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ABSTRACT

It is widely accepted that electroporation occurs when the cell transmembrane voltage induced by an external
applied electric field reaches a threshold. Under this assumption, in order to trigger electroporation in a spherical
cell, Schwan’s equation leads to an inversely proportional relationship between the cell radius and the minimum
magnitude of the applied electric field. And, indeed, several publications report experimental evidences of an
inverse relationship between the cell size and the field required to achieve electroporation. However, this
dependence is not always observed or is not as steep as predicted by Schwan’s equation. The present numerical
study attempts to explain these observations that do not fit Schwan’s equation on the basis of the interplay
between cell membrane conductivity, permeability and transmembrane voltage. For that, a single cell in
suspension was modeled and it was determined the electric field necessary to achieve electroporation with a
single pulse according to two effectiveness criteria: a specific permeabilization level, understood as the relative
area occupied by the pores during the pulse, and a final intracellular concentration of a molecule due to uptake
by diffusion after the pulse, during membrane resealing. The results indicate that plausible model parameters can
lead to divergent dependencies of the electric field threshold on the cell radius. These divergent dependencies
were obtained through both criteria and using two different permeabilization models. This suggests that the
interplay between cell membrane conductivity, permeability and transmembrane voltage might be the cause of

results which are non compatible with the Schwan’s equation model.

KEYWORDS

Electroporation, Electropermeabilization, Cell size, Finite element modelling, Cell membrane,

Transmembrane transport, Membrane conductivity.

INTRODUCTION

Electroporation or electropermeabilization is a phenomenon in which the cell membrane, when exposed to short,
high electric field pulses, increases its permeability to ions and macromolecules. This effect can be either
transient or permanent depending on the magnitude of the field, the duration of the pulses, the number of pulses,
and to a lesser extent, the pulse repetition frequency. Models for explaining the electroporation phenomenon

(Chen et al., 2006) — which are supported by molecular dynamics simulations (Delemotte and Tarek, 2012; Ho et
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al., 2013; Tarek, 2005; Ziegler and Vernier, 2008) — suggest that the observed increase in membrane
permeability is initially due to the formation of hydrophilic pores in the lipid bilayer.

Exposure of a cell to an external electric field leads to an induced voltage across the cell membrane which is
superimposed on the resting transmembrane voltage (TMV). Before electroporation occurs, this induced TMV
can be quantified analytically for a spherical cell assuming a nearly insulating membrane by Schwan’s equation

(Kotnik and Miklavcic, 2000):
3
TMV =2 |Eexe|Rcost (1)

where @ is the angle between the line defined from cell center to the evaluation point on the membrane and the
applied external field (E.,;), and R is cell radius.

Although electroporation is not a bi-stable phenomenon, and cell membrane permeabilization exhibits a
monotonically increasing dependence on the local TMV, this dependence is exponential (Glaser et al., 1988) and
in practice so abrupt that it is widely accepted that electroporation occurs when the TMV reaches a certain
threshold. This simplification is supported by experimental observations in which electroporation was noticed to
behave as a threshold-like phenomenon (Glaser et al., 1988; Kinosita et al., 1988; Teissié and Rols, 1993;
Zimmermann et al., 1974).

Under the threshold assumption, Schwan’s equation leads to a proportionally inverse relationship (for a spherical
cell) between the cell radius and the minimum magnitude of the applied electric field (E.) for initiating

electroporation.

_ 2TMV
€7 3RcosO

)

There are, indeed, several published studies which report experimental evidences for an inverse relationship
between the cell size and the electric field required to achieve electroporation (Agarwal et al., 2007; Mauroy et
al., 2012; Sale and Hamilton, 1968; Sixou and Teissié, 1990; Tekle et al., 2001). However, this dependence is
not always observed or is not as steep as predicted by Schwan’s equation (Cemazar et al., 1998; Henslee et al.,
2011; Hojo et al., 2003; Ibey et al., 2011; Towhidi et al., 2008). We believe that these other results contradict the
Schwan’s equation model because that model is only valid for describing what happens just before
electroporation of the poles of the cells facing the electrodes (6 = 0°,6 = 180°) and is no adequate for describing
the conditions necessary to achieve detectable electroporation.

