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Abstract

Present-day theoretical developments, which describe processes in biological membranes, are
based upon studies of these processes in the absence of external fields superimposition. Within pro-
cesses relevant to functioning of different biological systems, particularly of biological membranes,
certain electrostatic interactions, which generate electrostatic fields rather strong at times, are of
crucial importance. The influence of external electric fields can modify processes based on the elec-
trostatic interactions within the membrane. Extensive literature data on the influence of external
high strength electrostatic fields, on the functional and structural state of natural and artificial mem-
branes is available.

The purpose of the given work is a basic research on physicochemical processes occurring in
biological membrane under the influence of external electrostatic fields. General equations describe
membrane potential referring to those without the external electric field influence. We have considered
changes of Nernst - Plank equation of the membrane potential under the influence of external electro-
static fields.

When the external electric field is applied, the ion concentration is changing, which leads to creation
of a new additional internal field. If the external field is contradirectional to electric field, which
initially existed in a membrane due to initial ionic concentrations gradient, then the field induced by
redistribution of ions, reduces the internal field. If the external field is having the same direction as
the electric field, which initially existed due to the initial ionic concentrations gradient, then the field
induced by redistribution ions, intensifies the internal field.

We have determined the value of dipole moment of the molecule, which will allow defining the
orientation of polarization. In our research, a dependence between the ion concentration and the
dielectric permittivity was found. This dependence enables us to calculate the change of concentra-
tions and, hence, the additional contribution to the internal electric field strength.

Based on the above-mentioned, it is possible to conclude: at the external field of approximately 10°=10*
V/m the change of membrane potential values will vary in the range from 0.07 to 10.7 mV, and there oc-
curs the main contribution to changes of the membrane potential at the external field influence, because
of ions redistribution between the internal and external phases of the membrane. The membrane potential
would decrease, if the external field is directed from internal phase into the external phase, and mem-
brane potential would increase, if the external field is directed from external phase into the internal one
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INTRODUCTION

Current theoretical developments, which describe
processes in biological membranes, are based upon
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studies of these processes in the absence of superim-
position of external fields. Within processes relevant
to functioning of different biological systems, par-
ticularly of biological membranes, certain electro-
static interactions, which generate electrostatic fields
rather strong at times, are of crucial importance. The
influence of external electric fields can modify pro-
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cesses based on the electrostatic interactions within
the membrane. Extensive literature data on the influ-
ence of external high strength electrostatic fields, on
the functional and structural state of natural and ar-
tificial membranes is available [Cange S., 1993;
Chalyi A., Samko S., 2002, Sens P, Isambert H., 2002,
Staike-Peterkovic T. et al., 2005, Vasilkoski Z., 2006].

The purpose of the given work is basic research
on physicochemical processes occurring in biologi-
cal membranes under the influence of external elec-
trostatic fields.

General equations describe membrane potential
referring to those without the external electric field
influence. We are to consider processes appearing in
membrane under the influence of external electro-
static fields.

According to the Nernst — Plank equation, the
membrane potential is defined by the unequal distri-
bution of ions inside and outside of a cell; there is a
potential difference on the membrane due to the
concentration gradient [Rubin A., 1987]:

Under the influence of external electromagnetic
field, the electrochemical potential shall have the

RT

C:
=0 —@.=—In—~ (1)
qofﬂ' q)e q)f FZ c‘!

following form (2) [Landau L., Lifshitz E., 1982;
Samko S., Chalyi A., 2003]:
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describes the magnetic field influence on phase with

magnetic permittivity g, H is the strength of the

external magnetic field, u_o is the magnetic con-

stant, and ﬁ' :a—‘u; U, is the chemical potential
c

of the pure solvent (we assumed that p  value is
identical on both sides of the membrane).

According to (2), we can present the generalized
formula for the electrochemical potential in the elec-
tromagnetic field:
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We consider a condition for the ionic balance in
the presence of external electrostatic field (i.e. equal-
ity of electrochemical potentials ﬂ:: outside and in-
side p” the cell) . = p/ .

Under the influence of external electrostatic field
the Nernst equation will be as follows:

LA B T )
Fz: & 2:Fz

From the equation (4) it it is obvious that under
the influence of external electrostatic field, the mem-
brane potential is defined not only by the concentra-
tion gradient on both sides of membrane, but by
the difference of derivatives of the dielectric per-

mittivity with respect to concentration as well
[agr O¢,
0c Oc
of the membrane that has geometry of a plane-paral-

lel layer with the thickness L.

= a' —g;] .Let us consider some section

1. Supposing, the E,, is the strength vector of
the external electrostatic field, and the field is di-
rected from internal phase to the external one, and
the change of concentrations on both sides of the
membrane remains constant Ac (it is assumed that
positive ions move from internal phase to the exter-

nal one =Ac>0).

