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Electroporation is the phenomenon in which cell rbeme permeability is increased by
exposing the cell to short high electric field mdsExperimental data shows that the amount of
permeabilization depends on the conductivity of teetracellular medium. If medium
conductivity decreases then it is necessary tovelel pulse of larger field amplitude in order to
achieve the same effect. Models that do not tateancount the permeabilization effect on the
membrane conductivity cannot reproduce qualitagitbe experimental observations. Here we
employ an exponential function for describing thersg dependence of membrane conductivity
on transmembrane potential. Combining that mod&i wiumerical methods we demonstrate that
the dependence on medium conductivity can be exgilaias being the result of increased
membrane conductance due to electroporation. Asergwpntally observed, extracellular
conductivities of about 1 S/m and 0.1 S/m yieldyveimilar results, however, for lower
conductivities ( < 0.01 S/m) the model predictg significantly higher field magnitudes will be
required to achieve the same amount of permeatidiza

1. Introduction

Electroporation, or electropermeabilization, is tpbBenomenon in which cell membrane
permeability to ions and macromolecules is incrédseexposing the cell to short (microseconds
to milliseconds) high electric field pulses. Thermeabilization can be either temporary
(reversible electroporation) or permanent (irreNges electroporation) as a function of the
electrical field magnitude and duration, pulse titjoa frequency and number of the pulsks.
vitro, reversible electroporation is now commonly usadgene transfection of cells in culture
whereas irreversible electroporation is considessd a potential viable method for cold
sterilization of liquid media ®. In addition, reversible electroporation is alssed in living
tissues forin vivo gene therapy and to enhance the penetration of anti-cancersdintp
undesirable cells (electrochemotherapy, ECTRecently, irreversible electroporation (IRE) has
also found a use in tissues as a minimally invasiugical procedure to ablate undesirable tissue
without the use of adjuvant drugjs

Multiple in vitro experimental studies demonstrate that the extidaellmedium
conductivity ge) has an influence on the electroporatibrenomenort**. In five out of seven of
these cited studies, it was observed that electatipo efficiency decreases when medium



conductivity decreases but in the other two theospp effect was observed, that is, efficiency
decreased when medium conductivity increaded In those two singular cases the pulse
generator consisted of a capacitance charged tghavioltage that was allowed to discharge
through the medium in which cells where contairiHuhat is the oldest method used to generate
electroporation pulses and it has a well identified drawback when comgamemodern square
pulse generators: in these capacitance-dischamgerajers the applied pulse length depends on
medium conductivity. And such dependence would @&rpthe exceptional observation for those
two cases: as medium conductivity increases theegehgth decreases and as a consequence the
intensity of the electroporation phenomenon dinfiags*. Observations in all the other studies
can be summarized as follows: 1) electroporatidiiciehcy decreases as decreases, 2)
decrease rate in efficiency as a functiomis higher for lowere, values and 3) electroporation
efficiency sensitivity tose varies significantly between experiments and ddpenon the way
permeabilization is assessed. Here it is convemgenbte that in the cited studies the depletion of
ions from the medium was osmotically counterbaldnggh neutral compounds such as sucrose.
Otherwise, it could be reasonably argued that ithis osmolarity, and not the electrical
conductivity, the main factor that influences elepbration®’

If we define a "critical" electric field magnitudig,, at which the electroporation effect is
guantitatively the same for different extracellu@mnductivities, then it is possible to plot data
from some of above cited studiés'® ' so that the above observations are illustratea in
comprehensible way (Fig. 1). The other two studiés show that electroporation efficiency
diminishes a® decreases but do not provide data for represeriingt different extracellular
conductivities.

The cases B and D on Fig. 1 are particularly tthts/e. Both cases correspond to the
same study and followed the same experimental gtves apart from the method employed for
assessing electroporation efficiency. In D cellemsible permeabilization was evaluated by
qguantifying cell survival rate after electroporatim a medium containing bleomycin, which is a
powerful cytotoxic drug barely able to penetrate tells under normal conditions. In B direct
cell death (necrosis) caused by irreversible pebilization was quantified. As it can be
observed in D, which is the case that requires welolevel of permeabilization, the
permeabilization sensitivity te. is almost insignificant whereas in B, which regsira higher
level of permeabilization, the required field magde increases ag decreases. Moreover, such
field sensitivity tose Seems to become largeraaslecreases. The motivation of the present study
was to analyze whether it was possible to justifghspatterns in electrical terms.
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Fig.1 Results from experimental studies showing thatefleetric field magnitude required to achieve actje
electroporation effecty, depends on the extracellular conductivity, A: 50 % green algae cells permeabilization
after a single square pulse of 200 ps as asseyseeria Blue dye uptake B: 50% fibroblasts survival after a train

of eight 100 ps puls€$, C: definite level of gene expression (beta-galsidase activity of 0.002 mU/ng DNA) in
mesenchymal cells after a train of eight 100 psasgpulses in a medium containing a plasmid engpttia lacZ
reporter gené', D: 50% fibroblasts permeabilization after a traheight 100 ps square pulses as assessed by
bleomycin uptaké’.

