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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.
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component

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,
i.e. 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 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 electropore is thus approximated by

the round cylinder of radius I' and the height h equal to membrane thickness, fig. 1.
Free energy of electropore represents generally the sum:

AE =AE_ +AE, +E, (1)
where AE, - mechanical component, AE,- electric component, E
component of energy of a electropore is defined by expression [2,5,6]:

AE, =z(2E, r—E, r?) @)

.- any constant. The mechanical
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where Ep - linear density energy of pore edge, Emw— surface density energy of interaction a membrane-

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

It is known that the mechanical breakdown of flat membrane is reached, if one or several electropore
exceeds critical radius r>r, , where I, = Ep/EmW [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]:
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where ¢, and &, - dielectric permeability of water and membrane lipids respectively, U - transmembrane
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potential (TMP), g(r)- the function considering effect of external voltage division, connected with resistance
distribution on the brink (to solution) and within a pore. This function writes as follows [2]:

g(r)= 2hS, @
2hG, +7rG,(r)

where Gp and G,- conductivity within a pore and solution at entrance in a pore respectively. The effect of

voltage division has following physical explanation. In solution about an entrance in a pore there is a non-
uniform electric field. The related voltage failure is estimated by introduction of modeling resistor with the

resistance R, which value is set by formula [8]:

1
. (5)
2G,r
Respectively internal resistance of a pore Rp is estimated through its conductivity Gp [2]:
h
R =—— (6)
P or®G o

These resistance R, and Rp 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:
U

| =— =

" R(r)+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 electropores W(t)

@)



changes in time owing to their rising and reparation of that having radius r_; . 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(r)wit) ®)

Having defined density of electropore formation probability, it is possible to write down the equation
for total current through membrane, using [2,5]:

I(r,t)=U I{%}dr 9)

From formula (9), using ratios (5) and (6), the equation for total conductivity of electropoated
membrane follows (conductivity integral):

G(rt)= I{Rp(#} Zﬂj{ G, p(r)W(t)} dr (0

(r)+R_( 2hG, +;er

Thus, the solution of the equation (10), including finding of function N (I‘,'[) type, will mean creation
of probability model of cell conductivity.
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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
N_p |0, = 9fqRE (11)
ot Plor? kTorl or

where Dp - an effective constant of diffusion for a pore, radius r [9]. The value AE taken in the form of (1),

in the equation (11) has crucial importance as (aAE/ar)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]:

n
2
G, = Z(Zi e) ; C; (12)
i=1
where Z; - charge, «;- mobility and Ci— concentration | - ion’s, e:1,6-10719K (electron charge). Unlike
solution volume conductivity in a pore is reduced [2]:

G, Zze aCHexp[ j (13)
i=1

where: p ! - standard chemical potential i - ion’s within pore, H,- a hindrance factor to ion movement in a
pore - Renkin's function [11]:

{3 [oft)o o on(s]]|

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

- g(zi e)a C, [1— 4,1[1;)} exp(f:_: ) +0K : ﬂ (15)

Further we will consistently substitute in the equation for an electric component of energy (3) written
down above expression (4), (12) and (13):

AEe=—”(gW;f')U2j{ 2hG, ()}Zrdr:

2hG,+7rG
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here b, = exp| ~—
where D, Xp(k_l_j

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(r):

1 r?
n(r,t) = plr)wit)= —exp| —— |wlt a7
(0= leut)= o Jut)
Substituting ratios (1), (2), (16), (17) in the equation (11), we receive the differential equation with
being divided variables:
on

where A(r)- designation of the function part depending on pore radius:
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The solution of the equation (18) looks like:

w(t)=exp [A(r)t] (20)

Thus, function N (I’,t) from expression (17) with use of the decision (20) will become:



n(r,t):%exp{A(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:
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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 I, = 2rc [1,2] is entered as electropore radius 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 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 I, a membrane is 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 I, <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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NOBbIWEHUE NPOHULAEMOCTU MEMBPAHbI KNETKU NMPU BO3AEACTBUU UMNYNbCHOIO
QNEKTPUYECKOI'O NnonA