Internal external £ 0
L _ " Then Cint = Citu Ac
phase |- »>| phase _
F ('1:;'3 = CI:‘J\'I + AC
~ ext > E '
2.1f EL,_‘_, , the strength vector of the external elec-

trostatic field, is directed from external phase to the
internal phase, the change of concentrations on both
sides of the membrane remains constant Ac.

external _
phase Then C;:;i =c +Ac
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It is known that the membrane potential is iden-
tified as the difference of potentials between inter-
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nal (the cytoplasmic) and the external phase mem-
brane without an influence of the external field
A(pm (pm (pm
To simplify the denotation let us take Ag) =, .
Under the influence of external electrostatic field,
the membrane potential will be as follows:

(foﬂl (pﬂl + Agoj:’”t + AQQHI (5)
0
Q) = g In & is the membrane potential without
b el
an action of the external field.
I Ac
one _ RT .”
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(5.1) is the additional contribution to the membrane
potential caused by distribution of ion concentrations
under the influence of external electrostatic field.

(5.2)

(5.2) is the membrane potential difference due to the
presence of the external electrostatic field.
Finally we get the following result:
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(5.3) is the total membrane potential under the
influence of the external electrostatic field.

The total strength of the electrostatic field can be
presented as a total vector sum of the strength of
external electrostatic field £,, and the strength of
internal electric field Eim .

E\J‘U” El[ll + E = EI‘:['[ + EI‘[:’:”‘ + E (6)
The internal electric field can be presented as a
sum of two fields:

E _ EU Ewm

int nt

(6.1)

where Em1 is the electric field, which was prior to the
external field influence as a result of initial gradient
of ion concentrations ¢ . and cm; ES7 is an ad-

ditional contribution into the internal electric field
strength caused by change in the ionic concentrations.

int

When the external electric fieldis Em applied,
the ion concentration is changed leading'to genera-
tion of a new additional internal field £E:™ . The
prior internal electric field Eim permanently pres-
ents before the external field superimposition. The
internal phase limited by the membrane is charged
negatively, in relation to the surrounding environ-
ment, and hence the strength vector E:“ is directed
inwards. Such a situation is valid for the biological
membranes, where E. ~10°+10" V/m.

Let us calculate magnitude of the internal electric
field strength vector of E:“ for calmar’s giant axon.
The Nernst concentration (rpf:) potential for K* at
the temperature T=273K is 72.67 mV and for L=10-
8 m the internal electric field ( Eat.]n) strength is 7.3
10® V/m (according to (1),(7)).

Let us observe the flux of charged particles (ions).

It is known that the internal electric field strength in
membrane, in the absence of the external field is equal
to mean gradient of the potential [Rubin A., 1987]:

0

g0~ 4P 00— Pes _Pu (7)
dx L I
A general equation representing the flux of ions
obeys to Nernst — Plank equation for electrodiffu-
sion (8)

J=-D<=cb =2 2F 8)

F =eN, is Faraday constant (F=96500 C/mol),
R is the gas constant (R=8.31 J/molK), T is the ab-
solute temperature, b is ion mobility, D is diffusion
coefficient. The relationship between the ion mobil-
ity b and diffusion coefficientis D given by Einstein

formula p — 2; EO — _% [Viadimirov Yu. et
}? ?n mnt {2{{

al., 1983].
Generally, the flux of ions before influence of the
external electrostatic field can be defined by few

factors:
* An unequal distribution of ions, (i.e., gradient
concentration)
de ' —c¢” Dk
J=—D—~—Duz— (s
dx_ dx L ( in o ) (9)

It is clear that the passage of ions is possible only
at the presence of the internal electric field gradient
potential

* External field induces change of the ion concen-

T=p om0 _ —D[d‘ ecz‘\’-'id_@}:
dx RT dx

dx dx
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dc ecz do
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tration compared to their initial values (the external
field induces an additional contribution to the ion
de dct’,“ i deg
dx  dx  dx

* The external field changes the membrane poten-
tial and causes additional contribution to the mem-
brane potential due to the action of external electro-

static field —— dqa de; dﬂ,
dx dx dx

The total ions flux under the influence of the ex-
ternal electrostatic field is

PR SR T |IC T f_f_de
: dv kT dx dc kT dx

concentration) “
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J,=-D| —*~ dcy ecz % is flux of ions before the
dx K'T dx

influence of the external electrostatic field

I __D[dc ol dﬂ) is flux of ions caused
dx kT dx

by influence of the external field.