There are numerous evidences from experimentglbsuspension§ ™, on isolated cells
21 and on artificial membrane¥?®* that electroporation occurs when the transmembrane
potential ¥) induced by the electric field reaches a spedifieeshold. The value of such
threshold depends on the characteristics of théeappulses (number, duration and shape) and
also on how electroporation is assessed (e.g. bgimp an increase of membrane conductance,
by detecting intracellular contents release or byeoving cell lysis). Nevertheless most authors
reportVp, threshold values in the range from 200 mV to 1 V.

Therefore, a plausible hypothesis that was propasetie past *° for explaining the
dependence d&: onoe can be phrased as follows: when an external eldettd is applied, the
induced transmembrane potentiaV(,) depends on the conductivity of the extracelluf@dium
so that the threshold for the manifestation ofdleetroporation phenomenon can only be reached
under some specific conditions. As it is reportedhie appendix, in the case of a spherical cell it
is possible to obtain analytical expressions Ad, when an external electric is applied. And,
taking into account realistic values for the geasnand for the dielectric parameters of the cells,
such analytical expressions indeed show that ti@{lular conductivity has an effect on the
maximum value thaAVy, can reach. However, the magnitude of sachffect on the calculated
AVy, is insufficient for justifying the large dependescof E. on o that are observed
experimentally (e.g. trace A in Fig. 1). Moreoveuch analytical expressions are not able to
predict the fact thaE. sensitivity tose depends on the permeabilization level to be aeligas
illustrated in the cases B and D of Fig. 1. In otherds, if it is assumed that only has an



impact on the electroporation phenomenon by maatifythe minimum electric field at which
electroporation can be manifested, then tracesdBlashould be proportional. Hence we believe
that the model described by such analytical expressneeds to be improved with other
phenomena in order to predict the experimentalgeoled behaviors. In particular, we propose
to include the electroporation phenomenon (i.efdhmation of pores) in the model.

Here we hypothesize that the fact that membranedwdivity increases when
electroporation occurs explains the observed phenamrReasoning behind this hypothesis is: 1)
when an external voltage is applied, part of itpdr@at the membrane but the rest drops in the
extracellular and intracellular media; 2) thus,tagé drop at the membrang,, not only depends
on its conductivityom, but also on the conductivity of extracellular anttacellular mediade
andg; respectively); 3) when no electroporation occurembrane conductivity is very low and
voltage drop at the membrane is almost independané. and ong;, as described by the
equations in the appendix; 4) however, when elponaion occurs becausé, reaches the
required threshold, the conductivity of the memkramcreases abrupth} and with a strong
dependence ol **; 5) as a consequence, voltage drop at the memlisanew significantly
dependent ow. and ong; and in turn the membrane conductivity increasalse dependent on
both conductivities. Then, since membrane condiigtreflects the permeabilization state at the
time of the pulse, if is reasonable to expect fuat-pulse effects of electroporation (e.g. uptake
of molecular dyes, cell lysis, gene electrotrarjsfell also be dependent afa and or;.

The purpose of the numerical study presented lsete demonstrate that the above
hypothesis can indeed justify the dependence oftrelgoration efficiency onee that is
experimentally observed in the case of cells ipsasion.

In the present report, the methods and the resdtgions are organized in two
subsections. In both sections, the first subsedigais with the description and validation of a
membrane conductivity model. The second subsedgsoribes how that membrane conductivity
model is employed in order to demonstrate thatan indeed have a significant effect on the
amount of permeabilization.

2. Materials and methods
2.1 Membrane conductivity model

As a preliminary step, before addressing how egthalar conductivity influences
permeabilization, we have selected a membrane ctindy model and we have assessed its
performance by comparing simulated results witladedm an experimental study in which the
conductance of a dense cell suspension is meaduridy electroporation pulsés Details about
the model and its justification can be found in tegults and discussion section. Here we simply
specify some aspects concerning the numerical rdethe employed for validating the
performance of the model.

