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ABSTRACT. Cell electroporation is a complex phenomenon, which consists in the emergence of defects in cell
membranes subjected to electric pulses. Since the end of the 90’s biophysical models have been developed to
explain and predict the conditions for cell electroporation. However the recent biological data, in particular
those dealing with the influence of the repetition rate of the pulses challenge these biophysical models. In
this chapter different approaches to model electropore formation are presented. The simplest equivalent
circuit model is first presented. Biophysical approaches, which are extensively presented in Chapter 1 are
rapidly overviewed. For each approach, advantages and disadvantages are also discussed, in terms of physical
meaning and validation with the experimental data. Then phenomenological apporach is introduced. Such
approaches consist in designing the model on an empirical basis thanks to the experience. Even though the
physical bases of such models are still lacking, their provide new interesting views on the electroporation
processes, as described by the experiments. The aim of the chapter is to introduce the reader to different
ways of modeling cell membrane electroporation, and to provide some possible directions to obtain a more

reliable theory of electroporation in accordance with the experiments and with a justified theoretical basis.

Keywords: Cell electroporation modeling, biophysical and mathematical models for pore formation

1. INTRODUCTION

Eukaryotic cell is a complex biological entity, which is the main constituent of any biological tissues: it
is somehow the base unit of any living organism. These cells are generically composed of cytoplasm, which
includes nucleus, mitochondria and other organelles that are necessary for life. This cytoplasm is protected
from the extracellular stress by the plasma membrane, which is a phospholipid bilayer. This barrier plays
a double role of protecting the cell and controlling exchanges between the cytoplasm and the extracellular
medium. In the 70’s, it has been observed that electric shock may change transiently the membrane, allowing
the entrance of usually non-permeant molecules into the cytoplasm. This phenomenon, called electroporation
or electropermeabilization has then been studied for cancer treatments, by treating cells with cytototoxic
drugs — such as bleomycin or cisplatin — while exposing them to pulsed electric fields. This treatment called
electrochemotherapy (see the chapters by L.M Mir, Gehl and Sersa, and also Cadossi et al.) is now used
standardly in more than 40 Cancer Institutes in Europe for cutaneaous tumors and several clinical studies

are driven for deep located tumors. Even though the bases of cell electroporation are well-known, several
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Figure 1. Schematic process of electroporation.

experimental observations are still unexplained and the modeling of the phenomenon suffers from a lack
of accuracy. The aim of this chapter consists in presenting different approaches to model cell membrane
electroporation, and in discussing the pros and cons of each approach.

Generally speaking, the process of electroporation can be schematized by Figure [T Exposure to applied
external electrical field leads to an increase of the transmembrane voltage V;,, which induces an increase
of membrane conductivity oy, permittivity e, and permeability p,. Increased membrane conductivity
and permittivity, in turn, affect membrane voltage til the end of the pulse. Membrane permeability is not
intrinsic: it depends on the considered molecule, and is detected thanks to transport of molecules (PI, DNA
plasmids...). The aim of the chapter is to focus on the electrical description of the cell membrane, without
accounting for the transport process, which is still unclear. The chapter is organized into 5 sections. First,
the linear electric model of Schwan et al. [5] is presented. The cell is composed of a conducting cytoplasm
surrounded by a resistive thin layer. Equivalent circuit model is described and complexified by the generic
model in which the thin membrane is accounted for by imposing equivalent transmission conditions across
the interface between the cytoplasm and the outer medium. Electroporation phenomenon modeling is then
addressed. In Section [3] the biophysical models for are briefly introduced and the
model of Krassowska and Neu referred to as the KN—model, considered as the most advanced description of
electroporation, is described. In Section [d] phenomenological approaches which consist in designing a model
thanks to the experimental observations are proposed. Phenomenological models avoid the drawbacks of the
other models, in particular when considering the effect of pulse repetition. In conclusion, current challenges
in cell electroporation modeling are given, in order to obtain models reliable and in complete accordance

with the experiments.

2. CELL ELECTRICAL MODELING BEFORE ELECTROPORATION: THE LINEAR REGIME

In the , the cell is composed of a homogeneous conducting cytoplasm, which is roughly

tens of micrometers in diameter, surrounded by a few nanometers thick, insulating membrane (see Figure .