First, it must be noted that once the TMV reaches the critical value or threshold and electroporation takes place,

membrane dielectric breakdown occurs in a few nanoseconds (Benz and Zimmermann, 1980; Frey et al., 2006;
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Vernier et al., 2006; White et al., 2011) and membrane conductivity increases to a value that keeps the local
TMV of the electroporated regions of the cell close to its critical value. Increase in membrane conductivity tends
to reduce the TMV but if that happens then the conductivity decreases immediately and hence voltage goes up
again. This sort of negative feedback short-circuiting effect reduces the cos(8) dependence of local TMV in
Schwan’s equation. The profile of the TMV along the membrane flattens at the poles facing the electrodes. This
was observed experimentally by Kinosita et al., (1988). Therefore, while Schwan’s equation predicts a directly
proportional relationship between the applied field and the TMV over the whole cell, in reality a non-linear
relationship should be expected in which TMV increases at a lower rate once a field threshold is reached. In
other words, the Schwan’s equation model overstates the TMV of an electroporated cell.

Secondly, it must be noted that assessment of electroporation is based on measurable effects such as dye uptake
(Golzio et al., 2002; Henslee et al., 2011; Sixou and Teissié, 1990), changes in membrane conductivity (Ivorra
and Rubinsky, 2007; Pavlin et al., 2005; Wegner, 2015), or cell lysis (Djuzenova et al., 1994; Ibey et al., 2011;
Sale and Hamilton, 1968) which are related to changes over a significant area of the membrane after
electroporation whereas the Schwan’s equation model would only be intended to describe when electroporation
starts at an infinitesimal portion of the cell membrane area (6 = 0°,6 = 180°).

From these considerations we first hypothesized that, by modeling membrane conductivity changes during the
electroporation pulse, we might predict that in order to achieve a certain level of permeabilization the necessary
field (critical field) might not obey Schwan’s equation model and might explain the apparently contradictory
experimental results regarding the dependence of electric field threshold on cell radius. We then extended the
study using a simple diffusion model to quantify the uptake of a probe solute after the electroporation pulse to

test the dependence of the critical field to achieve a certain intracellular concentration on the cell radius.

MATERIALS AND METHODS

In this study we defined two criteria to estimate the minimum electric field required to be able to detect
electroporation experimentally. The first criterion — related to changes that take place during the pulse — is that
we need to reach a minimum level of permeabilization during the pulse, characterized by the average relative
pore area (RPA) over the whole membrane. That is, we considered that electroporation occurs if the relative area
of the membrane occupied by pores reaches a threshold value (e.g. 0.01%).The second criterion — related to the
processes that take place after the electroporation pulse — is that we need to reach a certain intracellular

concentration of a specific ion or molecule after the application of the pulse.
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Membrane permeabilization during the pulse

To model membrane permeabilization and conductivity changes during the pulse, we used and compared two
different models. First, a membrane conductivity model (lvorra et al., 2010) intended to reproduce the
conductivity changes that would occur during the first microseconds after the pulse onset. Second, an
electroporation model based on pore creation (DeBruin and Krassowska, 1999), to assess permeabilization and
conductivity at the end of a typical electroporation pulse.

We numerically modeled electroporation of a single cell in a suspension using the finite element method (FEM)
software platform COMSOL Multiphysics 4.4. The simulations were performed for both models, and according
to the first criterion we defined we imposed values of the RPA. Then, for various values of cell radius, different
magnitudes of the applied electric field were tested in the models in order to find the magnitude of the field that

leads to the desired value of the RPA.

Model 1: Membrane conductivity model
A membrane conductivity model from lvorra et al. (2010) — based on experimental measurements from Kinosita
and Tsong (1979) — was used to describe membrane conductivity dependency on TMV in the first microseconds

after the pulse onset due to the electroporation phenomenon:

Om = Omo + K(eFITMVI — 1) (3)

where g, is the conductivity of the membrane at the resting TMV and K and g are two constants adjusted to fit
experimental measurements. If we assume that the membrane conductivity increase is due to the creation of
pores, Eq. 3 can be written as:
Om = Omo + 0y ()L(eﬁm"”/| - 1)) (4)

where 2 would be another constant, and o, is the equivalent conductivity of the medium filling the pores. The
term A(efI™VI — 1) would represent the local relative pore area, and therefore the constant K on Eq. 3 depends
on oy.

The steady state problem for the geometry depicted in jError! No se encuentra el origen de la referencia.
was solved in the Electric currents mode of the AC/DC module of COMSOL (Stationary Study) using the linear
system solver Pardiso. The conductivities of the intracellular and the extracellular media are constant while

membrane conductivity depends on TMV as described in Eg. 3. Due to the symmetry of the geometry and to
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minimize computational time a 2-D axisymmetric model was constructed in COMSOL. Dimensions of
simulation space were taken large enough so that electric field in the vicinity of the cell could not be distorted
due to boundary conditions. Model parameters are shown in table 1.

