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Simulations probing the conductivity changes of three-dimensional models of biological tissues

consisting of random ternary core-shell sphere packings with different spatial scales are described. We

investigate the temporal evolution of the electric conductivity of these packings during application of

an electric field with magnitude either below or above the value leading to cell membrane

electroporation. The fraction of electroporated cells can be described by a hyperbolic tangent function

of the electric field. The collective physical processes causing the transient permeability of the cell

membranes can be understood by analogy with the physics of a two-state system with an external

field. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3700727]

Electroporation (EP) permits the uptake of poorly per-

meant molecules, like fluorescent probes, proteins, and DNA

fragments, because it transiently increases the permeability

of the cell membrane.1,2 Since the discovery of EP, the ques-

tion of the physical mechanisms that temporarily disturb the

phospholipid bilayer of the plasma membrane has been a

forefront topic in the field of EP. EP results in the significant

increase in the electrical conductivity and diffusive perme-

ability of the cell membrane caused by a large pulsed electri-

cal field E,1–5 i.e., typically a few kV cm�1 lasting from 1 ls

to few ms. A number of studies have reported that EP

depends on the local induced transmembrane voltage (ITV)

induced by the external electric field. It has also been shown

that a specific ITV threshold exists for the manifestation of

the EP phenomenon (typically from 0.2 V to 1 V, depending

on the cell type), i.e., only the cells within areas where

ITV� ITVth are electroporated. If the field is too strong or

lasts too long a time, the viability of the cells is compro-

mised and EP is said to be irreversible.

However, there has arguably been a lack of theoretical

models capable of explaining the diversity of findings con-

cerning the EP of biological materials, e.g., tissue.5 In particu-

lar, the main focus of experimental studies has been on dense

suspensions of cells and tissues.5 A tissue is an ensemble of

cells that together carry out a specific function, e.g., in a con-

nective tissue (Fig. 1(a)) cells of diameter between 10 and

20 lm are spread through an extracellular fluid. Reconstruct-

ing the three-dimensional morphology of biological objects

such as tissues using first-principles computations is a formi-

dable challenge (see, e.g., Ref. 6 for a recent review and refer-

ences). Numerical modeling studies probing the statistical

structure and the electric response of these complex and heter-

ogeneous environments have been limited. This question has

been studied by considering, e.g., the mesh transport network

method, which utilizes equivalent circuit networks to simulate

nonlinear, coupled transport phenomena,7 finite difference

method,4 molecular dynamics,8 or finite element (FE)

simulations.3,9

Early studies2–4 showed that EP of cell membranes

arises in specific regions (“hot spots”). It remains unclear,

however, how close proximity of cells in tissues affects the

formation of hot spots. What remains of crucial importance

is whether it is possible to evaluate the fraction of electropo-

rated cells of an assembly of cells modelling a tissue. It was

indicated in Ref. 5 that the use of fluorescent dyes allowed

experiments to reveal the collective behavior associated with

the cell membrane EP of dense cell suspensions. As the cell

density increases, the fraction of electroporated cells is found

to decrease.5 The density increase favors electric shielding

of cells, which, in turn, leads to a decrease of the ITV.5 It has

also been recognized for some time that the electric-field

induced stretching of the membrane exhibits a peculiar ani-

sotropy. For spherical cells, it is well known that anisotropy

should manifest itself as a cos h dependence for the electric

FIG. 1. (a) Loose connective tissue composed of adipose cells. The source

of image from Huclova et al., J. Phys. D 43, 365405 (2010). Copyright

2010, IOP. (b) A specific realization of our multicellular tissue model con-

sisting of randomly positioned spherical CS structures with three cell sizes:

8, 10, and 12 lm. (c) Spatial patterns of the local increase in membrane elec-

tric conductivity illustrating the spatial distribution of hot spots in randomly

positioned CS structures. The cell density is set to 28 vol. %. The electric

conductivity is computed 4 ls after the onset of the field with magnitude of

1 kV cm�1>Eth¼ 0.45 kV cm�1. The color bar on the right gives the values

of the membrane conductivity.a)Electronic mail: brosseau@univ-brest.fr.
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field components1,2 and as a cos2h for the Maxwell stress

tensor components2 at membrane interfaces, where h denotes

the angle from the axis formed by the line passing through

its origin and parallel to the applied electric field. Conceptu-

ally, the local and anisotropic characters of cells’ EP pose

fundamental problems in understanding both the numerical

simulations and observations of tissues.

One of the main purposes of this letter is to argue that

by using a parsimonious, computationally simple stochastic

three-dimensional model of packings of spheres of three

sizes (ternary sphere packings), one can obtain, by comput-

ing the changes in electric conductivity due to EP, results

which are consistent with the above mentioned observations.