2.1. Equivalent circuit for cell: the 0D— model. The simplest way to model the cell is to derive an

model in which the cell cytoplasm is described by a resistivity Re, the cell membrane is
identified by a capacitor whose capacitance equals C,, and the ambient medium is described by a resistivity
R. as given by Figure Kirchhoff ’s circuit law writes then

AV
(1) Veell = Vin + RCCm—d )
t
If a static electric field of magnitude FE is applied to the cell of radius r. one infers

AV
(2) e E = Vi + RCCm%.
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(a) Schematic cell and dielectric parameters (b) Equivalent electric cell model

Figure 2. Electrical model of biological cell by Schwan, et al. [5] and its equivalent electric circuit.
The cytoplasm O is protected thanks to the thin membrane O, whose thickness h is about a few
nanometers. The cell is embedded in an extracellular medium denoted by O°. The entire domain
is denoted by €.

Assuming that V;, is zero at the initial time and that the electric field E is constant, then V;, is given by

(3) Vin(t) = 2r.E(1 —e7¥/7),  with 7= ReCh.

Interestingly, this very simple model exhibits a linear dependency of the on the
radius. Such a linear dependency is intrinsic and it will be recovered in the 3D—model, as explained below.
However this equivalent model is too rough, and in particular it cannot describe the influence of the cell
shape or the effect of the direction of the electric field on the membrane voltage. Therefore, it is necessary
to use partial differential equations (PDEs), which describe the electric field in the whole cell.

2.2. 3D Maxwell equations and their simplication to the 3D—model. Maxwell equations and the

standard constitutive laws for a dielectric material with permittivity € and conductivity o read
(4) curlH = e0,E + 0E, curlE = —curl H.

This 3D—vector system is quite complex to solve, especially for high contrast material as biological cells.
However, neglecting the time-variation of the magnetic field leads to a curl-free electric field E, which then
implies that E derives from a scalar potential E = —VV. Then, taking the divergence of the left equation
leads to the following PDE on V called the electroquasistatic formulation:

(5) V- (eVo,V)+ V- (cVV) =0,
to which initial and boundary conditions are imposed, for instance
(6) V|39 =9, V|t:0 =W.

For the cell cytoplasm and the extracellular medium, the ratio /0 is about 107%s (see the parameters of
Fig, meaning that up to several mega-hertz, the displacement currents can be neglected. However, due
to the high resistivity of the membrane, these currents have to be accounted for in the thin layer [16], hence
V' is the continuous solution to

(7) V- (cVV)=0, inO"uO" U,
(8) Uﬁnv‘rtr; = 5m8t6HV|F,’F’+ + am@thﬂ,,F;f7 on I' and I';, respectively,
(9) V|8Q =9, V|t:O = ‘/Oa



where I', and I are the respective outer and inner boundaries of the cell membrane, and the normal vectors
are taken from the inner to the outer part of the cell. Even though this equation is a rough simplification of
the Maxwell vector equations, VV describes quite precisely the electric field at low frequency and thus it is
widely used in the electrical bioengineering community. However, due to the high resistivity and the small
thickness of the membrane, it is still complex to solve accurately the above equation on V.

To perform computations on realistic cell shapes without meshing the cell membrane, Pucihar et al. [19]
propose to replace the membrane by an equivalent condition on the boundary of the cytoplasm, see Figure [3]

Denoting by Sg the surface conductance and by C,, the capacitance of the membrane defined as

Figure 3. Cell model with a zero-thickness membrane. The influence of the membrane is described

through its capacitance Cpn, and its surface conductance So.

(10) Cm =¢€m/h, So=0m/h,

and denoting by O, the whole cell

(11) Oc = Oh U Oy,

the V' is approached by U, the solution to

(12a) AU =0, in O, UO°,

(12b) 0eOnU|r+ = 0c0nU|p-,

(12¢) CimO: Vi + SoVin = 0.00U|r-, where Vi, = Ulr+ — Ulp-,
(12d) Ulpa =g, Uli=o = V.

It is worth noting that unlike V', the approximate potential U is discontinuous across the interface: this is
the effect of the high resistivity and the small thickness of the membrane. Equation (12c) corresponds to
a contact resistance model, rigorously justified by Poignard and Perrussel[I5]. It is a generalization of ,

accounting the cell geometry and the electric field orientation thanks to the Neumann derivative.

