.T.C., M.D. and M.F.; supervision, P.D.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Data are not available.




Acknowledgments


Authors are grateful to Igea S.p.A. (Carpi, MO, Italy) for the loan of the pulse generator and electrodes. The project was funded by grant CPDA138001 (Padua University) and developed in the framework of a COST TD1104 action (www.electroporation.net, accessed on 1 September 2023).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Campana, L.G.; Edhemovic, I.; Soden, D.; Perrone, A.M.; Scarpa, M.; Campanacci, L.; Cemazar, M.; Valpione, S.; Miklavčič, D.; Mocellin, S.; et al. Electrochemotherapy—Emerging Applications Technical Advances, New Indications, Combined Approaches, and Multi-Institutional Collaboration. Eur. J. Surg. Oncol. 2019, 45, 92–102. [Google Scholar] [CrossRef] [PubMed]

	



Campana, L.G.; Quaglino, P.; Bechara, F.G.; Marconato, R.; Ascierto, P.A.; Caracò, C.; Brizio, M.; Clover, J.; Bourke, M.; Valpione, S.; et al. Electrochemotherapy in Melanoma: A European e-Delphi Survey to Define a Consensus on Indications, Treatment Modalities and Quality Indicators. Eur. J. Surg. Oncol. 2019, 45, e18. [Google Scholar] [CrossRef]

	



De Virgilio, A.; Ralli, M.; Longo, L.; Mancini, P.; Attanasio, G.; Atturo, F.; De Vincentiis, M.; Greco, A. Electrochemotherapy in Head and Neck Cancer: A Review of an Emerging Cancer Treatment (Review). Oncol. Lett. 2018, 16, 3415–3423. [Google Scholar] [CrossRef] [PubMed]

	



Gehl, J.; Sersa, G.; Matthiessen, L.W.; Muir, T.; Soden, D.; Occhini, A.; Quaglino, P.; Curatolo, P.; Campana, L.G.; Kunte, C.; et al. Updated Standard Operating Procedures for Electrochemotherapy of Cutaneous Tumours and Skin Metastases. Acta Oncol. 2018, 57, 874–882. [Google Scholar] [CrossRef]

	



Sersa, G.; Cufer, T.; Paulin, S.M.; Cemazar, M.; Snoj, M. Electrochemotherapy of Chest Wall Breast Cancer Recurrence. Cancer Treat. Rev. 2012, 38, 379–386. [Google Scholar] [CrossRef]

	



Marty, M.; Sersa, G.; Garbay, J.R.; Gehl, J.; Collins, C.G.; Snoj, M.; Billard, V.; Geertsen, P.F.; Larkin, J.O.; Miklavcic, D.; et al. Electrochemotherapy—An Easy, Highly Effective and Safe Treatment of Cutaneous and Subcutaneous Metastases: Results of ESOPE (European Standard Operating Procedures of Electrochemotherapy) Study. Eur. J. Cancer Suppl. 2006, 4, 3–13. [Google Scholar] [CrossRef]

	



Ivorra, A.; Villemejane, J.; Mir, L. Electrical Modeling of the Influence of Medium Conductivity on Electroporation. Phys. Chem. Chem. Phys. PCCP 2010, 12, 10055–10064. [Google Scholar] [CrossRef]

	



Pucihar, G.; Kotnik, T.; Kandušer, M.; Miklavčič, D. The Influence of Medium Conductivity on Electropermeabilization and Survival of Cells in Vitro. Bioelectrochemistry 2001, 54, 107–115. [Google Scholar] [CrossRef]

	



Ruzgys, P.; Jakutavičiūtė, M.; Šatkauskienė, I.; Čepurnienė, K.; Šatkauskas, S. Effect of Electroporation Medium Conductivity on Exogenous Molecule Transfer to Cells in Vitro. Sci. Rep. 2019, 9, 1436. [Google Scholar] [CrossRef]

	



Silve, A.; Leray, I.; Poignard, C.; Mir, L.M. Impact of External Medium Conductivity on Cell Membrane Electropermeabilization by Microsecond and Nanosecond Electric Pulses. Sci. Rep. 2016, 6, 19957. [Google Scholar] [CrossRef]

	



Ongaro, A.; Pellati, A.; Caruso, A.; Battista, M.; De Terlizzi, F.; De Mattei, M.; Fini, M. Identification of in Vitro Electropermeabilization Equivalent Pulse Protocols. Technol. Cancer Res. Treat. 2011, 10, 465–473. [Google Scholar] [CrossRef] [PubMed]

	