We have performed numerical modeling of the cotahae of a cell in suspension in a
similar way to what is described i In particular, we have used a commercial fintement
(FEM) software platform, COMSOL Multiphysics 3.5t¢8kholm, Sweden), to solve the steady-



state problem depicted in Fig. 2. The parametaresahnd the dimensions of the FEM model are
summarized in Table 1. We selected the valuesM@nd h (dimensions of the measurement
chamber) so that the volume of the cell is equiviale 19 % of the total volume of the chamber,
as in the experimental stué#y The membrane thickness in the model is unrecdityi large (50
nm instead of 5 nm) in order to facilitate FEM as&. We verified that in the much slower
simulations with a membrane thickness of 5nm tlseilte do not differ significantly from the
results obtained with a 50 nm membrane.

Since the membrane conductivity depends on thereldeld and, in turn, the electric
field depends on the membrane conductivity, aratitez process is required to perform the
simulation. In this iterative process, it is conmgufirst the electric field distribution assumiag,
= omo, and then the equivale¥t, at each point of the membrane is obtained@s|Emembrane|-50
nm, a new value fos,, is obtained according to Eq. 1 and the processpsated until a stable
solution is found. If in this iterative processistmodeled that the voltage at the electrodes is
present since the first step, in some cases, tnéisodoes not converge easily and oscillations
in conductivity appear. Therefore, an alternatippraach was tried here in order to facilitate
convergence of the solution: the COMSOL simulatias in fact configured as a time transient
simulation in which the applied voltage increaseuwsthly from 0 V to the final voltage and then
remained at that final value until the end of timawation. More specifically, the voltage raise
consisted of a ramp function from time 0O to timg &nd the simulation finished at time 2. It must
be noted that here the time points are indicatedout units (e.g. seconds) as they are in fact
arbitrary; time has no physical meaning in the $ation, it is employed for facilitating the
solving process. For each simulation it was velifieat the solution was indeed stable and that
no oscillations remained during the phase in whiehapplied voltage reached its final value.

Table 1 Model parameters for simulation of conductanca single cell in suspension

Symbol Value Definition, justification or source
Om 0,=0.,%+ K(eﬁ‘vm‘ —1) Membrane conductivity model
. 2 5107 S/m Membrane conducti\{ity Whe\ﬂ_n:O, form*® if membrane
thickness = 5nm
Oel 1.58 S/m Extracellular conductivity, isotonic Na@F®
Extracellular conductivity, isotonic 10% NaCl/90%csose’®, see
Oe2 0.3S/m A
text for further justification
0 0.5S/m Intracellular conductivity
0 50 nm Simulation membrane thickness, see texufdification
R 2.8 um Cell radius’®
A Oto6V Applied potential, to produce fields from 0 to ~8/&m as in®
w 4.2 um Simulation region width
h 8.8 um Simulation region height
n 13320 Number of elements in the mesh (FEM paraeter




axial symmetry

electric insulation
=

Fig. 2 Geometrical features of a model for a single iceiuspension. This model was solved by means df kid
an axial symmetry was introduced in order to redcm@putation time. The conductivities of the exttadar and
intracellular media are constant whereas the cdiuiiycof the membraneo(,) depends on the local electric field
which in turn depends an,. The volume fraction of the cell is approximat2Bpse, as irf".

2.2 Modeling membrane conductivity incr ease dependence on extracellular conductivity

For studying the influence of extracellular conditgt on membrane conductivity increase
during electroporation, we have employed the previovumerical model with a minor
modification of the geometrical dimensions (seel@&); only the widthy, and the heighty, of
the chamber are slightly larger in order to ensleetric field uniformity at distant points from
the cell. Further details about the model and usification, particularly the reason why we
change the value of the const#hin the membrane conductivity model for each exitatar
conductivity value, are given in the results argtdssion section.



Table2 Model parameters for simulation of membrane cotiditig dependence on extracellular conductivitythe
case of a single cell in suspension

Symbol Value Definition, justification or source
Om 0,=0.,%+ K(e"}‘vm‘ —1) Membrane conductivity
S 16 Constant fosy,
10° x: 3.75 foroe, 1.5 for
K oe, 1.275 fore; and Constant for,
1.2525 foroey

Omo 2.5¢107 S/m Membrane conductivity whew,,=0, see Table 1
Oel 1S/m Extracellular conductivity

O 0.1 S/m Extracellular conductivity

0e3 0.01 S/m Extracellular conductivity

Oed 0.001 S/m Extracellular conductivity

oi 0.5 S/m Intracellular conductivity

0 50 nm Simulation membrane thickness, see texufidification
R 2.8 um Cell radius®

Vp Oto5V Applied potential, to produce fields fréhto 5 kV/cm
w 5um Simulation region width

h 10 um Simulation region height

n 16212 Number of elements in the mesh (FEM paraineter

3. Results and discussion
3.1 Membrane conductivity model

Membrane conductivity models for electroporationga from simple voltage-sensitive switches
> to complicated models that are supposed to ke tabfjuantify the total number of pores and
their dimensions®*" **. Here we have decided to minimize assumptions rdagg the
electroporation process and the nature of the pordsve have chosen to employ a simple model
that can be described with a single continuoustianc

0,=0,,+ K(eﬂ‘v"“ —1) 1)

whereong is the conductivity of the membrane fd¢=0 (before electroporation occurs) akd
and g are two constants that describe how membrane ctimdy increases as the
transmembrane potential increases.