2.3. Spherical cell in a unidirectional constant field. For simple shapes and simple electric field, it is
possible to compute analytically the transmembrane voltage. For instance, let assume that the cell is a sphere
of radius 7. embedded in the whole space R? and submitted to the unidirectional electric field E = E(t) e,.
Using polar coordinates — z = r cos#sin ¢, y = rsinfsin ¢, z = r cos ¢ — the Kirchoff law reads

2060, > - 30.0¢
re(200 +0c)) " 206+ 0
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Therefore, for a time-constant electric field one obtains the explicit expression of Vi:

3 1 Cm
(14) Vm(t7 SO) = §TCE o F %0 (1 — eit/‘rm) COS @, with 7, = 2 ;C .
1 c eTcSO —ce + 7r:So
20.0¢ oc+ 20,

In the linear regime, the membrane conductance is of order 1, and since the cell radius is of the order tens

of microns, one has:

1 Cm 2
(15) 1 and mew_
1+ c eTcSO O0c0¢
20.0¢

Thus one recovers the linear dependency of the membrane voltage with respect to the cell radius, but with
a different constant compared with the equivalent circuit model.

One interesting feature of formula lies in the fact that the membrane conductance has to increase
dramatically to impact the membrane voltage. Roughly, for values of Sy increasing from 1 to 10* S/m?,
the changes on the potential is only about 10%. Therefore direct measurements of the membrane potential
cannot detect any increase of membrane conductance below 1000 S/m?. Another interesting feature is that
the constant time 7, is bounded by below by r.Cy(c. + 20.)/(20.0.), which is about several tenth of
microseconds for cells, and thus the membrane voltage stabilizes within a few microseconds.

Formula predicts the sinusoidal behavior of the in the linear regime as ob-
served by the experimental data (Figure [4)).

™V Depolarization

Hyperpolarization A

Figure 4. Left: Schematic angular variation of the transmembrane voltage according formula .

Right: Fluorescent measurements, and relative fluorescent with respect to the angle. From [17].

Remark 1 (On the Scwhann equation and short pulses). As mention above, for square pulses longer than
the intrisinc membrane charging time Ty, equality leads to the so-called Schwann equation, which gives
the transmembrane voltage value at the end of the pulse: Viy ~isor.. (3/2)r.E cos @, since (1—e= /™™y ~ 1,

It is worth noting that such formula does not hold for short pulses, which lasts a few nanoseconds. For such

pulses, the is approximated by
3 t 30.0., t
(16) Vin(t, ) ~i<rn ?“c:M(E) Cos ¢ ~ 0—1—72007/\4(]5) cos ¢,

where M(E) is the mean value of E along the pulse:

(17) M(E) = 7 /0 B(s)ds.

The important fact is that the transmembrane voltage for short pulses does not depend on the cell radius, but

on the time of pulse application and the mean value of the field amplitude is involved.
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3. BASIC CONCEPTS IN BIOPHYSICS FOR PORE FORMATION IN LIPOSOMES

The creation and growth of single in vesicles have been studied for many years [311 23] 10 22]. At the
end of the 90’s, Sandre et al. [23] have studied the pore creation in vesicles embedded in a highly viscous fluid.
The high viscosity of the ambient medium made possible to visualize pore formation in stretched vesicles
in real time, and thus the comparison of the theory with the experiments. Unfortunately, such experiments
have not been performed in electroporation research. Note that changes in the medium viscosity would imply
dramatic changes in the medium conductivity and in the lipid properties, which thus would complexify the
modeling. However since the end of the 90’s, biophysicists proposed different model for pore formation
in membranes subjected to high transmembrane voltage. An extensive and physical presentation of such

approaches is given in the first section, Chapters 1 and 2 by J. Weaver.

3.1. Single pore models. Pore radius models are based on the description of the free—energy of membranes,
thanks to which Langevin—type equation provides the pore radius evolution. More precisely, given the
membrane energy FE,, as a function of the pore radius r, the time-evolution of the single pore radius r

behaves as follows accordingly Weaver and Chizmadzhev [31]:

dr D
1 - =
(18) dt kT

where D, kg and T hold respectively for the diffusion coefficient, the Boltzmann constant and the temper-

Or B,

ature. The two next subsections deal with the two main models that describe the single pore radius, that
referred to respectively as BGS-CW model and DAV-model.