Dermol, J.; Pakhomova, O.N.; Pakhomov, A.G.; Miklavčič, D. Cell Electrosensitization Exists Only in Certain Electroporation Buffers. PLoS ONE 2016, 11, e0159434. [Google Scholar] [CrossRef]

	



Batista Napotnik, T.; Miklavčič, D. In Vitro Electroporation Detection Methods—An Overview. Bioelectrochemistry 2018, 120, 166–182. [Google Scholar] [CrossRef] [PubMed]

	



Miklavčič, D.; Pavšelj, N.; Hart, F.X. Electric Properties of Tissues. In Wiley Encyclopedia of Biomedical Engineering; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2006; ISBN 978-0-471-74036-0. [Google Scholar]

	



Sel, D.; Cukjati, D.; Batiuskaite, D.; Slivnik, T.; Mir, L.M.; Miklavcic, D. Sequential Finite Element Model of Tissue Electropermeabilization. Biomed. Eng. IEEE Trans. 2005, 52, 816–827. [Google Scholar] [CrossRef]

	



Čorović, S.; Županič, A.; Kranjc, S.; Al Sakere, B.; Leroy-Willig, A.; Mir, L.M.; Miklavčič, D. The Influence of Skeletal Muscle Anisotropy on Electroporation: In Vivo Study and Numerical Modeling. Med. Biol. Eng. Comput. 2010, 48, 637–648. [Google Scholar] [CrossRef]

	



Ivorra, A.; Al-Sakere, B.; Rubinsky, B.; Mir, L.M. In Vivo Electrical Conductivity Measurements during and after Tumor Electroporation: Conductivity Changes Reflect the Treatment Outcome. Phys. Med. Biol. 2009, 54, 5949. [Google Scholar] [CrossRef]

	



Laufer, S.; Ivorra, A.; Reuter, V.E.; Rubinsky, B.; Solomon, S.B. Electrical Impedance Characterization of Normal and Cancerous Human Hepatic Tissue. Physiol. Meas. 2010, 31, 995. [Google Scholar] [CrossRef]

	



Tosi, A.L.; Campana, L.G.; Dughiero, F.; Forzan, M.; Rastrelli, M.; Sieni, E.; Rossi, C.R. Microscopic Histological Characteristics of Soft Tissue Sarcomas: Analysis of Tissue Features and Electrical Resistance. Med. Biol. Eng. Comput. 2017, 55, 1097–1108. [Google Scholar] [CrossRef]

	



Kojic, M.; Milsevic, M.; Ziemys, A. Computational Models in Biomedical Engineering: Finite Element Models Based on Smeared Physical Fields: Theory, Solutions, and Software; Academic Press: Cambridge, MA, USA, 2022; ISBN 978-0-323-90669-2. [Google Scholar]

	



Provenzano, P.P.; Eliceiri, K.W.; Campbell, J.M.; Inman, D.R.; White, J.G.; Keely, P.J. Collagen Reorganization at the Tumor-Stromal Interface Facilitates Local Invasion. BMC Med. 2006, 4, 38. [Google Scholar] [CrossRef]

	



Auvinen, P.; Tammi, R.; Parkkinen, J.; Tammi, M.; Ågren, U.; Johansson, R.; Hirvikoski, P.; Eskelinen, M.; Kosma, V.-M. Hyaluronan in Peritumoral Stroma and Malignant Cells Associates with Breast Cancer Spreading and Predicts Survival. Am. J. Pathol. 2000, 156, 529–536. [Google Scholar] [CrossRef]

	



Costa, E.C.; Moreira, A.F.; de Melo-Diogo, D.; Gaspar, V.M.; Carvalho, M.P.; Correia, I.J. 3D Tumor Spheroids: An Overview on the Tools and Techniques Used for Their Analysis. Biotechnol. Adv. 2016, 34, 1427–1441. [Google Scholar] [CrossRef] [PubMed]

	



Bulysheva, A.A.; Heller, R. 3D Culture Models to Assess Tissue Responses to Electroporation. In Handbook of Electroporation; Miklavcic, D., Ed.; Springer International Publishing: Cham, Switzerland, 2017; pp. 1–14. ISBN 978-3-319-26779-1. [Google Scholar]

	



Brun, P.; Dettin, M.; Campana, L.G.; Dughiero, F.; Sgarbossa, P.; Bernardello, C.; Tosi, A.L.; Zamuner, A.; Sieni, E. Cell-Seeded 3D Scaffolds as in Vitro Models for Electroporation. Bioelectrochemistry 2019, 125, 15–24. [Google Scholar] [CrossRef] [PubMed]

	