To model the effect on membrane conductivity of an electroporation pulse in the first microseconds after the
onset, the solution of the steady state problem depicted in Fig. 1 represents a proper approximation even though
the dynamics of the electroporation phenomena as well as membrane charging process are neglected. At this
stage, a few microseconds after the pulse onset, the membrane is completely charged and the very fast increase
in membrane conductivity — presumably due to pores — has concluded to be followed by a slow and mild
increase during the rest of the pulse (Hibino et al., 1993; Kinosita et al., 1988). the parameters of the model were
adjusted to match conductance measurements at 2 us after the beginning of the pulse from Kinosita and Tsong,
(1979), hence it can be assumed that the obtained results will reproduce qualitatively the effect of a pulse within
this timescale.

The simulated space is about 10* times larger than the membrane thickness, which makes the numerical solution
complicated and time consuming. To address this, Ivorra et al. (2010) used a membrane thickness 10 times larger
than a realistic value (50 nm instead of 5 nm) and rescaled the electrical properties of the membrane to not alter
the results. Here, to avoid this complication, each subdomain (extracellular and intracellular) was calculated
through a separate application mode of the same type as in (Rems et al., 2013; Retelj et al., 2013), and the
membrane was replaced by a surface to which a boundary condition that accounts for membrane conduction and

displacement currents (Pucihar et al., 2006, 2009) was added:

on(V = Vees) +g_ma(v— Vrer) ©)
h h at

where V and V.. are the potentials on the interior and the exterior side of the boundary respectively, e, is the

permittivity of the membrane, and h is membrane thickness. The product 7 - f represents the normal current that
flows across the membrane. Note that displacement currents are not taken into account in steady state solutions,

thus the second term in Eq. 5 was not included in the computation of steady state solutions.
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Fig. 1. Representation of the cell in suspension model implemented for simulation by FEM in COMSOL. Conductivities of

the intracellular and extracellular media are constant while membrane conductivity is a function of the local TMV.

Symbol | Value Definition, justification or source

Om Om= Omo tK(e V1) Membrane conductivity(lvorra et al., 2010)

Omo 25x 1077 S/m Membrane conductivity when TMV=0 if membrane thickness is 5 nm (Gimsa et al.,
1996)

B 16 Constant of the conductivity model(lvorra et al., 2010)

K 5x107° x o, Constant of the conductivity model(lvorra et al., 2010)

e 1.5S/m Extracellular conductivity, isotonic NaCl (Kinosita and Tsong, 1979)

oj 0.5S/m Intracellular conductivity(Hibino et al., 1993)

op (0e. 6))/In(c, / o) Conductivity of the solution inside the pore (Li and Lin, 2010)

h 5nm Membrane thickness(Glaser et al., 1988)

w 10 X R Dimensions of the simulated space (10 times cell radius)

Table 1 Model parameters used in the FEM model with the membrane conductivity model of Ivorra et al. (2010) to calculate
the electric potentials and membrane conductivity during an electroporation pulse.

According to the model presented in Egs. 3 and 4, the average membrane conductivity would be related to the

area occupied by the pores. Since g, and o, are constant along the membrane, and the term A(efI™VI — 1)

represents the local area occupied by pores at each point of the membrane, the average membrane conductivity is

related to the RPA as follows:

G = Omo + 0, X RPA (6)

The average conductivity of the membrane, a,,, was obtained from the COMSOL results post-processor. Then

from Eq. 6 it was possible to obtain the RPA. To do so the effective conductivity of the pores was estimated as in

(Liand Lin, 2010) :

Oe — Oj

% " n (oe/o7) @
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Where o, and o; are the conductivity of the extracellular and the intracellular medium respectively.

Model 2: Pore creation based model
We also performed numerical simulations of the geometry depicted in Fig. 1 using the asymptotic
electroporation model from DeBruin and Krassowska (1999). This model states that the pore formation

dynamics is governed by the differential equation:

o (1 ©

dt No

where N is the pore density in the membrane, N, the equilibrium pore density in the membrane when TMV = 0
and parameters o, q and V., are constants of the model. The creation of pores in the membrane due to the
electroporation phenomena causes an increase in membrane conductivity, o, that is calculated as in (Li and
Lin, 2010)(Krassowska and Filev, 2007):

2mrioph
=N——F 9
Oep mry, + 2h ©)

where r, and h are the radius of the pores and the membrane thickness respectively, and o, is the effective
conductivity of the solution inside the pores, which was approximated as in the previous section (Eq. 7).