3.1.a. The classical BGS-CW model. Brochart—-Wyart, de Gennes and Sandre [23] on one side and Chiz-
madzhev and Weaver [31] on the other side proposed the FE,, given by:

Cs
(19) En(r) = E¢(r)+ Ep(r) = 2myr — 2 (00 + aerfl) + e

The theoretical basis of this energy is presented in J.C. Weaver’s Chapter 1 "Electropore Energy and Ther-
modynamics”. In the above equation, v is the line tension, which tends to shrink the pore, while o¢ is the
surface tension of the stretched vesicles. The term Cy holds for the steric repulsion of the lipids. It ensures
that a small space ry between the phospholipids remains at rest, and has a very low influence for pore radii
above 9. The term a, is the membrane capacitance and V;, is the transmembrane voltage. The

evolution, which is called here BGS—-CW model, is then derived thanks to and Stokes—Einstein —that is
kT /D = 27y, where § is the membrane thickness— such that

(20) %:_njlé <7—r(00—|—apVH21)—S;>.

One can point out a few drawbacks of the model. The first one lies in the fact that pores are assumed
cylindrical all along their lives. Such assumption seems justified during the formation, according to the very
recent study of Sengel and Wallace [25]. However there is no physical justification of circular shrinkage, in
particular the lateral diffusion of membrane lipids is important (a few nm? per ns) and should change the
shape of the defects. In addition pore expansion is exponentially fast above the critical radius r. given by

2l
(21) e v
which is hardly defensible since the pore radius should be bounded at least by half of the membrane cir-
cumference. On the other hand, if the membrane voltage is stoppped, the pore shrinks, but the shrinkage
is linear as soon as the radius is smaller than vy/og, whereas Sandre et al. have reported an acceleration

of the shrinkage for small radii[23]. More recently, Kroeger, Ryham, et al. [10, 22] have pointed out that
6



experiments are at odds with the linear closure, and they derived in two different ways a curvature—driven

pore model.

3.1.b. Curvature—driven pore closure: the role of aequous viscosity. In [22], Ryham et al. suggested that the
of the ambient medium impacts the pore dynamics. They derived the Dominant Aequous

Viscosity (DAV) model by adding a force F§, which accounts for the lateral stresses generated on the bilayer:

dr
(22) F, = Cnsr%,
where C' is a non—dimension constant, whose value is around C' ~ 8 according to [22], and 7; is the viscoity
of the solution. Summing up all the forces, the following equation on the pore radius evolution in membrane

submitted to a transmembrane voltage holds:

(23) C’nsr% + ﬂm5% =—y+r (00 +a,V2) + %

Note that the steric repulsion Cs/r® is not given in the DAV model as written in [22], however it is necessary
to prevent negative radii. The main insight of this model, which fits very well the experiments of Portet and
Dimova [I8], as shown by Figure 5 of [22], is the predominance of the aequous viscosity. Actually even if 7
is much smaller than the lipid viscosity, for pore radii bigger than 1um, the term Cngr plays a crucial role

in the pore closure since the membrane thickness h is very small of order 10nm. The term

(24) neﬁ(r) = nmh + Crns,

can be seen as the effective membrane viscosity, which increases linearly with respect to the pore radius.
Ryham et al. pointed out that due to the membrane thinness, the aequous viscosity cannot be neglected,
explaining the curvature—driven pore closure. Kroeger et al. used another reasoning based on the electro-
chemical potential to obtain a similar equation accounting for membrane viscosity (see equation (7) of [10]),

keeping the hypothesis of cylindrical pores.

3.2. From one pore to the total pore density equation. From these models, Smoluchowski equation,
which is a drift—diffusion equation on the distribution function of pores of radius r, gives the pore distribution
in the space of radii (see Chapter 1). The very important insight of Krassowska and Neu in the late 90’s
was to approach Smoluchowski equation by an ordinary differential equation on the total Nep,
thanks to a subtle asymptotic analysis [13]. Interestingly Kroeger et al. [10] pointed out that both BGS-CW
model and DAV-model of pore radius lead to the same ordinary differential equation for the pore density

dNep _ vz /v? Nep —qv2 /v
(25) 7 = Qe 1 Te s

o

where V¢, is the threshold membrane voltage above which electroporation occurs, N, is the pore density at

rest, when V,, equals 0, and a and ¢ > 1 are ad hoc parameters.