Sieni, E.; Bazzolo, B.; Pieretti, F.; Zamuner, A.; Tasso, A.; Dettin, M.; Teresa Conconi, M. Breast Cancer Cells Grown on Hyaluronic Acid-Based Scaffolds as 3D in Vitro Model for Electroporation. Bioelectrochemistry 2020, 136, 107626. [Google Scholar] [CrossRef] [PubMed]

	



Cindric, H.; Gasljevic, G.; Edhemovic, I.; Brecelj, E.; Zmuc, J.; Cemazar, M.; Seliskar, A.; Miklavcic, D.; Kos, B. Numerical Mesoscale Tissue Model of Electrochemotherapy in Liver Based on Histological Findings. Sci. Rep. 2022, 12, 6476. [Google Scholar] [CrossRef] [PubMed]

	



Corovic, S.; Lackovic, I.; Sustaric, P.; Sustar, T.; Rodic, T.; Miklavcic, D. Modeling of Electric Field Distribution in Tissues during Electroporation. Biomed. Eng. Online 2013, 12, 16. [Google Scholar] [CrossRef] [PubMed]

	



Kotnik, T.; Pucihar, G.; Miklavčič, D. Induced Transmembrane Voltage and Its Correlation with Electroporation-Mediated Molecular Transport. J. Membr. Biol. 2010, 236, 3–13. [Google Scholar] [CrossRef]

	



Kavian, O.; Leguèbe, M.; Poignard, C.; Weynans, L. “Classical” Electropermeabilization Modeling at the Cell Scale. J. Math. Biol. 2014, 68, 235–265. [Google Scholar] [CrossRef]

	



Pavlin, M.; Pavselj, N.; Miklavcic, D. Dependence of Induced Transmembrane Potential on Cell Density, Arrangement, and Cell Position inside a Cell System. IEEE Trans. Biomed. Eng. 2002, 49, 605–612. [Google Scholar] [CrossRef]

	



Suzuki, D.O.H.; Ramos, A.; Marques, J.L.B. Modeling Environment for Numerical Simulation of Applied Electric Fields on Biological Cells. Electromagn. Biol. Med. 2007, 26, 239–250. [Google Scholar] [CrossRef]

	



Krassowska, W.; Filev, P.D. Modeling Electroporation in a Single Cell. Biophys. J. 2007, 92, 404–417. [Google Scholar] [CrossRef]

	



Murovec, T.; Sweeney, D.C.; Latouche, E.; Davalos, R.V.; Brosseau, C. Modeling of Transmembrane Potential in Realistic Multicellular Structures before Electroporation. Biophys. J. 2016, 111, 2286–2295. [Google Scholar] [CrossRef] [PubMed]

	



Jacobs, E.J., IV; Graybill, P.M.; Jana, A.; Agashe, A.; Nain, A.S.; Davalos, R.V. Engineering High Post-Electroporation Viabilities and Transfection Efficiencies for Elongated Cells on Suspended Nanofiber Networks. Bioelectrochemistry 2023, 152, 108415. [Google Scholar] [CrossRef] [PubMed]

	



Štancl, J.; Skočilas, J.; Landfeld, A.; Žitný, R.; Houška, M. Electrical and Thermodynamic Properties of a Collagen Solution. Acta Polytech. 2017, 57, 229–234. [Google Scholar] [CrossRef]

	



Elia, S.; Lamberti, P.; Tucci, V. Influence of Uncertain Electrical Properties on the Conditions for the Onset of Electroporation in an Eukaryotic Cell. IEEE Trans. NanoBioscience 2010, 9, 204–212. [Google Scholar] [CrossRef]

	



Ramos, A.; Suzuki, D.O.H.; Marques, J.L.B. Numerical Study of the Electrical Conductivity and Polarization in a Suspension of Spherical Cells. Bioelectrochemistry 2006, 68, 213–217. [Google Scholar] [CrossRef]

	



Pavselj, N.; Miklavcic, D. Numerical Models of Skin Electropermeabilization Taking into Account Conductivity Changes and the Presence of Local Transport Regions. IEEE Trans. Plasma Sci. 2008, 36, 1650–1658. [Google Scholar] [CrossRef]

	



Meunier, G. The Finite Element Method for Electromagnetic Modeling; ISTE: London, UK; Wiley: Hoboken, NJ, USA, 2008; ISBN 978-1-84821-030-1. [Google Scholar]

	



Binns, K.J.; Lawrenson, P.J.; Trowbridge, C.W. The Analytical and Numerical Solution of Electric and Magnetic Fields; Wiley: Chichester, UK, 1992; ISBN 0-471-92460-1. [Google Scholar]

	



