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Conductivity of cells in PEF based on electroporation is specified by electrical membrane
properties which are largely dependent on its geometric structure. Basic geometrical properties of a cell
and a membrane are formulated in the article. They are defined as objects of mathematical
modeling with a goal to theoretically ground the methodical modes of electroporation, dealing

with pulse conductometry of cells.

A probabilistic model of a cell conductivity is proposed for a membrane electroporation in PEF with
increasing tension. Exponential characteristic of a cell conductivity growth is constructed assuming the
increase in elektropor caliber until a membrane disruption occurs when critical field strength is reached.
The developed model allows theoretically ground and compute field parameters, providing safe and
critical modes of electroporation while performing pulse conductometry of living animal cells.

Keywords: electroporation,
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1. Introduction. Electroporation is a universal
method of temporary increase of membrane cell
permeability by imposing of external PEF certain
strength. At such physical influence on cell in a
membrane make and then evolves an electropores
of various calibers owing to strong electric
interaction of PEF with charges of a membrane and
cytoplasm ions [1-3]. On process and result of
membrane interaction with PEF, ie. the
electroporation, a great influence are rendered by
heterogeneity biological membrane structure which
has both own natural pores, and various protein
inclusions that results in heterogeneity of electro
physical properties. It as result is reflected in the
cellular conductivity being at the same time the
indicator and the integrated characteristic of
electroporation process as whole [4]. To consider
when modeling all features of natural membrane
structure it is impossible but if to apply a probability
approach to electropores formation, possibility to
construct model of cell conductivity on the basis of
membrane electroporation is opened

Physical and mathematical model of cell
conductivity, constructed on the basis of
electropores formation probability in a membrane
under the influence of pulse electric field (PEF) is
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electropore,

mathematical model, conductivity,

presented. The model assumes that in a membrane
an electropores of different calibers which
distribution submits to Gauss's normal law are
formed. Using the integral equation for total current
through membrane electropore, the equation for its
conductivity, including function of electropore
formation probability (conductivity integral) is
received. The general view of electropore formation
probability function is received by solution of
differential equation. Substitution of the solution of
this equation to conductivity integral gave the
general view of conductivity function connecting it
with electropore caliber. Comparison of the
constructed probability electroporation model with
experimental data on mice oocyte conductivity
showed that the main reason for exponential
increase of cell conductivity in increasing PEF
strength is similar nature of conductivity
increase  with  electropore caliber up to
membrane breakdown.

2. Task formulation. Electroporation modeling
according to this approach is expedient for
beginning with  consideration of integrated
characteristic of electropore formation, — the free
energy considering mechanical and electric
contribution of forces at electroporation [2]. The
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electropore is thus approximated by the round
cylinder of radius » and the height /4 equal to
membrane thickness, fig. 1.

Free energy of electropore
generally the sum:

AE=AE, +AE,+E, (™)

where AE, — mechanical component, AE,— elec-

represents

tric component, £ — any constant. The mechanical

component of energy of a electropore is defined
by expression [2, 5, 6]:

_ 2
AE, =n(2E,r—E,r°) (2)
where Ep— linear density energy of pore edge,

E,, — surface density energy of interaction a mem-
brane-water.

conductivity ions flux

Fig. 1 Electropore approximation by the cylinder
on a membrane surface

2r

It is known that the mechanical breakdown of
flat membrane is reached, if one or several

electropore exceeds critical radius » > 7., where
r.=E,|E

mw

[2, 6, 7]. Considering that cell radius
on 4 - 5 orders exceeds electropore radius [2, 5], in
a pore vicinity it is possible to neglect curvature of
membrane surface and consider as it flat.

The electric component of energy (1)
represents electropore as the condenser with some
conductivity of leak [8,9]:

r(e,—&)U?
hZ

where & and &, — dielectric permeability of water

j‘gzr dr (3)

Tnin

AE, = -

and membrane lipids respectively, U — transmem-
brane potential (TMP), g(7)- the function consid-
ering effect of external voltage division, connected
with  resistance distribution on the brink
(to solution) and within a pore. This function
writes as follows [2]:

2hG
S } (4)

g(r)= {
2hG +7rG,(r)
where Gp and G, - conductivity within a pore and
solution at entrance in a pore respectively. The ef-

fect of voltage division has following physical ex-
planation. In solution about an entrance in a pore
there is a non-uniform electric field. The related
voltage failure is estimated by introduction of mod-

eling resistor with the resistance R_ which value is
set by formula [8]:
R ~1/2G.r (5)

Respectively internal resistance of a pore Rp is
estimated through its conductivity Gp [2]:

R, =h/(7zr2Gp) (6)

These resistance R, and R, are included

consistently, forming a voltage divider, as leads to
TMP reduction at the expense of falling on R .