Under the hypothesis that membrane conductivély 1$ due to pores, we can rewrite Eq.
1 as:

o, =0, +apm()l (e"”“’"“ —1)) )

where ogpores Would be the conductivity of the solution fillindpe poresA would be another
constant and the term



s, =Ale™ -1  (3)

would represent the relative area of the poresrefbee, the constari in Eg. 1 would depend
on Opores:

For determining the value of the constattandg we have made use of data reported in
an experimental study in which the conductivityaoflense cell suspension was measured during
electroporation for multiple pulse amplitud@sin particular, we manually adjusted the value of
the constant& andg so that our model for a cell in suspension (seagraphs below and Table
1 and Fig. 2) provided conductance measurementsrtheched the experimental measurements
at 2 us after the beginning of the pulse. Thisahi&djustment was done for data obtained in
isotonic saline (NaCl 0.9%ge =1.58 S/m?). Then, we tried to use the same membrane
conductivity model for fitting experimental resultbtained in isotonic 10% NaCl/90% sucrose
(e =0.3 S/m) and we discovered that experimental dataned better approximatedkifwas
halved (Fig. 3); which would be in agreement witlp. 2 under the reasonable assumption that
opores depends one, as justified below.

lonic species such as N&CI and K™ have diffusion coefficients in water of about 318
m?/s. 3 This implies that in a pore with a length of 5 iioell membrane thickness) the ionic
content will be a good mixture of the ionic contgenf both compartments in less than 2 pus after
pore creation (further discussed and justified sopsragraphs below). Therefore, the
conductivity of the pores can be assumed to be:

9

Oy = (4)

And the value oK for g, Ko, relative to the value df for oe1, Ky, is:

K - Upor&sz K - 092 + Ji
2 1 +
o-poresl o-el o-i

Ky (5)

In the above cas&i(=0.5 S/m, ge; =1.58 S/moe; =0.3 S/m) the value dk, would be
~0.4K; which is reasonably close to the value obtainedfiijng the experimental data
(K2=0.5K;). As a consequence, for modeling the membraneustivity increase dependence on
extracellular conductivity we have decided to faellthe model described in Eq. 1 witiKavalue
that depends on the extracellular conductivity escdbed in Eq. 5. Actually, we have rounded
oe1 10 1.5 S/m so that the expression we use figrsimplified:

K =5x10° Ze 19 6)
2

As it can be observed in Fig. 3, with the expoi@mbodel forom(Vy) described by Eq. 1
it is possible to reproduce very accurately the domtance measurements experimentally
obtained from a cell suspension subjected to elpotation.”



A remarkable phenomenon that should be pointedfimitis that whereas membrane
conductivity rise as a function &, is extremely abrupt (model plotted in a logaritbracale in
the insert of Fig. 3), suspension conductance asgas a function of the applied field magnitude
is much smoother. This behavior, which is also plesin living tissues’, is linked to the main
hypothesis of the present study: Bsihcrease¥, also tends to rise which causes an increase of
om Which in turn tends to lessen the increas¥.pin a sort of negative feedback fashion.