Weaver, J.C.; Chizmadzhev, Y.A. Theory of Electroporation: A Review. Bioelectrochem. Bioenerg. 1996, 41, 135–160. [Google Scholar] [CrossRef]

	



Faurie, C.; Golzio, M.; Phez, E.; Teissié, J.; Rols, M.-P. Electric Field-Induced Cell Membrane Permeabilization and Gene Transfer: Theory and Experiments. Eng. Life Sci. 2005, 5, 179–186. [Google Scholar] [CrossRef]

	



Kotnik, T.; Kramar, P.; Pucihar, G.; Miklavcic, D.; Tarek, M. Cell Membrane Electroporation—Part 1: The Phenomenon. IEEE Electr. Insul. Mag. 2012, 28, 14–23. [Google Scholar] [CrossRef]

	



Kotnik, T.; Miklavcic, D. Theoretical Evaluation of Voltage Inducement on Internal Membranes of Biological Cells Exposed to Electric Fields. Biophys. J. 2006, 90, 480–491. [Google Scholar] [CrossRef]

	



Brun, P.; Zamuner, A.; Peretti, A.; Conti, J.; Messina, G.M.L.; Marletta, G.; Dettin, M. 3D Synthetic Peptide-Based Architectures for the Engineering of the Enteric Nervous System. Sci. Rep. 2019, 9, 5583. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S. Emerging Biological Materials through Molecular Self-Assembly. Biotechnol. Adv. 2002, 20, 321–339. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Z.; Wang, S.; Zhang, S. Fabrication of Self-Assembling d-Form Peptide Nanofiber Scaffold d-EAK16 for Rapid Hemostasis. Biomaterials 2011, 32, 2013–2020. [Google Scholar] [CrossRef] [PubMed]

	



Lu, S.; Wang, H.; Sheng, Y.; Liu, M.; Chen, P. Molecular Binding of Self-Assembling Peptide EAK16-II with Anticancer Agent EPT and Its Implication in Cancer Cell Inhibition. J. Control. Release 2012, 160, 33–40. [Google Scholar] [CrossRef] [PubMed]

	



Grant, G.A. (Ed.) Synthetic Peptides: A User’s Guide, 2nd ed.; Advances in Molecular Biology; Oxford University Press: Oxford, UK; New York, NY, USA, 2002; ISBN 978-0-19-513261-8. [Google Scholar]

	



Napotnik, T.B. Fluorescent Indicators of Membrane Permeabilization Due to Electroporation. In Handbook of Electroporation; Miklavcic, D., Ed.; Springer International Publishing: Cham, Switzerland, 2016; pp. 1–19. ISBN 978-3-319-26779-1. [Google Scholar]

	



Lekner, J. Electroporation in Cancer Therapy without Insertion of Electrodes. Phys. Med. Biol. 2014, 59, 6031–6042. [Google Scholar] [CrossRef]

	



Bernardis, A.; Bullo, M.; Campana, L.G.; Di Barba, P.; Dughiero, F.; Forzan, M.; Mognaschi, M.E.; Sgarbossa, P.; Sieni, E. Electric Field Computation and Measurements in the Electroporation of Inhomogeneous Samples. Open Phys. 2017, 15, 790–796. [Google Scholar] [CrossRef]

	



Denzi, A.; Strigari, L.; Di Filippo, F.; Botti, C.; Di Filippo, S.; Perracchio, L.; Ronchetti, M.; Cadossi, R.; Liberti, M. Modeling the Positioning of Single Needle Electrodes for the Treatment of Breast Cancer in a Clinical Case. Biomed. Eng. Online 2015, 14, S1. [Google Scholar] [CrossRef]

	



Miklavcic, D.; Corovic, S.; Pucihar, G.; Pavselj, N. Importance of Tumour Coverage by Sufficiently High Local Electric Field for Effective Electrochemotherapy. EJC Suppl. 2006, 4, 45–51. [Google Scholar] [CrossRef]








[image: Bioengineering 10 01062 g001] 