Considering these resistance, a current through an
electropore, according to the Ohm’s law, it is
possible to write down, as:

;- YU
" R(M+R,(r)

For calculation of total current through a
surface of all membrane, which electroporated by
PEF force, we will enter concept of probability
formation density of electropore n(r,t), as the
function depending on radius (caliber) of
electropore and time. The combination of
various physical forces (1) operates process of
electropore evolution therefore in a membrane
there are electropores of different caliber [9].
Distribution on calibers can be described by density
function p(r). It is supposed that the quantity of

(7)

electropores w(¢) changes in time owing to their

rising and reparation of that having radius 7, .

From these assumptions follows that distribution on
radiuses and time is two independent functions
therefore it is possible to write down that total
density of formation probability an electropore is
function of their product:

n(r,t)= p(ryw(r) (8)

Having defined density of electropore formation

probability, it is possible to write down the equation
for total current through membrane, using [2,5]:

Hr0=U | [M} ar
2L R(M+R, (1)
From formula (9), using ratios (5) and (6), the

equation for total conductivity of electropoated
membrane follows (conductivity integral):

_ 1| _p(m)w@) _
G(r,t)= I {RS(I”)+RP(F)}dr_

Fmin

()
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2

22 [ |29 ywiny |ar - (10)
=27 | | ————p(r)w r
S 12hG +7rG, P

Thus, the solution of the equation (10),
including finding of function n(r,t) type, will mean
creation of probability model of cell conductivity.

3. Creation of physical and mathematical
electroporation probability model. For definition
of general view of probability density electropore
formation function n(r,t) it is possible to use the
differential equation of change speed of this,
deduced on the basis of the equation [2,5,6]:

on o’n 1 0 OAE
=D |5 +——|n (11)
Ot Pl or* kT or or

where Dp — an effective constant of diffusion for a

pore, radius 7 [9]. The value AE taken in the form
of (1), in the equation (11) has crucial importance

as (OAE/C?F)U there is the effective force changing

of electropore caliber.

Further, volume conductivity of solution is
function of concentration and mobility of the ions
being in it [10]:

G, =Y .(z,0)°q,C (12)
i=1

where z,— charge, «;— mobility and C,- concen-

tration i —ion's, e=1,6-10"" K (electron charge).

Unlike solution volume conductivity in a
pore is reduced [2]:

G,= Z(zi e)'a, C,H, exp A (13)
i=l kT
where: u ! — standard chemical potential i— ion’s

within pore, H,— a hindrance factor to ion move-
ment in a pore — Renkin's function [11]:

HizH(r,rl.)z{l—(ﬁﬂ X
. 1 (14)
{1—2,1@}2,09(2) ~0,95 (ij }

r r r

Substituting function (14) in the equation
(13), we receive expression for conductivity
within a pore:

G, = i(z[ e)a c{1 —4,1(£ﬂ x
r

i=1

N Ty (15)
X exp (%j + OHQJ }
r
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Further we will consistently substitute in the
equation for an electric component of energy (3)
written down above expression (4), (12) and (13):

E =-n(e,—&)Uh™ x

{ 2hG.

2
rdr =
2hG, +7rG, (r)}
=-4r(e,—&)U" x

ij

min

2

r+721bh—4,lrl. ah
x In 2 |:1—(E—8,27’;]:|, (16)

rmin +E_4517§ !

l

b, = exp(,u f/kT).

Coming back to density of electropore
formation probability, we will notice that at
reversible electroporation of membrane in PEF the
quantity of being formed electropores have an
order ~10* -10%[1, 2, 12]. Therefore it is possible to
argue safely that distribution of electropore on
calibers at any moment of their evolution submits to
Gauss's law. Therefore, it is possible to enter the

corresponding probability density for p (7) :

where

n(r,t) = p(ryw(t) = \/;_ﬁ exp[—%] w(t). (17)

Substituting ratios (1), (2), (16), (17) in the
equation (11), we receive the differential equation
with being divided variables:

I AW, (18)
ot

where A(r)- designation of the function part

depending on pore radius:
2

1 r 2
A(V) = Dp <E CXP(— ?](V 1) +

LI Il A
kT |27 P 2

(E,~E,,r)~2e, &)U’

x27 . 2
{2h+mz{1—4,1(ﬁﬂa } r
i=1 r

l 2
o exp{— %] : [— 27E,,, —4r(e, — &)U’ x

+

-3
x —2ﬂr(2h+ﬂr2{l—4,l(£ﬂbi J > b+
r =

i=1
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forsloli} ] o

The solution of the equation (18) looks like:
w(t) = exp[A(r)i] (20)
Thus, function 7 (r,t)from expression (17) with
use of the decision (20) will become:

2
- \/;_ﬁexp{/l(r)t—%} 21)

For receiving a final type of function of the total
membrane conductivity, we will substitute the
received probability (21) to the conductivity integral
(10), having consistently considered expressions
(5), (6), (12), (13), (16) then we will carry out

integration:
2
exp| A(r)t ——
F p{ (r) 2}
j dr =
h
+—
2Gsr mrG,

n(r,t)

G(r,t) =

min

}"2
GG, exp{A(r) t— 2} r’

\/_Jr. dr =

nrG,+2Gh
27E D j
X

Tmin

=2rh exp(A(r) - %J exp(

Pp

kT

x» (z.e)’a,C, +lexp A(r)——2
>

i=1

1_(2,05
T

+ 8,272)2 (z,e)’a,Cir;b,

i=1

X

2 \/ Z (z,e)’ a,C.(2h—4,1x)

i=1

In

r=Y (ze)’a,C,(2h—4,1x)
i=1

In

r+> (ze) a,C,(2h—4,17)
i=1

Fon— 2, (z,0)’ @,C,(2h—4,17)

- = . (22)

Fant D (z,0) a,C,(2h—4,17)
i=1

In

In

Analyzing formula (22) received on the basis of
probability approach, it is possible to notice that
dependence of membrane conductivity on
electropore caliber has exponential character. If to

assume that electropores caliber is the mean (most
credible) value at given PEF strength, then in
according to formula (22) we will get the mean
value of conductivity at this mean caliber in the
moment of time t. Then with increase of PEF
strength mean electropores caliber and conductivity
both will increase also, and formula (22) can be
examined as function, describing this process
which is shown on the fig.2a. Such supposition is
legitimate, as the mean electropores size practically
linearly depends on the field strength in the mode
of reversible electroporation, and exponentially — at
irreversible [5, 6, 13 -15]. Moreover, for theoretical
function (22) restriction on the right in the value

Toae = 27, [1,2] is entered as electropore radius

m

cannot infinitely increase but only to membrane
breakdown. Temporary dependence of conductivity
in this case can be neglected, since time of
electropore reparation (in a mode of reversible
electroporation) much less chosen period of PEF
strength change. Function (22) qualitatively
coincides with data of our experiments on
measurement of cells conductivity in PEF with
increasing intensity [4], fig.2(b).
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Fig. 2: a) theoretical dependence of membrane
conductivity on mean electropore radius (probability
model); b) experimental dependence of mice
oocyte from PEF strength

The minimum electropore radius and
conductivity are defined by membrane properties
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and physical and chemical solution factors, and
also small PEF strength. With PEF strength
increase the electropore radius also increase
slowly, reaching critical, and above a certain field
strength (individually for cell with all solution

factors) at » > r, and further to 7, , a membrane is

max

irreversible breakdown. It correspond to critical PEF
strength of irreversible breakdown which is defined
in a point of the maximum conductivity curvature

[4, 16], fig. 2b. The interval r,, <r<r,, fig.2a,

corresponds to phase of reversible membrane
electroporation with various extents of its damage
and a reparation.

Thus, it is possible to argue that the main
reason for exponential increase of cell conductivity
in PEF with increasing strength (in experiment) is
similar nature of conductivity increase with
electropore caliber up to membrane breakdown.

4. Conclusion. The proposed probabilistic
model of cell transmissibility for electroporation in
PEF has an exponential nature of a membrane
penetration, depending on pore sizes, with
adequacy in relation to experimental data. It has
been shown that electric pore radius increases with
growth in field intensity, reaching its critical value
and followed by a membrane disruption.
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MigBUWEHHA NPOHUKHOCTI MeMOpaHu KNiTUHM
npu Ail iMmNynbCHOro eNneKTPpMYHoOro nons