As it has been mentioned, we manually adjustedctivestantsK and $ of Eq. 1 for
matching the simulated data (bottom thick contirmutoe in Fig. 3) to the experimental data
measured in salined= 1.58 S/m). This adjustment yieldate 5x10° andp= 16. Then, by using
the same model and constants dpr we tried to fit the experimental data obtainedsotonic
10% NaCl/90% sucrose with the extracellular conditgtvalue reported by the authors of the
experimental study?, se= 0.158 S/m. However, such fitting was only palyiauccessful, even
when we tried by modifying the values of the contst& andp, we were not able to reproduce
exactly the shape of the cell suspension conduetas@ function o] (data not reported here).
On the other hand, by modifying the valsieused in the simulations we noticed that we were
able to get curves that matched the pattern oétiperimental data. In particular, a value dgof
0.3 S/m yielded an almost perfect matching. Theegfave are inclined to assume that the actual
conductivity of the extracellular medium¥hwas 0.3 S/m (instead of 0.158 S/m). In favor @f th
assumption we can point out at least another fesides our simulations results: according to
media conductivities were measured before thestelpensions were prepared, not afterwards,
and then, since an outflow of intracellular ionswbbe favorable during suspension storage
because of the concentration gradient (time natated in), it is reasonable to expect lower
values forg; and higher values fare than the initially measured ones € 0.5 S/mge = 0.158
S/m). As a matter of fact, we verified that by d&ging the value of we also obtained almost
perfect fittings without requiring values ef as high as 0.3 S/m (data not reported here).
Moreover, dense concentrations of microorganisnmsigpension, as it is the case, are known to
increase significantly the conductivity of the madi due to metabolic byproducfs Hence the
assumption that. is larger than 0.158 S/m is quite plausible, tbgetvith a possible decrease of
oi. However, for the sake of simplicity, in our siratibns we have decided to kegpconstant
and to assume that for isotonic 10% NaCl/90% sucrose is 0.3 S/m. Whhse values, the
fitting was further improved whel was 2.%10° instead of 8107 (see Fig. 3). As pointed out
above, this improvement by halvirg is in agreement with the model described by Edn 4
which the conductivity of the poresres, is the average value 6f ando;.
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Fig. 3 Experimental and simulated cell suspension redationductance (conductance at 2 us / conductarfoeebe
pulse). Experimental data is frothwhen the extracellular medium is isotonic salinpgnd when the extracellular
medium is isotonic 10% NaCl/90% sucro®9.(The simulated results (continuous lines) areebasn the model
presented in Fig. 2 when the membrane conductbgtyaves as it is described in Eq. 3 (see ins&hp parameters
omo and B (adjusted for isotonic saline experimental dat&) equal for all simulated results wherdadas two
different values (see text). The two thin dashaddiare sixth order polynomial approximations ef éixperimental
data.

Fig. 4 shows that simulated transmembrane potealtag the cell behaves according to
Eq. 9 in the appendix (i.&, proportional to cosf) when the electric field magnitude is 1500
V/cm. On the other hand, for larger field magnitsig@000 V/cm and 6000 V/cmY;, saturates
at values around 1 V at the cell poles facing thpothetical location of the electrodes. This
phenomenon is the consequence of a large increasermbrane conductivity at the areas where
Vm is above a specific threshold (around 1 V in tlase) and it has been experimentally observed
in actual cells by employing voltage-sensitive dijes
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Fig. 4 Simulated transmembrane potent}) from the model displayed in Fig. 2 for three €i#nt electric field
magnitudes. For 1500 V/criv{= 1.32 V) the transmembrane potential is propoeido cos ) as predicted by Eq.

1. For larger fields, 3000 V/cm (2.64 V) and 600@ (5.28 V),V,, saturates at the poles facing the electrodes due
to the increase of membrane conductivity causeeléstroporation, as experimentally observedt in

In our model we have specified that the condustiof the poresdyores) is the average
value ofge andg;. This is done under the assumption that anionscatidns diffuse sufficiently
rapidly across the pores so that a perfect ioniture is achieved within the pores in less than 2
ps. This assumption is reasonably valid if theuditbn coefficient for ions inside the pores is
similar to that of ions in aqueous solutioms+1.5x10° m%s). However, diffusion across pores
may be hindered and it is quite plausible thatdifieision coefficients of ions in the pores is 10
or 100 times lower than in bulk watér Therefore, we decided to check whether the assomp
of perfect mixture at 2 ps was realistic. For hatpose, we built a simple COMSOL model (Fig.
5) for computing the equivalent conductivity of theres medium 2is after pore creation.
Equivalent conductivity of the pore medium was caited asopores = Gpore X (pPOre length/pore
section), whereGpye is the conductance assessed between both openintse qore. As
expected, at 2 ps, for the lowest diffusion coedfic (1.5<10"* m?/s) concentration distribution
within the pore is far from being a perfect mixtydata not reported). However, as it can be
noticed in Table 3, equivalent pore medium conditgtidoes not diverge drastically from the
perfect mixture caseDd(= « m?s). Hence we conclude that the assumption of penféxture is
realistic for computin@pores in the context of the present study (we did chiaekt considering
opores =0.11 S/m, forge = 0.01 S/m, instead afyres =0.2505 S/m did not have a significant
gualitative impact on the results described in rsection).
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Fig. 5 Geometry of the model employed for verifying timaére diffusion would be sufficient for assuringttha
conductivity of the medium in a pore would be clésehe average value ef andg; just 2us after pore creation.
The initial concentratiors, in the intracellular medium is 0.5 molfiwhereas various initial concentrations are tried
for the extracellular medium. Pore conductari&g,, is assessed between both openings of the parenassthat a
concentration of 1 mol/frhas a conductivity of 1 S/m. Equivalent condutgiwif pore mediuMgyyes, IS calculated

aSsopores = Gpore X pOre length/pore section. Results ats2are shown in Table 3.