Figure 1. The geometry of the model used in the FEA (left side) mimics a histological hematoxylin/eosin staining of a sarcoma slice (top right), and an example of data analysis (i.e., color map showing electric field distribution). Representation of the lines used to model the electrodes (thick black lines supplied at 0 V and thick red line at 100 V). Electric field potential is evaluated along the white dotted lines reported in the model. Detail of the mesh used to compute the electric field (bottom right). 
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Figure 2. Schema for the determination of the transmembrane potential, and the electrode used in electroporation. 
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Figure 3. Electric potential for the evaluation of transmembrane potential and electric field distribution around a cell (A,B,E) or groups of cells (C,D) in some relevant cases (cell diameter 50 um): analysis of a single cell in fibrous stroma with low cell density and cell conductivity for cases described in Table 2. (E) Behavior of the electric potential, transmembrane potential, and electric field distribution in presence of stroma inhomogeneity. * fibrous stroma with σC = 0.2 S/m. +: myxoid stroma with σC = 1.3 S/m. The number 1–3 represents the cells for which the transmembrane potential is evaluated. 
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Figure 4. Electric potential map in the nine-cell group with a local cell density of nine cells/mm2 (cell–cell distance 283 μm, cell diameter 50 μm) and transmembrane potential for the cell surrounded by the fibrous shell without shell with a diameter of 200 μm. The number 1–3 represents the cells for which the transmembrane potential is evaluated. 
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Figure 5. EP of HCC1954 cells cultured in HA-EAbuK-IKVAV- and HA-based hydrogels compared to 2D cultures. The left panel shows Masson trichrome staining, and the right panel shows PI and HOE staining after EP. 
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Figure 6. Color map of electric field intensity for the single-cell case with (A) no collagen shell, case H in Table 1, and (B) collagen shell, case around the central cell of the nine-cell group. Electric field and electrical potential sampled along line α and electric field along line β. Representative of the histological images (Masson trichrome staining) of the HA-only and HA-EAbuK-IKVAV HCC1954 cultures. Table reports transmembrane potential along line α. The number 1–3 represents the cells for which the transmembrane potential is evaluated. 
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Figure 7. Color map of electric field intensity for the spheroid case with (A) no collagen shell, case M in Table 1, and (B) collagen shell around the nine-cell group. Electric field and electrical potential sampled along line α and electric field along line β. Representative of the histological images (Masson trichrome staining) of the HA-only and HA-EAbuK-IKVAV HCC1954 cultures. Table reports transmembrane potential along line α. The number 1–3 represents the cells for which the transmembrane potential is evaluated. 
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Table 1. Analysis set-up using FEA for different cases. Y = yes, the single cell or the cell group was studied both encapsulated in a collagen shell and without encapsulation; N = no, the collagen shell was not included. * model divided into two sub-areas with different conductivity; the number in the first row represents the conductivity of the shell and the one of cell interior.
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	A
	B
	C
	D
	E *
	F
	G
	H
	I
	L
	M





	σS [S/m]
	0.2
	0.2
	0.2
	1.3
	0.2/1.3
	0.13
	0.2
	1.3
	0.2
	1.3
	1.3



	σC [S/m]
	0.13
	0.02
	0.13
	0.13
	0.13
	0.13
	0.13
	0.13
	0.13
	0.13
	0.13



	Cell diameter [μm], CD
	50
	50
	50
	50
	50
	50
	10
	10
	10
	10
	10



	Cell local density [cell/mm2], CLD
	9
	9
	350
	350
	9
	9
	1000
	1000
	100
	100
	8000



	Cell–cell distance [μm], CCD
	283
	283
	3.5
	3.5
	283
	283
	21.6
	21.6
	90
	90
	1.2



	Cell/cell-group shell
	Y
	N
	N
	N
	N
	N
	N
	Y
	N
	N
	Y










 





Table 2. Transmembrane potential, ΔV, in some relevant cases evaluated in the central cell-line (vertical) of the group of nine cells.
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	A
	B
	C
	D
	E *
	F
	G
	H
	I
	L
	M





	σ(S) [S/m]
	0.2
	0.2
	0.2
	1.3
	0.2/1.3
	1.3
	0.2
	1.3
	0.2
	1.3
	1.3



	σ(C) [S/m]
	0.13
	0.02
	0.13
	0.13
	0.13
	0.13
	0.13
	0.13
	0.13
	0.13
	0.13



	CD [μm]
	50
	50
	50
	50
	50
	50
	10
	10
	10
	10
	10



	CLD [cell/mm2]
	9
	9
	350
	350
	9
	9
	1000
	1000
	100
	100
	8000



	ΔV(2) central
	4.2
	2.9
	3.95
	4.1
	7.3–1.2
	4.4
	0.968
	0.979
	0.968
	0.977
	0.914



	ΔV(1) external
	4.2
	2.9
	4.65
	4.9
	7.3
	4.4
	0.987
	0.996
	0.971
	0.981
	1.092



	ΔV(3) external
	4.2
	2.9
	4.65
	4.9
	1.2
	4.4
	0.987
	0.995
	0.971
	0.981
	1.003







* model divided into two sub-areas with different conductivity; the number in the first row represents the conductivity of the shell and the one of cell interior.
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