l0.€. Merensb, B.A. Wurimara, C.M. KoeaneHko, T.B. BenikoBa

MpoBigHICTb KMiTMHK B iMNynbCHOMY enekTpomarHiTHomy noni (IEM), 3acHoBaHa Ha sABMLLI enekTpono-
paLii, i BU3BHa4aeTbCa eNEKTPUYHUMI BNACTMBOCTAMM MeMOpaHu, wo 6araTto B YoMy 3anexarb Big ii reome-
TPUYHOI CTPYKTYpW. Y CTaTTi COOpMYyribOBaHi OCHOBHI r€OMETPUYHI BITACTMBOCTI KMITUHW | MeMOBpaHu, sk 06'-
€KTIB MaTeEMaTMYHOrO MOLESIOBAHHS 3 METOK TEOPETUYHOTO OOIPYHTYBAHHA METOANYHUX PEXUMIB €NneKT-
ponopadii iMnynbCHOIN KOHOYKTOMETPIT KNiTUH B cepeoBuLLLax.
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3anponoHoBaHO iMOBIpHICHA Mogenb MNPOBIAHOCTI KMITMHW MNpu enekTpornopauii memopaHn B IEI
3pOCTalyoi HanpyXeHocTi, NobyaoBaHa eKCnoHeHLianbHa XxapakTepucTika 3poCTaHHSA NPOBIAHOOCTI KITiTUHM
3 3pOCTaHHAM CepefHboro Kaniopy enekrponop, A0 pPO3puBy MeMOpaHu MNpu MNEPEBULLEHHI KPUTUYHOI
HanpyxeHocTi nons. NobygoBaHa Mopenb O03BOMSE TEOPETUYHO OGrpyHTYBaTW i popaxyBaTu anaparHi
napameTpyu nons, wWo 3abe3nedyloTb Oe3nevHi i KPUTUYHI pexrMmu  enekTponopauii npu  iMMynbCHIN
KOHAYKTOMETPIi XXUBUX KNITUH TBAPUH.

Knro4oBi cnoBa: ennekmponopauis, membpaHa, efiekmpornopu, Mamemamu4Ha Modesb, npoesiOHicMhb,
MexaHi4Ha cknadosa.

AHHOTauunA

MNMoBbIweHne NMPOHULAEMOCTU MeM6paHbl KNeTKn
npu BO34eNCTBUMN MMNYJIbCHOIO JJIeKTPN4YeCKoro nons

lO0.E. Merenb, B.A. lurumara, C.H. KoeaneHko, T.6. BenukoBa

MpoBOAMMOCTb KNEeTKU B UMMYMbCHOM anekTpoMmarHutHom none (U3M1), ocHoBaHHas Ha sIBNEHWUU anek-
Tponopauun, onpegenseTcs SNeKTpu4eckMMyn CBOMCTBaMM MeMBpaHbl, BO MHOrOM 3aBUCALLMMU OT ee reo-
MeTPUYECKON CTPYKTYpbl. B cTaTbe chopMynmpoBaHbl OCHOBHbIE reOMEeTPUYECKME CBOMNCTBA KNETKU N MeM-
OpaHbl, Kak OObEKTOB MaTEMaTUYECKOrO MOLENMPOBAHNS C LENblo TEOPETUYECKOro 060CHOBaHNS METOAN-
YECKNX PEXUMOB 3MEKTpOonopaLmMm Nnpu NMNyrbCHON KOHAYKTOMETPUM KNETOK B cpefax.

MpeanoxeHa BEPOATHOCTHAsE MOAENb NPOBOAMMOCTU KINETKM NMpu anekTponopauun membpansl B N3l
BO3pacTaloLWen HanpsbkeHHOCTU, MOCTPOEeHa 3SKCMOHEeHUuanbHasi XapakTepucTuka pocTa NpOoBOAMMOCTMU
KNeTKkn ¢ pOCTOM cpeaHero kanubpa anekTponop, BNoTb A0 pa3pbiBa MeMOpaHbl NPy NPEBbLILLEHUN KPUTK-
YEeCKOM HanpsbkeHHOCTU nons. NocTpoeHHas mModenb No3BonsieT TeopeTnyeckn obocHOBaTbL M paccynTaThb
annapartHble napamMmeTpbl nons, obecneuvnBatolne 6es3onacHble U KPUTUYECKME PEXUMbI 3NEKTponopauun
Npu NMMYIbCHOW KOHAYKTOMETPUU XUBbIX KIETOK XUBOTHbIX.

KnioueBble cnoB.a: asiekmporiopayus, MembpaHa, 3/1ekmporopbl, Mamemamudeckasi MoOeslb, pogo-
OumMocmb, MexaHuUYecKasi Cocmaensiouasl.
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