To perform numerical simulations, Eq. 8 was included into the model using the Weak Form Boundary PDE
mode of COMSOL and the problem depicted in Fig.1 was solved in the Electric currents mode of the AC/DC
module of COMSOL (Time-dependent Study) using the linear system solver Pardiso. As in previous section,
membrane was replaced by a surface with a boundary condition (Eq. 5) and the membrane conductivity at each
time step was accounted as the sum of the unaltered membrane conductivity o, and the conductivity due to

electroporation phenomenon o, from Eq. 9 (0,, = 0o + 0¢p). Parameters used in the model are shown in

Table 2.

Symbol | Value Definition, justification or source

Omo 2.5x 1077 S/m Membrane conductivity when TMV=0 if membrane thickness is 5 nm (Gimsa et al.,
1996)

e 1.5S/m Extracellular conductivity, isotonic NaCl (Kinosita and Tsong, 1979)

oj 0.5S/m Intracellular conductivity(Hibino et al., 1993)

h 5nm Membrane thickness(Glaser et al., 1988)

£ 70 Relative permittivity of the extracellular medium (Kotnik and Miklav¢ic, 2006)

£ 70 Relative permittivity of the intracellular medium (Kotnik and Miklav¢i¢, 2006)

£ 5 Relative permittivity of the membrane (Kotnik and Miklav¢ié, 2006)

w 10 X R Dimensions of the simulated space (10 times cell radius)

0p (0e. 6))/In(c, / G7) Conductivity of the solution inside the pore (Li and Lin, 2010)

Om Omo+ Oep Membrane conductivity (see Eq. 9)

ry 0.76 nm Pore radius (DeBruin and Krassowska, 1999)

q 2.46 Electroporation constant (DeBruin and Krassowska, 1999)

a 10° Electroporation parameter (DeBruin and Krassowska, 1999)

Vep 0.258 Characteristic voltage of electroporation (DeBruin and Krassowska, 1999)

No 1.5 10°m2 Equilibrium pore density when TMV=0 (DeBruin and Krassowska, 1999)
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Table 2 Model parameters used in the FEM simulations with the electroporation model of DeBruin and Krassowska (1999)
to calculate the electric potentials, membrane conductivity and pore density during an electroporation pulse.

To estimate the RPA, first the total number of pores was calculated by integrating the pore density N over the

whole membrane surface:
Neoe = f N ds (10)

Then it was straightforward to obtain the RPA as the quotient between the total surface occupied by pores and

the cell surface:

2
Rpa = Mot (11)

where R is cell radius.

Transmembrane transport after the pulse

The second criterion used to assess electroporation effectiveness consisted in reaching a certain intracellular
concentration of an arbitrary extracellular solute at a long time after the application of the pulse. Since most of
the transport takes place after the pulse (Neumann et al., 1998; Puc et al., 2003; Tekle et al., 1990, 1991, 1994);
the contribution of both electrophoretic and diffusion transport during the pulse can be neglected. Thus it was
only considered the transport by diffusion after the pulse, which can be quantified by Fick’s law:

de(t) V. de(t)
dt Sp(t)__D dx (12)

where ¢(t) is the molar concentration of the considered ion or molecule passing through the surface S,,, which is
the effective surface where transport can take place, V is the volume of the cell and D the diffusion constant.

The effective surface of diffusion, S, (t), in Eq. 12 was defined as the area of the membrane occupied by pores
or defects through which ions or molecules can penetrate into the cell. This surface was modeled as time
dependent to account for pore resealing.

Several experimental measurements show that resealing occurs in a number of phases. Usually, a sudden
decrease in membrane conductivity is observed during the first microseconds or very few milliseconds after the
pulse; followed by one or more slower phases (Glaser et al., 1988; Hibino et al., 1993; Neumann et al., 1998).
These resealing phases would be linked to permeabilization stages during the preceding electroporation pulse.
Recent studies (Demiryurek et al., 2015; Pavlin and Miklav¢i¢, 2008; Pavlin et al., 2007; Silve et al., 2014;
Wegner, 2015; Wegner et al., 2011, 2015) suggest that at least two dynamics occur during the pulse that would
lead to two different pore populations. First a population of transient or short-lived pores would be created.