Table 3 Equivalent conductivity of the medium inside thergs at 2us after pore creation for different diffusion
coefficients and different extracellular condudias

o, (S/m) 0.5 0.5 0.5 0.5
0e(S/m) 1 0.1 0.01 0.001

D= oo m?/s 0.75 0.3 0.255 0.2505
Gpores (S/M) D= 1.5¢10° m¥/s 0.74 0.29 0.24 0.23
D= 1.5x10" m?s 0.72 0.25 0.13 0.11

Instead of assuming that pores are filled with atane of extracellular and intracellular
ionic solutions due to diffusion, an alternativeygical model for the increase of membrane
conductivity could be the following: the electrielfl creates pores or water channels in the
membrane, as predicted by molecular dynamics stionk*® *°, and then extracellular and
intracellular ions are pulled and pushed througis¢hpores because of the same electric field.
Therefore, the equivalent membrane conductivity lkdae proportional to the area of the pores
(which again we can imagine to be described by & and to the amount of free ions in the
media in contact with the membrane. lonic contesftgshe pores would not be relevant as
extracellular and intracellular ions would be pdwd at sufficient speed: for an electric field
magnitude in the order of 1000 V/cm, monovalentsitravel at a velocity of about 1 cnifs
which implies that ions can be pushed, or pullddpugh the pores in less than 0.5 ps
(particularly if we take into account that fieldsthe vicinity of the pores will actually be much
larger than 1000 V/cm). Hence, since the amountfreé ions in a medium is roughly



proportional to its conductivity, it turns out tHadth physical descriptions would in fact produce
the same result in terms of electrical modelinge thcrease of conductivity for a given
permeabilization level (given by Eq. 3) is rougplpportional to the average value of valuerof
ando;.

Finally, we want to point out in this section thather functions besides exponential
functions could be also employed for modeling meanbrconductivity. The only requirement for
matching accurately the cell suspension condugtiexperimental data seems to be an abrupt,
but finite, increase of conductivity whew, reaches values close to 1 V. The pattern of the
dependence of cell suspension conductivity on mbtedield magnitude seems to be mostly
determined by, o; and the geometry rather than by the shape ofuhetibn modelingsy,. For
instance, in Fig. 6 it can be noticed that theofwlhg power function also reproduces with high
fidelity the experimental data:

0, = 0,0+ 07V, ) @)
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Fig. 6 Experimental and simulated cell suspension redationductance (conductance at 2 ps / conductarfoeebe
pulse) when the model employed for membrane condtyctonsists of a power function (see insertiéas of an
exponential function (see Fig. 3). Experimentaladit from*® when the extracellular medium is isotonic 10%
NaCl/90% sucrosee|. Simulated results are depicted with a contirsuline. The thin dashed line is a sixth order
polynomial approximation of the experimental data.



3.2 Permeabilization dependence on medium conductivity

As expected, the simulated average membrane cawmdycto,,, (Fig. 7) increases as field

magnitude increases above a certain threshold Q0~\8cm in Fig. 7). For field magnitudes
between 1000 V/cm and 2500 V/cm the rise is quéesbut afterwards it moderates due to the
mitigation ofVy, increase mentioned before. Nevertheless, the rapsirkable observable fact in
Fig. 7 is that membrane conductivity increase ddpenignificantly on the extracellular
conductivity. For instance, for a given membranaduztivity value of ¥10* S/m it can be
observed that the electric field magnitude requteeteach it is slightly lower than 2000 V/cm if
oe 1S 1 S/m, slightly larger than 2000 V/cmifis 0.1 S/m, of about 3000 V/cmadf is 0.01 S/m
and much larger than 5000 V/cm (out of scalejiis 0.001 S/m. Hence this is a first indication
that the effect of electroporation indeed depemndshe extracellular conductivity. Nevertheless,
it is more interesting to analyze what happengiims of permeabilization.