3.3. Pore radii evolution. In the pore density model, all the pores are created with the same radius, ry,.
This is due to the averaging and the asymptotic analysis performed to pass from the Smoluchowski equation
to the simple differential equation on Nep. In [27] O], Krassowska et al. add another equation for the pore
radius evolution 7;, for j = 1,..., K, which has the same basis of equation :

drj _ D

2 -
(26) dt kgT

Cs
(ap(fj)Vn% =21y + wrjoe(r;) + T5> ;
7

7



where a,, and o.¢ are defined as

Frue 20" — oy
(27) ay(rj) = —————, oett(rj) = 20" — —
U+ 7/ (r; + K
’I“h/(’I“J TT) (1 _ izjzl m)z

In [9], the link between K and N, is not precisely stated, but it seems that the following equality holds:
(28) K(t) = 47 R2  Nep (t).

cell

3.4. The KN—model for electroporation current. From the total Nep and from the de-
scription of the pore radii evolution, Krassowska, Neu et al. [I3] 27, [9] propose the following nonlinear
electroporation current Iep:

K(t)

(29) Iep(t7 Vm) - Z iep(rj’ Vm)a

where e, (7, Vin) is the current through a single pore of size ;. In Krassowska and Filev’s paper [9] the
current is given by

207
T 146/ ™

which is used in recent works by Weaver et al. [29] and Li and Lin [12].

(30) fep (1, Vin)

Note that the way K (t) is computed is still unclear. For numerical purpose, Filev and Krassowska
proposed to consider only two kinds of pores: Kgpnan for small pores and Kja,ge large pores. At the begining
all the pores are created at the same radius, with a density N¢,. Since each node is associated to a surface
area 0 A, the number of small pores Kqman is given by Kgmain = 0 ANep on the nodes of the mesh. Then at any
point of the mesh on the membrane, the pore radii evolves, and if the radius increases locally, then the Kgpnan
is decreased and Kjarge increases. One of the drawbacks lies in the fact that the number of pores depend
on the mesh, which means that the numerical method is not mathematically consistant: changing the mesh
changes the number of pores passing from Kgmai t0 Kjarge. However since the transmembrane voltage value
is quite robust with respect to the membrane conductance, as shown in subsection [2.3] of section [2 such a

variability should not be troublesome, even though it raises modeling issues.

3.5. Back to the electric equation and drawbacks of the KN—model. In order to link the biophysical
model of electroporation to the electric cell model, the |:| is changed into

(31) Cmatvm +SoVim + Iep(tv Vm) = UcanUh‘*-

KN-model provides a biophysical explanation of pore formation. The grounds of the model consist of
cylindrical pore formed by Such hypothesis has been recently confirmed, at least
during the formation process, by optical signal-channel recording in Sengel and Wallace’s paper [25], even
though more complex phenomena are pointed out such as electropore diffusion, and the resealing has not
been addressed in this study. Interestingly, KN—model provides a link between pores of the membrane and
global electric potential in the whole cell. From the numerical point of view, the model is not easy to solve
because it is non linear and stiff (the dynamic of pore creation is very rapid), therefore accurate numerical
methods combined with very fine mesh is needed. The computational cost is quite high, especially for Finite
Element Methods, therefore most of the numerical studies focus on bidimensional simulations.

The typical behavior of transmembrane voltage Vi, is illustrated by Figure [f] which comes from Smith
et al. [28]. During the first microsecond, the membrane is being charged as a capacitor, but once the trans-
membrane voltage reaches a threshold value, pores are created, leading to a decrease and then a stabilisation

of the transmembrane voltage within 2us. At the equator, the electric field is tangent to the membrane
8
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Figure 5. Numerical simulations of KN—model from Figure 3 of [28] (Courtesy of J.C. Weaver).
"Electrical and poration response to a 1 kV/cm, 100 us trapezoidal pulse with 1 s rise and fall
times. (A) Transmembrane voltage spatially averaged over the polar quadrants, during the initial
5.5 us, and at the end of the pulse from 97 to 103 us. Red 4’ indicates the hyperpolarizing anodic
side and black ' indicates the depolarizing cathodic side. (B) Angular profile of transmembrane
voltage at 99 us. Background shaded regions indicate the angular extent of EP around the anodic
and cathodic sides of the membrane. Red and black dots mark the location of the anodic and
cathodic poles on the membrane, respectively. (C) Equipotentials (black) and pore density, n(9)
(white), at 99 ps”

and thus the transmembrane voltage does not increase: no electroporation occurs. At the pole, the electric
field is normal and the transmembrane voltage is the highest before electroporation, therefore this is the
privileged location for pore formation, as shown in Figure C. Such privileged locations near the poles
facing the electrodes have been corroborated qualitatively by the experiments in many studies, in particular
from Teissié and Rols’ group (see for instance [211, 3] and reference therein), Miklav¢ié’s group [, [7] and also
Vernier’s team [30].