These pores would take a major role in conductivity increase during the pulse. Second, a given fraction of these



10
11
12
13
14

15
16
17
18
19
20
21
22
23
24
25
26

short-lived pores would be stabilized forming a population of long-lived pores — or defects in the membrane —
through which most of the post-pulse transport would take place.
The relationship between the two populations of pores is yet not clear. Experimental results have shown that the
fraction of long-lived pores would depend on several parameters such as the electric field, the pulse length and
the number of pulses (Pavlin and Miklav¢i¢, 2008; Pavlin et al., 2007). The same studies also showed that under
the application of several pulses, while the fraction of short-lived pores would remain the same during each
pulse, the fraction of long-lived pores would increase with each consecutive pulse. This increase due to the
application of consecutive pulses would also depend on the pulse repetition rate (Silve et al., 2014).
Since most of the transport takes place after the pulse, and the hypothetical short-lived pores seem to shrink
within a few milliseconds (Benz and Zimmermann, 1981; Glaser et al., 1988; Hibino et al., 1993; Neumann et
al., 1998; Pavlin and Miklav¢i¢, 2008; Pavlin et al., 2007), the transport through these pores was neglected in the
model employed here. Therefore to approximate the effective diffusion surface, S,,, the focus was on the fraction
of the hypothetical long-lived pores and its dynamics. To model this behavior, here it was employed an
exponential time decay function:

Sp(t) = Spere™/r (13)
being S, the surface occupied by the long-lived pores, or defects, at the end of the pulse.
Experimental studies on cell membrane permeabilization — based on the influx or efflux of ions and/or molecules
— report different timescales for the slow resealing process: hundreds of milliseconds (Lindner et al., 1977;
Teissié and Tsong, 1981), several seconds (Glaser et al., 1988; Neumann et al., 1998; Pucihar et al., 2008; Rols
and Teissié, 1990) and a few minutes (Kinosita and Tsong, 1977; Rols and Teissié, 1992; Saulis et al., 1991).
The RPA’s due to the hypothetical short and long-lived pores have been quantified simultaneously after different
number of pulses (Pavlin and Miklav¢i¢, 2008; Pavlin et al., 2007). The percentage of RPA arising from long-
lived pores respect to the total RPA ranged from about 5% after a single pulse to about 15% after 8 pulses. Here
the value of S, was approximated as a fraction of the surface occupied by pores at the end of the pulse, S,
taking into account these percentages. That is, the value of the surface occupied by the long-lived pores was
computed as the product of the RPA (as obtained in previous sections), the total surface of the cell membrane
(S.) and the fraction of long-lived pores with respect to the total population of pores (f):

Sper = f X S, = f X RPAX S, (14)

10
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To find a compact expression for intracellular concentration c;(t) for long times after the pulse, we need to solve
Eqg. 12 defining the transport through the membrane surface as the difference between intracellular and
extracellular concentration: c(t) = ¢;(t) — c.(t). The following simplifications were made for such purpose:
a. For cell suspensions with a low cell volume fraction or for a low final intracellular concentration
(compared with the extracellular concentration), the external concentration can be considered constant:
c.(t) = ¢.(0) = c,. For instance, for a cell volume fraction of 0.2 and a final intracellular concentration
of a 5% the extracellular concentration, the variation in extracellular concentration is less than 2% (see
appendix).
b. Since ions or molecules considered here cannot enter into the cell in normal conditions and the transport
during the pulse can be neglected, the initial intracellular concentration can be approximated to zero:
¢;(0) = 0.
c. The term dc(t)/dx is the concentration gradient across the membrane and can be approximated as
(c; () — c.)/h, being h cell membrane thickness.

After these simplifications, Eq. 12 yields to:

_ DSpert ty,
¢i(t) =c, (1 —exp T(e - 1)]) (15)
If it is assumed that the final intracellular concentration is measured a long time after the pulse application, then
it is possible to approximate time in Eq. 15 as infinity (practically no transmembrane transport takes place for

times longer than a few times the value of 7 after the pulse). This leads to a simple expression for the final

intracellular concentration after pore resealing:

—DSpert

cl:ce(l_e 7 ) (16)

Taking into account how S, was defined, here it was employed the following expression to estimate the RPA

during the pulse necessary to reach a certain intracellular concentration from Eq. 16:

Rh
3fDt

Ci
RPA=In (1 - —)
Ce

a7

where R is cell radius.

Imposing values for intracellular and extracellular concentrations (or their ratio), as well as for the diffusion
constant and the resealing time constant, this expression (Eq. 17) provides the necessary RPA as function of cell
radius. From these values and using the permeabilization models explained in the previous sections it was

possible to calculate the necessary applied field as a function of radius in each case by testing different

magnitudes of the electric field.

11
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RESULTS

Relative pore area during the pulse

The first criterion we defined to assess the necessary applied electric field in order to detect electroporation was
to impose a value for the RPA. The values of RPA reported in electroporation experiments range between 107
and 10° (Hibino et al., 1991, 1993; Kinosita et al., 1988; Neumann et al., 1998). We simulated the applied
electric field required to obtain different values of the RPA at the cell membrane as a function of cell radius.