Following the pore model described by Eqgs. 2 anth& obtained average conductivity
values can be scaled according to the followingaéqn so that the average relative area of the
pores is obtained:

T, -0,
- m ml 8
o (8)

pores

S

p

whereayp is the membrane conductivity when transmembrartenpial is 0 V, antyores is the
equivalent conductivity of the medium filling thenes as described by Eq. 6. The result of such
translation (Fig. 8) shows that the amount of pexdoigzation is indeed also dependent on the
extracellular conductivity. In particular, if we gil the required electric field magnitudgs,
required to achieve three different levels of peabikzation at 2us (relative pores area ok10

® 3x10° and &10%) it can be observed that the resulting curves.(Bjgresemble the ones
plotted in Fig.1 from experimental data. The cali@ield, E., is practically independent at
whenge has values of about 0.1 S/m and 1 S/m, as itis#ése for traces B and D in Fig. 1. For
lower extracellular conductivitiesd < 0.1 S/m) modele&. may be significantly dependent on
oe, @S it is also the case for traces A and B in HigMore interestingly, such significant
dependence OE; on oe is dependent on the chosen amount of permealmlizafor a relative
pores area of 410 (i.e. pores occupy 0.001 % of membrane area) &hee\ofE, is practically
independent of, whereas for a relative pores area »1@* the value of is strongly dependent
on ce. This last observation would explain what was ceatiin® (i.e. traces B and D in Fig. 1):
the lower amount of permeabilization required in (€ell death assessed after reversible
electroporation followed by uptake of cytotoxic gyus almost insensitive tee whereas the
higher amount of permeabilization required in Brddi cell death caused by irreversible
electroporation) is significantly dependenta®n

Our initial hypothesis was that the experimentalhgerved dependence of electroporation
effects on the conductivity of the extracellulardinen could be explained numerically as being
the result of the dependence of membrane condtyGtog, on the transmembrane potenthl,

In the present study, by applying an exponentiatiehdor o(Vi) we have provided evidences
that support such hypothesis. Nevertheless we ¥eapbint out that other models fot(V)



would also yield the same conclusion. For instaicée appendix it is reported that a sigmoidal
model forem(Vm) produces a similar qualitative behavior for tlependence dE. onoe.

The exponential model we applied tofVm) includes a termgmp, for modeling leakage
currents through the non-selective ion channelghef membrane. Neither the selective ion
channels nor the voltage-gated channels are taiteraccount in our model. This simplification
has also been performed in previous modeling s$udi€. Those non-linear ion channels are
very relevant and abundant in excitable cells (eegirons and myocytes) but their presence is
very limited in other cells, such as the RBCs coe®d in our study. Nevertheless, even in the
case of excitable cells, the contribution of thosa-linear ion channels is not very significant in
terms of conductance and in the context of thegmtestudy: during an action potential, the
membrane conductivity of an axon membfarmn only increase up to about 1£1[%/m], a
value that would be close to the average membranéuctivity starts to be significant according
to our model (see Fig. 7). Therefore, if those tele and voltage-gated ion channels had been
modeled in the current study, their effect on oypdthesis would had been negligible since the
dependence of pores area on extracellular condiycisvobserved for larger electric fields (Fig.
8)

Finally, we would like to discuss briefly the exjpeental data shown in Fig. 1 regarding
plasmid transfection (trace C): the dependenceheflével of expression on the extracellular
conductivity is not predicted precisely by what sve concluded before regarding the amount
of permeabilization; note that traces = 1 S/m andse = 0.1 S/m barely diverge in Fig. 8
whereas trace C in Fig.1 indicates that theredsgyaificant difference in the level of expression
for both conductivities. Various reasons could lgasxplain such discrepancy: 1) our modeling
was intended for a single pulse, not for multipdegential pulses, as it is normally the case in
actual electroporation processes, and pulse repetg known to have a memory effect on the
conductivity of the membranéd$ 2) furthermore, our modeling only considers whappens
during the first instants (gs) of the pulse, when it is believed that most spates are created
' but does not predict how the pores could evoftenaards as a function of the extracellular
conductivity. Nevertheless, it must be pointed that transport of DNA into the cell by
electroporation is believed to be more complicdted the mere diffusion of the DNA constructs
into the cells after membrane permeabilization. plarticular, it has been proposed that
electrophoretic forces play a significant r61€. If that is the case, then our model could also
explain the experimental observations: whereasptites areas (Fig. 8) for both extracellular
conductivities are very similar, the conductivitea® significantly different (Fig. 9) and therefore
one could expect that electrophoretic forces wdaddalso significantly different. In particular,
as observed in Fig 1, plasmid transfectiondgor 0.1 S/m would require a significantly higher
field than the same level of transfection dgr 1 S/m.
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Fig. 7 Modeled average conductivity of cell membrane whenl1l S/m @), .= 0.1 S/m ¢), o.= 0.01 S/m &) and
oe=0.001 S/mtd).