3.5.a. KN-model v.s experiments. One of the main drawbacks of the KN-model lies in the fact that it
barely corroborate quantitatively the experiments. One can point out here a few experimental observations
non accounted for by the KN—model.

e According to [29], the maximum electroporation should be achieved after the first pulse. Patch-clamp
experiments on chinese hamster ovary DC3F performed by Wegner et al. exhibits a cumulative effect
of the pulses [32] leading to a persistent permeabilization, in addition to the transient permeabiliza-
tion accounted for by the models (see Figure @ As mentioned by Wegner et al., such a persistent
effect could result from a change in lipid property (such as oxidation), which is not accounted for
in the KN-model. Interestingly, patch-clamp measurements of membrane intensity do no exhibit
systematically a stabilisation during the pulse unlike KN-model. According to [32], for some patch-
clamped cells, the current response does not stabilize during the pulse, and moreover the membrane

conductance increases with the number of pulses.
9
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response to repetitive application of double-pulse protocol, consisting of a depolarization to 320 mV
command voltage for 10 ms and successive clamp at 80 mV for 25 or 100 ms (A and B, upper; note
that part of the trace is omitted in B). Subsequently, the membrane was stepped back to 0 mV for
5 s before the next pulse of the same type was applied. Individual repetitions are superimposed as
indicated by numbers. The membrane conductance at the physiological voltage range was calculated
from the difference in steady-state current level induced by a voltage step from 80 to 0 mV (redrawn
at an enlarged scale in (A) and (B), as indicated by the arrows). Bar graphs (A and B, lower) show
the conductance levels for the applied sequence of pulses. The conductance increased stepwise
(dotted lines), either in several steps (A, pulses 3, 4, and 10) or in one step (B, pulse 15). These
two examples were selected to reflect the variability among individual cells.”

Such cumulative effect is also reported in experiments performed by Pakhomova et al. [14] 2].

Whether the pulse repetition rate induces a sensitization or a desensitization is still controversial.

Recently Silve et al. reported that high repetition rate of similar pulses is less efficient than the

same pulses repeated at a lower rate [26]. These two studies have different explanations of the same

phenomenon: the pulse repetition rate has an impact on the electroporation.

From the modeling point of view, since membrane is a dynamic soft matter (lipid are constantly

in motion) it is hard to imagine that no diffusion or motion of pores is involved in the description

of pore density. Another important drawback is that saturation of the membrane conductance and

pore formation is not accounted for as described e.g. in [32].

The KN-model has been extensively studied in silico during the past decade, providing interesting explana-
tions of electroporation. However the modeling has several drawbacks making the model hardly predictive.
The main drawbacks of such modeling lie in the number of non-measurable parameters, and the sensitivity of
the results to the parameters which makes the model calibration hardly obtainable. Even though biophysics

gives a range for their values, the model is too sensitive to slight modification of many parameters, making

hard the parameter calibration with biological data.

10



4. PHENOMENOLOGICAL MODELS FOR MEMBRANE CONDUCTIVITY

In order to compare theoretical models and experimental measurements, an alternative to biophysical
models is to develop phenomenological models with the fewest parameters to describe the main features
of the experiments. The fact that a few parameters are involved facilitate the parameter identification to
obtain results that are quantitatively in accordance with the experiments, the drawbacks being the physical

justification of the modeling.

4.1. Biological evidences of electroporation. The phenomenological model of membrane permeabiliza-
tion proposed by Leguébe et al. in [I1] is based on the following assumptions, which come from experimental

observations:

e Permeabilization results from a long-term effect of defects in the membrane related to an alteration
of phospholipids in the membrane. Such alterations may be due to the combination of high electric
field and water molecules inside the membrane. Actually it has been reported by [6] that electric
field changes the phospholipid composition, by altering the lipid property.

e The dynamics of alteration and reconstruction of the membrane are much longer as observed by
the experiments [2I]. The alteration of the lipids is a physical phenomenon, which occurs as long
as pores are present on the membrane and which is persistent after the end of the field pulse. On
the contrary, the membrane recovery is a biological phenomenon, which takes time: it happens for
minutes after the electric shock.

e Lipids diffuse along the membrane at a speed dy, around 1 um? /s [4], which is non negligible compared
to the lapse of time between two pulses (usually of the order of 1 second), and therefore this surface
diffusion has to be accounted for.