Achieving an accurate quantitative description of the fraction

of electroporated cells p of a tissue subjected to a transient

electric field is a daunting task. Here, we use this multiscale

model to predict p by monitoring the membrane electric

conductivity as a function of the exogenous electric field

magnitude. This prediction is shown to agree well with

experimental observations.10

The core-shell (CS) model of biological cells has been

recognized as a fertile ground in respect of their dielectric

relaxation mechanisms.11 An important aspect of this contin-

uum model is that the potential drop over the cell size occurs

almost entirely across the membrane since there is a high

conductivity contrast between the insulating membrane

(nanosized shell) and the conducting cytoplasmic core. We

model a tissue with a random assembly of CS spherical

structures with three cell radii 8, 10, and 12 lm. These values

are consistent with the cell size distribution observed in re-

flectance in biological tissues (see Fig. 1(a)).12 Even if real

tissues, however, are not composed of rigid and immobilized

cells, we will restrict our study to undeformable sphere-

shaped cells. The algorithmic method consists of placing the

CS spherical particles in a random manner without any over-

lap between them employing an internal MATLAB function,

which uses a lagged Fibonacci random numbers generator.

The general recipe can be used to construct various models,

depending on the cell radius and number assignments. An

example of such geometric model is shown in Fig. 1(b) along

with the corresponding local distribution in membrane elec-

tric conductivity (Fig. 1(c)). We shall use the asymptotic

DeBruin-Krassowska (DBK) model of EP for a single cell

based on the Smoluchowski equation. The full description of

DBK model is given in Refs. 4 and 13. Representative values

for the primary parameters defining the assembly of CS

structures and the cell and tissue EP are identical to those of

Table I in Ref. 3. The FE method presented here solves

Laplace’s equation in time domain to obtain the distribution

of the electric potential in the model. The effective conduc-

tivity of the cell suspension r is obtained from the linear

response of the current density j ¼ rE induced by the exoge-

nous electric field. The time rise is 0.1 ls. It was imple-

mented within COMSOL using a Heaviside function. The first-

principle calculations were performed in COMSOL MULTIPHY-

SICS, a commercial program that uses FE methods to solve

partial differential equations.14,15 The simulations use an

80� 80� 80 lm3 computational domain with electrically

insulated boundary conditions for the y-z and x-z planes

(conservation of the electric current density), adopting previ-

ously published techniques.4,5 Tetrahedral meshes were used

in these calculations. The number of tetrahedral elements

varies between 40 000 (20 vol. % of cells) and 55 000 (for

the denser configuration of cells.). The membrane was

replaced by a thin surface to which a boundary condition is

assigned between the cytoplasm and the extracellular me-

dium. That is the mesh elements corresponding to the mem-

brane are avoided.5 The average computational time of a

typical simulation of the multicellular tissue model shown in

Fig. 2 is about 1 h. A uniform external electric field, with

magnitude E and rise time tr, is applied along the x-axis.

The changes in the r during electric field excitation are

shown in the main frame of Fig. 2 for the average of 15 real-

izations of a random cell model arrangement consisting of

CS spheres of three sizes, each realization having a volume

fraction set to 28%. The increase of r vs time produced by

E ¼ 1 kV cm�1>Eth¼ 0.45 kV cm�1 should be interpreted

as a plausible evidence of the EP phenomenon.16,17 To

understand the physical origin of the local r enhancement

exhibited by tissue models, one must understand how local

interactions between cells affect the collective charge trans-

port. The primary effect of the field on the cells is the mem-

brane polarization, which creates the ITV. A single spherical

cell polarizes with relaxation time constant, which can be

written as4 s ¼ Ree0

h
1
ri
þ 1

re

� �
, where R denotes the cell radius,

e the relative permittivity (5) of its membrane of thickness h

(5 10�9 m), ri is the intracellular conductivity (0:2 X�1m�1),

and re is the extracellular conductivity (1 X�1m�1). For

these parameters and for multiple cells situation considered

in Fig. 1, the membrane charging time is s � 1 ls (Fig. 2)

and is consistent with a passive resistive-capacitive mem-

brane charging exposed to an electric field. In Fig. 2, once

charging is complete (t> s), the observed increase of r for

E> 1 kV/cm corresponds to EP of cells while the curve

observed for E¼ 0.4 kV cm�1<Eth is the expected behavior

for nonelectroporated cells (Fig. 2(b)). The increase of r is

due to the fact that part of the current, which was flowing

around cells, can now flow through the electroporated cells.

The collective (macroscopic) tissue response is determined

by the local electric field experienced by the individual cells

FIG. 2. Time dependence of the average electric conductivity r calculated

for 15 realizations of the tissue model shown in Fig. 1(b). The solid line

(black) is r(t) for E¼ 0.4 kV cm�1<Eth¼ 0.45 kV cm�1 and the dotted line

(red) is r(t) for E¼ 1 kV cm�1>Eth¼ 0.45 kV cm�1. The cell density is set

to 28 vol. %. (a) Size histogram for three cell radii used in the tissue model.

(b) Inset showing an enlarged view of the main frame between 1 and 100 ls.
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at the microscopic level. The slight overshoot in r(t) is asso-

ciated with the capacitive term of the current. The shorter the

rise time of the voltage pulse, the higher the overshoot.16

After having demonstrated that this tissue model pro-

vides a satisfactory description of the electrical properties,

we now proceed to investigate the influence of cell size poly-

dispersity on r. Two important observations can be made.