I0.E. Merens, B.A. llurnmara, C.H.KoBaneHko, T.B. BenukoBa
MpoBOAMMOCTbL KNETKU B UMMYNbCHOM 3anekTpoMarHutHom none (MA3IM1), ocHoBaHHas Ha sBNeHun
3neKkTponopauun, onpeaenseTcs 31eKTpUYeckMmMmn cBoricTBaMm mMeMmbpaHbl, BO MHOrOM 3aBUCALLUMU OT ee
reomMeTpu4eckon CTPYKTypbl. B ctatbe cchopmynmpoBaHbl OCHOBHblE reOMeTpUYecKMe CBOWCTBA KMETKU M
MeMOpaHbl, Kak OOBbEeKTOB MaTemMaTM4eckoro MOAEenvpPOBaHUS C LeNbl TeopeTUyYeckoro OB6OCHOBaHUS
MEeTOANYECKUX PEXNMOB 31eKTPONopaLMmn Npy MMMNYrbCHON KOHAYKTOMETPUM KIeTOK B Cpeaax.
MNpeonoxeHa BepOSATHOCTHas MoAernb MPOBOAMMOCTW KMeTKU Mpu afekTpornopauun membpaHbl B
N3l BospacTalowlern  HanpsXXeHHOCTW, MOCTPpOeHa  3IKCMOHeHUManbHas  XapakTepucTvka pocTa
NPOBOAMMOCTM KMNETKM C POCTOM cpefdHero kanubpa anekTponop, BNNOoTb A0 paspbiBa MeMbpaHbl npu
NPEBbILEHUN KPUTUYECKOW HanpskeHHOCTUM nond. [locTpoeHHas Moaenb MNO3BONSEeT TeopeTU4ecKku
obocHoBaTb M paccuuTaTb annapatHble napameTpbl nons, obecneynsatowme 6esonacHole U KpUTUYECKNE
PeXMMbI dneKTponopauuy Npm UMNYrbCHOW KOHAYKTOMETPUUN XMBbIX KIETOK XKUBOTHbIX.

KnroueBble cnoBa: arnektpornopauusi, MembpaHa, 3neKkTpornopbl, MaTemaTudeckas MOAEnb,
NPOBOAMMOCTb, MeXaHM4eckasi CocTaBnsoLas.
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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.
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MNIABULLEHHA MPOHMUKHOCTI MEMBPAHU KNITUHU NMPU Ali IMNYNIbCHOIo
ENEKTPMYHOI'O NOJA

10.€. Merensb, B.A. Wurimara, C.M.KoBaneHko, T.6. BenikoBa

MpoBigHICTb KNITUHWM B iMNyNbCHOMY enekTpomarHiTHomy noni (IEMM), 3acHoBaHa Ha saBULL
enekTponopaldii, i BU3Ha4aeTbCq eneKTPUYHMMU BNacTUBOCTSMU MembpaHu, wo Garato B YOMy 3anexaTb
BiA 1i reomMeTpu4HOI CTPYKTypu. Y cTaTtTi cOpPMYrnbOBaHi OCHOBHi F€OMETPUYHI BRAacTUBOCTI KMITUHU i
MembpaHu, K 06'eEKTIB MaTeEMaTUYHOrO MOAENIOBAHHA 3 METOK TEOPETUYHOIO OBI'PYHTYBAHHA METOOUYHUX
pexXvMIB enekTponopadii iMnynbCHOIN KOHAYKTOMETPIT KNITUH B CepeaoBULLaXx.

3anponoHoBaHO iMOBIpHICHA MOAeNnb MNPOBIAHOCTI KMITMHWM MNpu enekTponopadii membpaHu B IEI
3pOCTalyoi HanpyXeHocTi, NoOyaoBaHa eKCNOHEHLianbHa XapakTepuUcTKa 3pOCTaHHSA NPOBIOHOOCTI KITiITUHK



3 3pOCTaHHAM CcepeaHboro Kanibpy enekrponop, OO0 po3puBy MeMOpaHu Npu MNepeBULLEHHI KPUTUYHOI
HanpyxeHocTi nonsg. NobynoBaHa moaenb A03BONSIE TEOPETUYHO OBrpyHTYBaTWM i popaxyBaTu anapartHi

napameTpu nons, wWo 3abe3nevyioTb 6e3neudHi i KPUTUYHI pexumu enekTponopauii npu iMNynbCHin
KOHOYKTOMETPIl XXMBUX KNITUH TBApUH.

KntoyoBi crioBa: enekTponopauis, MemGpaHa, enekTponopu, matemMaTudHa Modeslb, NPOBigHICTb,
MexaHiyHa cknagosa.