1.0E-02

1.0E-03 1

1.0E-04 - ]/D/D/D/C/a’a

1.0E-05 1

pores area / membrane area

1.0E-06 1

1.0E-07 T . .
0 1000 2000 3000 4000 5000

|E| (V/ecm)

Fig. 8 Modeled relative area of the pores (total arearep / membrane area) whern= 1 S/m @), g.= 0.1 S/m ¢),
0e=0.01 S/m %) ando.= 0.001 S/mt).
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Fig. 9 Modeled electric field required to achieve thréedent permeabilization degrees (i.e. relativegsoarea)
plotted against extracellular conductivisg) The relative pores areas arg1@® (»), 3x10° (o) and &10* (m).

4. Conclusion

Experimental data reported in the scientific litara shows that the amount of permeabilization
depends on the conductivity of the extracellulardimm. In particular, if the medium
conductivity decreases then it is necessary toveiel pulse of larger field amplitude in order to
achieve the same amount of permeabilization. Hexredemonstrate that such phenomenon can
be explained as being the consequence of the depeadf membrane conductivity on induced
transmembrane potential when pulses are applied.

Extracellular conductivities of about 1 S/m andl 8/m yield very similar results in terms
of permeabilization, however, for lower conduciedt ( < 0.01S/m) our model predicts that
significantly higher field magnitudes may be regdirto achieve the same amount of
permeabilization

It is worth noting that a significant partial réséound out in this study is that cell
suspension conductance increase due to electropoest a function o can be well reproduced
by numerical simulations in which membrane conditgtidependence t&¥,, is modeled with
functions that impose an abrupt rise, such as expal functions or power functions.



5. Appendix

5.1 Mathematical prediction of the direct influence of extracellular conductivity on the
increase of transmembr ane potential.

In the case of a spherical cell in suspension oissible to obtain an expression for the increase
of transmembrane potential in response to an édigtd pulse of magnitude **:

Vv, = f_.ERcod#) {1— e_ft} , (9)

wherefs is a multiplying factor described in Eq. Bjs the cell radius] is the angle between the
electric field direction and the radius at whi¢gh is assessed,is the time since the beginning of
the pulse andis a time constant described in Eq. 11.

- 30.|3dR?g, +(3d?R-d%)(g,, - 7, )| | (10)

| 2R, 20 0, + 0 |-2AR-0) (0. -0,)(0-0)

whereog is the extracellular conductivity; is the intracellular conductivityy, is the membrane
conductivity and is the membrane thickness.

= , 11
r 20,0, + R (11)

20,+0 d

m

whereen, is the membrane permittivity.

Taking into consideration realistic values for tgeometry and for the dielectric
parameters, it can be shown that these expressidegd yield an effect of the extracellular
conductivity ge) on the transmembrane potential: 1padecreasek decreases and therefore the
maximum level tha¥/,, can achieve also decreases and 2j.afecreases, the time constant
increases and consequently, for a finite duratiolsg) the membrane is exposed for a shorter
period to the maximum voltage. However, as disaligs€, considering geometric and dielectric
realistic values, the calculat&f, dependence os cannot match quantitatively what is observed
experimentally. For instance, in the case of aehes® in extracellular conductivity from 0.1 S/m
to 0.01 S/m the increase i according tds would be below to 3%, = 510" S/m,s; = 0.5
S/m, d =5 nm, R =5 um) and the time constant dautrease from 0.35 us to 2.53 g €
5.64 x &p), which is not very significant compared to tharstard duration of electroporation
pulses (100 ps). Both figures are far from justifythe huge increase i that is observed in the
curve A of Fig. 1, implying that another mechanisnust exist in order to justify such
experimental increase. More importantly, the abex@ressions fof; andz do not predict the fact



that E; sensitivity tose depends on the permeabilization level to be aeldgess illustrated in the
cases B and D of Fig. 1.

5.2 Dependence of critical field magnitude on extracellular conductivity when membrane
conductivity ismodeled with a sigmoid function.

The curves depicted in Fig. 10 have been obtain#dtie following sigmoid model fasm(Viy):

[ -1V, - 0.75)J
+0 e | € © (12)

This expression was selected because of havindmptaincrease in value around a threshold
value (i.e. 0.75 V). We did not even tried to atjits values so that it produced a reasonable
reproduction of the cell suspension conductancesareaents as we did with the power function
in the previous section (Fig. 6). As a matter adtf we verified that such modeling by this
sigmoid function was quite poor (data not repoftede). Nonetheless, it can be observed that
gualitatively the same behavior is obtained in eeohdependence &; onoe (Fig. 10 compared

to Fig. 9).
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Fig. 10 Modeled electric field magnitude required to achighree different permeabilization degrees when th
membrane conductivity model consists of a sigmaiacfion (see insert) instead of an exponential tfancE; is
plotted against extracellular conductivisg) The relative pores areas arg1@® (»), 3x10° (o) and &10* (m).
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