The results obtained with the membrane conductivity model (Ivorra et al., 2010) are depicted in Fig. 2. For a
small RPA (1 x 1075) the relationship between electric field and cell radius is almost indistinguishable from the
1/r behavior predicted by Schwan’s equation (Eg. 1). However, as we increase the imposed RPA, the electric
field dependency on cell radius becomes less steep. Moreover for RPA of 1 x 10~* and above the simulated
results differ significantly from an inverse function of cell radius.

Results obtained with the electroporation model based on pore creation (DeBruin and Krassowska, 1999) for a
single pulse of 100 us are shown in Fig. 3. Results are very similar to those obtained using the membrane
conductivity model: for a small RPA the results fit with the prediction of a 1/r relationship between electric field
and cell radius; as we impose higher RPA values this dependency becomes less steep, and for RPA values of
1 x 10™* and higher we observe a substantial deviation of simulation results from an inverse dependency on cell

radius.

RPA=1x10"" RPA=5<10"°
1400

1200

1000

)

E_ (Vicm)
E_(Viem

s s 8 1w 12 14 P T
radius{um) radiug(um)

RPA=1x107" RPA=2.6¢107*

E_(Vicm)

& & 8 w0 1z 14
radius{um) radius(um)

Fig. 2. Simulation results according to permeabilization model 1 of the electric field magnitude required to achieve different
values of the RPA (relative membrane area occupied by pores) at the end of a 2 us electroporation pulse (¢), compared to a
function inversely proportional to the radius and adjusted to the value of the field at 8 um (dashed line). Simulated results are
based on the model geometry depicted in Fig. 1 and the membrane conductivity model presented in the Materials and
Methods section. The RPA was evaluated according to Eq. 6.

12



OUTRhWN [

~

10
11
12
13
14
15
16
17
18
19
20
21
22
23

24

RPA=1x10"" RPA=5x10""

(Viem)

o

E

6 8 10 12 14 4 & E 10 1‘2 1.4
radius(pm) radius(um)

RPA=1x10"* RPA=2.5¢107"

(Viem)
(Vicm)

© 2l

E
E

4 8 8 10 12 14 4 [ 8 10 12 14
radius(pm) radius(um)

Fig. 3 Simulation results according to permeabilization model 2 of the electric field magnitude required to achieve different
values of the RPA (relative membrane area occupied by pores) at the end of a 100 ps electroporation pulse (), compared to a
function inversely proportional to the radius and adjusted to the value of the field at 8 um (dashed line). Simulated results are

based on the model geometry depicted in Fig. 1 and the electroporation model based on pore creation presented in the
Materials and Methods section. The RPA was evaluated according to equations 10 and 11.

Final intracellular concentration

The other criterion we defined for assessing effective electroporation was based on imposing the minimum final
intracellular concentration after the pulse for a given molecule.

Besides defining a value for the final intracellular concentration, we needed to choose plausible values for the
diffusion constant (see Eq. 16), as well as the fraction of long-lived pores respect to the total (see Eq. 14). The
diffusion constants for dyes and molecules typically used in electroporation experiments reported in the literature
are in the range from 10°t0 10 m?. s! (Gendron et al., 2008; Neumann et al., 1998; Petrasek and Schwille,
2008; Renkin, 1954). Regarding the value of the fraction of long lived-pores, we used the value measured
experimentally after a single pulse of 100 us (Pavlin and Miklav¢ic, 2008) that was a 5%. Then to obtain the
results displayed in Fig. 4 and Fig. 5 we imposed a final intracellular concentration value of 5% of the initial
extracellular concentration, a value of 2 x 1071 m? . s~ for the diffusion constant D — which is the value
measured experimentally for the propidium iodide (Jimenez et al., 2014) — and different values of the resealing
time constant .

The results obtained by combining the diffusion model and the membrane conductivity model are displayed in
Fig. 4. When T is decreased, the dependency of the electric field on cell radius becomes less steep and simulation
results deviate from the expected inverse relationship between radius and electric field. For a T = 2 seconds a
plateau is observed above R = 8 um where there is no dependence of electric field on cell radius and for t = 1

second the dependence is very weak for all simulated values of cell radius.