4.2. The two—step process of membrane electroporation. Leguébe et al. proposed in [I1] a

for membrane electroporation, describing the Sm as
(32) Sm(t,-) =So +S1X1(t, ) + S2Xa(t, ),

where Sy is the membrane conductance at rest, S; is the surface conductance of the fully porated membrane,
S5 is membrane conductance due to the long term effect of electroporation. The non—-dimension variables
X1 and X5 refer to as the degree of poration during the pulse, and the degree of long term changes in the

membrane respectively, and they satisfy the follwing equations:

6AXrl ﬂ(vm(ta)) 7X1(tﬂ an(t7'))

= t
(33a) o - . t>0,
X
(33b) aTZ —drArXs = (X1 — X5)/m]", t>0,
(330) Xl‘t:O = X?, X2|t=Q = Xg

where [-]T denotes the positive part, while 71 and 75 are the characteristic times of “pore” creation and

changes in the membrane. The function ( is a sigmoidal function, for instance

(34) B(A) = e*(\/cp/(>\+vn))27 or B(\) = L+ tanh(kep((|;\ + vo|/Vep — 1).
The is then given by
(35) Cin0: Vi + S (t, ) Vi = 0.0,U|p-.

Such model involves 6 parameters: V.p, the two characteristic times 71, 72, the diffusion coefficient dr and

the 2 conductance S; and Ss.
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Figure 7. Comparison between simulations and . The applied voltage is a rect-
angular function (as described in [32]) with a voltage amplitude of 820mV during 10ms. Thanks
to the model, one can compare the currents but also the transmembrane voltage (TMV). The

membrane conductance is increasing during the pulse delivery.

4.3. Calibration of the model with patch-clamp experiments. Patch-clamp experiments provide in-
teresting direct measurements of the current that flows across the membrane, for different pulses. Considering
patch-clamp experiments on DC3F of [32], it is possible to fit the model parameters with the data. The idea
is to use the angular invariance of the command voltage ¢g. Assuming that the source potential is applied at
the center of the cell —assumed spherical- on a ball of radius Ry, the flux 0.0, U|,=g, reads:

R. R. (R
cUr —r- — Vm - — |5 -1 )
(36) s DUl e = (Wt9) ) (22 4+ 2 (2 1))
and thus the Vi satisfies:
R. R. (R
(37) I(t) == Cri0:Vin + S (t, Vin) Ven +v0) = — (Vi + 9) / (U + — (R - 1)) .

The feature of the above equation is two—fold: on one hand the patch-clamp technique measures directly the
current I, and thus one can compare measured and computed intensities. On the other hand the right-hand
side of the formula makes it possible to obtain the transmembrane voltage from the measured intensity. The
value of the parameters to obtain the currents of Figure [8| are given in Table 1 of Leguébe et al. [I1].
Phenomenological models being designed to be calibrated with the experiments (see Figure[7)), it is natural
to try to identify parameters that match the data. The key-point being to find a set of parameters such
that numerical results fit with as many experiments as possible. Indeed, if different set of parameters are
needed for each experiment, it means that the model is not reliable. Interestingly, Figure [§| shows that it
is possible to find a set of parameters so that the numerical simulations fit quite well with the data. The
two functions X; and X5 seems necessary to describe the data: the first X; increases very fastly during the
pulse, and vanishes at the end of the pulse, while X5 increases more slowly, but remains after the pulse.
Fitting the KN—-model with these patch-clamp data is proved to be difficult. One reason is the huge number
of parameters, which prevents a systematic sensitivity analysis of the model. The two—step process exhibited

by the data is hard to obtain with the variable Ngp.
12
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Figure 8. Comparison of the computed and measured currents for different applied voltages to
DC3F for a well-chosen set of parameters. Experimental setup is described in [32]. Interestingly,
the measured current exhibits a two-step increase, as in the model. Such results cannot be obtained
easily with the KN model.

4.4. Biophysical basis of the phenomenological and link with pore radius evolution. Equa-
tions of the phenomenological model of Leguébe et al. is very different from the approach of Kras-
sowska et al.. More precisely, equation can be linked to the pore density equation , but the
reaction-diffusion involves surface diffusion of lipids which is not accounted for in Krassowska et al.
approach. Even though the physical bases of such reaction—diffusion model is still unclear, it can be related
to the phase-ordering kinetics approach, as described in the seminal book of Bray [I]. The concept being to
look at the membrane as a two—phase medium described thanks to the order—parameter field ¢: the lipid
phase, corresponds to the state ¢ = 0, and the water phase to ¢ = 1. The

subjected to transmembrane voltage V4, is given by the functional H(¢):

(39) 106) = [ (51997 + V(0) + 3Cule12 ) as,

where V is a double—well potential with two minima 0 and 1 and Cy,(¢) is the membrane capacitance
depending on ¢. For instance, Weaver and Chizmadzev proposed Cp, = Cyw o+ Cr(1 — ¢) in [31]. From this

Landau free-energy, the so—called model A [I] describes the evolution of the order—parameter:

OH
(39) O = —d%(éﬁ),
leading to the following on ¢:
1
(40) O = dApp —V'(9) + i(OW —Cp)Via.