First, the larger cells were electroporated first. Second, areas

of cell membranes that undergo EP occur in regions where

polarization is maximized.

Motivated by the above results, we carried out similar

simulations of multiscale tissue model with different den-

sities in order to clarify the relationship between the fraction

of electroporated cells p and the applied electric field magni-

tude E. The fraction of electroporated cells p was calculated

for 5 different realizations of the tissue model, with each

model having the same cell density, and the values of p were

then averaged. Fig. 3 compares the values of pðEÞ for 3 cell

densities ranging from 20 vol. % to 33 vol. % for field dura-

tion of 100 ls. These results lead to the important conclusion

that EP initiates at higher E when cell suspension is denser.

It is important to note that our calculations are in good agree-

ment with the experimental observations of Ref. 5, where

higher cell densities required higher field magnitudes to

obtain the same fraction of EP. Physically, dipolar couplings

which are effective at the macroscopic scale are important

when the polarization is not isotropic. We should underline

that from a physical point of view, it is natural to expect a

large anisotropic r in the EP since only a fraction of the

cell’s area is electroporated during the field exposure

(Fig. 1(c)).3 As can be clearly observed in Fig. 3, the sigmoid

pðEÞ ¼
�

1þ tanh
�
bðE� EcÞ

��
=2, where b is a constant

and Ec is a crossover field, seem to be a universal character-

istics for the range of densities investigated in this study. It is

worth noting that the curves shown are coherent with the

modelling and experimental study of the diffusion-driven

transmembrane transport of small molecules caused by elec-

tropermeabilization performed by Puc et al.18 Although we

came across this finding serendipitously, we would like to

question whether this equation explains data better than a

simple empirical curve. In fact, this universality can be inter-

preted in the framework of two-state systems commonly

encountered in statistical physics, e.g., the archetype models

are the spin-1=2 case of paramagnetism and the polarized

light,19 according to which the order parameter follows a

hyperbolic tangent law as a function of the exciting field.

The above remarks are relevant to our work because the

electroporated and non-electroporated cell membranes sub-

jected to the applied electric field can be viewed as the two

states in the linear response regime. Taken together, these

simulations qualitatively reproduce the features of the hyper-

bolic tangent law describing the crossover from non-

electroporated to electroporated states. Reducing the cell

density in the computational domain results in a decrease of

Ec (Fig. 3) whereas b is found to be constant and equal to

0.11 (kV/cm)�1.

Cells in tissue are likely to be electroporated at a lower

electric field than cells in suspensions. There are still some

unresolved issues regarding the role of cell junctions and

microstructure present in tissue on cell EP. We expect that a

multiscale model with a more realistic representation of tis-

sues will give us valuable insight into the EP phenomenon at

the tissue level. For cell densities lower than approximately

10 vol. %, the results would be very similar to those obtained

for an isolated spherical cell. However, increasing cell den-

sities would require progressively higher electric fields to

obtain the same fraction of electroporated cells (Fig. 3) and

this will hold even for cell densities above 33%.

Finally, Fig. 4 compares the values of pðEÞ obtained

from our numerical model for two different field durations.

A good agreement between numerical data and the hyper-

bolic tangent law is found for both curves. The results reveal

that the crossover field decreases from 0.7 to 0.63 kV/cm as

the duration of the pulse field the application is increased

from 4 to 100 ls with a common value of b ffi 0:11.

In summary, we have shown that a simple three-

dimensional model of tissues that uses random spatial distri-

butions of ternary simple cell models can qualitatively

account for predicting the collective electrical response of

cells in tissues to applied electric fields. This work provides

a convincing example of an in silico multiscale model of tis-

sues. Of particular novelty has been the identification of the

volume fraction of electroporated cells in the multiscale

models of tissue, which can be described with a hyperbolic

tangent law. Further numerical experiments for different cell

FIG. 3. Fraction of electroporated cells p, as a function of electric field

magnitude E for cell densities of (n) 20 vol. %, (�) 28 vol. %, and (~) 33

vol. %. The results are the averages of 5 random distributions of ternary CS

tissue models for a given cell density. The curves are the fits of the hyper-

bolic tangent law to the calculated data. The field duration is 100 ls.

FIG. 4. Fraction of electroporated cells, averaged over 5 disorder realiza-

tions, of the tissue model versus applied electric field magnitude for a ran-

dom distribution of ternary CS cells model with cell density of 28 vol. % for

two durations of the electric field E (n) 4 ls and (�) 100 ls. Data sets can be

fit with the hyperbolic tangent law which is shown as solid line.
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size distributions remain to be done to illuminate generalities

and/or differences between the present case for which

smaller cells are in larger proportion than larger cells.

Finally, we observed that our formulation can readily be gen-

eralized to spatially distributed CS cell models with irregular

shape, e.g., cuboidal epithelial tissue cells, echinocytes.20

The flexibility of multiphysics modeling with FE methods

will allow future models to incorporate greater sophistica-

tion, simulating also molecular transport across the mem-

branes as well as the electromechanical properties of

tissues.2
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