13
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Fig. 5 shows the results obtained by combining the diffusion model and the electroporation model based on pore

creation. Results are very similar to those obtained with the membrane conductivity model although we needed

to define lower values of t to observe a significant deviation from the expected inverse relationship between

radius and electric field. In this case results with T = 1 second show a plateau for radius above R = 8 um and

results obtained for 7 = 0.5 seconds exhibit a very weak dependence on cell radius.
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Fig. 4. Simulation results of the electric field magnitude required to achieve a final intracellular concentration value of a 5%
the extracellular concentration for different values of the resealing time constant z (¢),compared to a function inversely
proportional to the radius and adjusted to the value of the field at 8 um (dashed line). These results were obtained combining
the diffusion model presented in the previous section and the permeabilization model 1.
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Fig. 5 Simulation results of the electric field magnitude required to achieve a final intracellular concentration value of a 5%
the extracellular concentration for different values of the resealing time constant z (¢),compared to a function inversely
proportional to the radius and adjusted to the value of the field at 8 um (dashed line). Results were obtained combining the
diffusion model presented in the previous section and the permeabilization model 2.
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DISCUSSION
Relative pore area during the pulse

We calculated the electric field necessary to achieve a RPA as a function of cell radius with two different
permeabilization models: a membrane conductivity model based on experimental measurements, and an
electroporation model based on the creation of pores. Both models provided similar results indicating that as the
imposed RPA is increased the dependency of the electric field on cell radius becomes less steep.

The results obtained with this first criterion can be intuitively explained: since an increase of the RPA means a
membrane conductivity increase, as we get to higher values of the RPA we move away from the condition of a
nearly insulating membrane that is assumed in the derivation of Schwan’s equation. In particular, due to the
short-circuiting effect (explained in the introduction), the local TMV in those regions of the cell that are already
electroporated cannot increase substantially by increasing the external field. This means that above a certain
value of the electric field the regions of the membrane that are easier to permeabilize (poles facing the
electrodes) will not experience a substantial raise of its local conductivity. Thus in these cases the average
conductivity increase for larger fields will be due to an increase in the local conductivity of the regions far from
the poles facing the electrodes. This is related to the flattening observed in the TMV profiles for electric fields
above a certain value, and it means that an increase in the RPA can only be accomplished by permeabilizing a
larger area of the cell membrane and not so much by further permeabilizing the areas that are already
permeabilized. Therefore the deviation between the expected dependence of electric field on cell radius and

simulation results gets more pronounced as we increase the value of the RPA.

Final intracellular concentration

We calculated the electric field required to reach a certain intracellular concentration as a function of cell radius.
The results indicate that depending on the resealing dynamics the dependency of the critical electric field on cell
radius can either deviate from the expected 1/r relationship according to Schwan’s equation model or show a
dependency very close to that expected. Results similar to those displayed in Fig. 4 and Fig. 5 can be obtained by
imposing different values of the final intracellular concentration and adjusting the values of t or D. Decreasing t
means that there is less time for the transmembrane transport to take place, and decreasing D means that it is
more difficult for the ions or molecules to penetrate into the cell, respectively. Thus lowering one of these two
values implies that the initial diffusion surface must be larger in order to reach the same concentration values.

Since the diffusion surface is proportional to the RPA, to increase this surface, membrane conductivity during
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the pulse has to reach values that are far from the assumption of a nearly insulating membrane in Schwan’s
equation. On the other hand increasing either T or D makes transport easier. This means that lower RPA values
are required to reach the same concentration, and, as we saw previously for low RPA values, the dependence of
the field magnitude on cell radius is similar to the 1/r behavior.

From Eq. 17 we can see that for a given D and , larger cells require larger values of the RPA to reach a given
intracellular concentration. This, in comparison to the assessment based on setting a specific RPA during the
pulse, leads to a larger deviation between the Schwan’s equation model and the simulated dependence of the
critical electric field on cell radius.

In the following paragraphs we will discuss some methodological aspects that require further clarification as well
as the limitations of this study.

In the derivation of Eq. 16 it was assumed that transport during the pulse could be neglected. To validate this
assumption, transport during the pulse was quantified as in (Pucihar et al., 2008). The results (not reported here)
indicate that the contribution of the transport during the pulse on intracellular concentration is at least five orders
of magnitude lower than final concentration even for pulses in the millisecond range. Hence, we conclude that
for this analysis transport during the pulse can be ignored, and that this simplification has no impact on the
conclusions of the present study.