The right-hand side of phenomenological model can be seen as a specific model of the term V'(¢) — %(C’W —
Cr)V2 in the above equation. The main insight of such approach is to avoid the simplistic assumption of
cylindrical pores. It is more general but the equation on single pore can be derived from it. More precisely,
the making the assumption that only one cylindrical pore of radius r is present in the membrane supposed
to be flat and infinite, then the last equation leads to an equation similar to equation , as described in
Bray’s book [I].

4.5. The role of the surface diffusion. The main novelty of Leguebe et al. model lies in the
, which is numerically difficult to tackle. It is thus important to determine whether or not such
surface diffusion plays an important role. Theoretically, the diffusion induces a delay in the spatial response

of the membrane, therefore diffusion should appear when several identical pulses at different frequency are
13



applied. In model without surface diffusion, the maximal electroporation occurs after the first pulse, and
then the pulse efficiency decreases as reported by Weaver et al. in [29]. In particular the influence of pulse
frequency is not accounted for. Surface diffusion induces a complex response, which is a balance between
the characteristic time of lipid diffusion and pulse frequency.

In order to investigate the role of the surface diffusion, 3D—simulations of a spherical cell submitted to 10
permeabilizing micropulses (10 ps, 40 kV/m), with various repetition rates from 1 to 1000 Hz are presented.

The lateral diffusion of the lipids on the membrane is set to
dp, =102 m%s71,

which is in the range of the measured lateral diffusion of the lipids in cell membranes [4].
The average permeabilization X of the membrane is computed at any simulation time. Figure [J] shows
the distribution of X5 on the surface of the cell at different instants of the 1 Hz and 1000 Hz simulations.
For the case of fast repetition rate, the altered lipids do not have time to be evenly spread on the membrane.
Since the next pulse alters the same region as the previous one, and therefore the total quantity of altered

lipids is lower than for the 1 Hz case.

:EH LV OOOC

After pulse 1 Before pulse 2 After pulse 2  After pulse 5 2 s after pulse 10

e m

Figure 9. Numerical illustration of the lateral diffusion effect [II]. Influence of the pulse frequency
on the membrane permeabilization X2. The magnitude of each pulse is 40 kV/m during 10 us. 10
pulses are applied on both cells, but the time between pulses is different : 1 second for the top line,
1 millisecond for the bottom line. After 10 pulses, the average of X5 is around 8 x 108 for the
1 Hz case, and half for the 1000 Hz case.

Figure [I0] presents the average of X, after each pulse. As expected, the permeabilization is more efficient
if enough time is left between pulses to let the lipids diffuse.

These simulations corroborate qualitatively the results of High Voltage/Low Voltage experiments [20], [24]
that, within the first seconds after the pulses, show a better permeabilization when the lapse of time between

two consecutive pulses is longer.

5. CONCLUDING REMARKS AND PERSPECTIVES

In this chapter, biophysical and phenomenological ways to model cell electropermeabilization have been
presented, and pros and cons for each approach are discussed. To summarize, biophysical models are more
reliable due to their theoretical grounds but they generally involve too many parameters that prevent quan-
titative comparisons with the biological data. On the other hand, phenomenological models are designed to
account for the biological observations, but they suffer from a lack of mechanistic basis. An interesting chal-
lenge in cell electroporation modeling would be to enrich the phenomenological modeling with a theoretical

grounds, and the phase—ordering kinetics theory could be the appropriate way to tackle this challenges.
14
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Figure 10. Numerical illustration of the increase of the variable X, [II]. Average permeabilization
X5 on the cell after each of the 10 pulses of Figure |§| for different pulse repetition rates.

The long—term goal would consist in providing a model that can predict quantitatively the degree of cell
permeabilization, and the amount of molecules taken up by electroporation. The fitting of the parameters

is thus a crucial point, which is common to these perspectives.
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