Regarding the criterion of imposing a final intracellular concentration, it must be noted that, cell electroporation
assessment and the detection limit depends substantially on the molecules used and on the detection method
(Gabriel and Teissié, 1999; He et al., 2007; Pucihar et al., 2008). For instance a cytotoxic agent such as
bleomycin as few as 500 molecules are needed to kill the cell by a mitotic cell death process (Poddevin et al.,
1991; Silve and Mir, 2011; Tounekti et al., 1993). On the other hand, when using fluorescence imaging to detect
the uptake of a given dye such as propidium iodide, a significant concentration of this dye is needed, at least
locally, to be able to distinguish the fluorescence signal from noise. In a real experiment the detection does not
depend on the average concentration but in the local concentration, in fact generally fluorescence images present
an accumulation in the regions close to the membrane in the areas facing the electrodes. Nevertheless we used a
simplified criterion — the average concentration — and an arbitrary value, since the aim was to study how the
transmembrane transport can vary depending on the electric field, the cell radius, the diffusion constant and the
pore lifetime.

To estimate the effective diffusion surface we used an experimental value that relates the total surface of the

whole population of membrane defects (presumably pores) with the surface occupied by long-lived membrane
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defects. As explained in the Materials and Methods section, the relation between the long-lived population and
the whole population of pores is yet not clear, however, experiments suggest that it depends on the electric field,
pulse length, the number of pulses and the pulse repetition rate.

In this study only a single pulse was considered for computing both membrane permeabilization and
transmembrane transport. This neglects the fact that, commonly, an electroporation treatment consists in a train
of several pulses since it has been observed that multiple pulses are more effective than a single pulse.
Nevertheless, it must be noted that the experimental discrepancies regarding the electric field threshold to detect
electroporation and its dependency on cell radius were found also for measurements with single pulse protocols
(Agarwal et al., 2007; Henslee et al., 2011; Hojo et al., 2003; Towhidi et al., 2008). Therefore, we considered
adequate to model a single pulse treatment for the sake of simplicity. Furthermore, it must be noted that
mechanisms acting in the electroporation phenomenon that cause the influence of the number of pulses and its
repetition rate are yet not elucidated and that the quantification of these effects cannot be accurately modeled. A
recent model (Leguébe et al., 2014) describes separately the conductivity increase during the pulse and the long
term permeabilization of the cell membranes. That model proved to be able to reproduce qualitatively the
experimental observations on the uptake of propidium iodide and the dependency of this uptake on the pulse
repetition rate. Nevertheless the parameters of the model need to be calibrated to describe quantitatively the
phenomenon and the sensitivity of the model to these parameters would have to be investigated before

considering its use in our study.

CONCLUSIONS

The motivation of the present study was to explore a plausible explanation to the apparently contradictory results
that can be found in the electroporation literature regarding the electric field threshold dependency on the cell
radius. In particular, it has been attempted to find an explanation to those experimental results that do not follow
the Schwan’s equation model in which the threshold is predicted to be inversely proportional to the cell radius.

While the Schwan’s equation model describes when electroporation can be initiated, its relation to detectable
outcomes of electroporation (e.g. dye uptake) is more indirect. We therefore hypothesized that by modeling the
effects of electroporation, we would be able to predict results not compatible with the Schwan’s equation model
under some circumstances. And, indeed we have shown that by modeling the interplay between cell membrane
conductivity, permeability and transmembrane voltage we obtain electric field thresholds for detection of

electroporation that depart from the Schwan’s equation model. Departure from the Schwan’s equation model is
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particularly significant when it is imposed that cell membrane permeabilization has to reach a high value during
the pulse (RPA > 10*) whereas it is almost unnoticeable when the imposed permeabilization is low (RPA < 10°
®). When uptake of an extracellular molecule is modeled, departure from the Schwan’s equation model is even

further exaggerated. These results have been obtained using two different electroporation models.

APPENDIX

Variation in extracellular concentration

Assuming that the initial intracellular concentration is zero and there is no change in cell volume during the

experiments, initial and final concentrations can be written as:

Ci,O =0
Ceo =No/V(1—F)
Ci'f:N/FXV (Al)

(Ce,p= (No = N)/V(1 = F)
being Nythe total number of molecules, N the number of molecules that enter the cell, V the total volume of the
suspension and F the cell volume fraction. If we express the final intracellular concentration as a fraction of the
initial extracellular concentration ¢; ; = a X c,;, then from (A.1):

_Cif _ N(1-F)
T NoF (A.2)

On the other hand, from (A.1), the relationship between final and initial extracellular concentration is:

Ce,f NO —N
s 0 A.3

Ce,0 Ny (A3)
Combining A.2 and A.3 we can obtain an expression of the term c, ¢/c, ¢ as a function of F and a:

Ce_,f _ 1- F(l + a)
Ceo  1-F (A4)
For a cell volume fraction of 0.2 and a final intracellular concentration of 5% the initial extracellular

concentration, the variation of the extracellular concentration is 1.25%.
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