In order to find the change of concentrations on
both sides of membrane it is possible to use the con-
dition of ionic balance, i.e. the total flux through
membrane is zero. Before the influence of external
field the system was in the ionic balance condition,
and consequently J =0; and if J =J +J, so =.J,=0

The final view is:

dey ecz o |_ 7w D( ‘kr ees %]
D[ dc T Ei ] =0 oK s dx T dx
= dCJ-_' et g (Ei:_::m.' + E{,\.‘, )
dx kT ’
c.':,ln L"I.I‘., +Ac : i
J ﬁ _ ez ( u:nc J‘d\. (12)
o 3 -

0 0 0
-Ac ;.. —cC

o =t 5 £l nr +Ac are the limits of integra-
tion that were chosen in correspondence with the
external field £, directed from internal phase to
the external one. -

Generally, if the external field £,, have an op-
posite direction, that changes the limits of integra-

tion without affecting the absolute value of. Ac.

As a reesult of integration (12), we get

exp{KT(E,‘,;;‘"‘ +EM)L} I .
exp{ (E;i”wEm)L}H

The given formula enables calculation of changes
in concentrations Ac, if E,, the value of the exter-
nal field strength and £, the additional contribu-
tion to the internal electric field strength, are
known.

For calculation of Ac we can apply the method of
approximation. That means, at first the Ac " is to be
found in zero approximation by setting £ =0 in

nt
expression (13), so E.7",

Ac = (c-o =gl )

mnt ext

the additional contribu-
tion to the internal electric field strength, is absent
[Samko S, Chalyi A., 2001].

0 o . . COnC
1) Ac" - Ac in zero approximation, when E =0
ek
expy —arL p—1
kT

AC(D) = (Ci?n _ngf)
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exp eE—““'L +1
kT

(0)
2) Now using the value Ac¢  and the expression
(5.3) for A¢g;"™ it is possible to calculate E ",

mnt

internal field caused by redistribution of ions, by

equation of Nernst-Plank at various E_, values of
the applied external field;
Ac?
Eeone d(pw ~ qu . QOL'.\T e l ﬂ In Cint
. dx L L F {4 Ac'”
CU

When the external electric field is applied, the ion
concentrations are changing, which leads to genera-
tion of a new additional internal field. Here are two
possible cases:

o Ex“ TV E, if the external field £, is contradi-
rectional to electric field E.[.:[’ which was initially
present in the membrane due to initial ionic concen-
trations gradient ¢, and c_,, then the field induced
by redistribution of ions, reduces the internal field

(the upper sign in equations (15) and (5.3));

ext?

_E[J _Ern

int int int

E™MNE, = E™1NE,; E™<0ie.E,

int int ext ’

E|(1:[ ™ E if the external field E

the same dlrectlon as the electric field ) o

int ?

is having
which
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was initially present in a membrane due to the initial
ionic concentrations gradientand ¢, and ¢, then
the field induced by redistribution of ions, intensi-
fies the internal field (the lower sign in equations
(15) and (5.3)).

w1 Ea B E TVE,, D Ex¥>0ie. E, =E, +E

I“ nt mt ~int nt nt nt

. SoHE : (1
Taking E:"™ into account, we can consider A, the
change of ion concentration in the first approximation as
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It should be noted that in case of the upper sign in
(15), Ac™D will be negative, AcV<0.

This is connected to the fact that a change of con-
centrations Ac of on both sides of the membrane is
accompanied by a decrease of the initial concentra-
tions gradient.

In contrast to the first case, if the lower sign in
(15), AcY will be positive, AcV>0.

This is connected with the fact that a change of
the concentrations Ac on both sides of the membrane
is accompanied by an increase of the initial concen-
trations gradient.

Let us consider a component, which character-
izes change of dielectric permittivity caused by the
external electrostatic field. According to (5.2) and

taking into account that &’ = o8 and ¢ = 28 - it is po-
( i e
o€ 15, E;

sible to obtain ¢ -

oc f'('
derivatives of dielectric permittivity with respect to
concentration calculated based upon the formula of
Lorentz—Lorentz. [Samko S., Chalyi A., 2003]. The
formula of Lorentz—Lorentz links the index of refrac-
tion n of substances to the electronic polarizability
a, of constituent particles.

In the polar dielectrics, where the orientation po-
larization is predominating, conditioned by rotation
“on field” of constant dipole moments of the parti-
cles, the Langevin—Debye formula is used. Lan-
gevin—Debye formula links the dielectric permittiv-

=¢'-¢ as the difference of

ity € of polar dielectrics with the dipole moments of
p =|g|l the particles (17).

The formula of Langevin—Debye (17) is valid for
the polarization of the dielectric material or the para-
magnetic susceptibility of a magnetic material, in
which these quantities constitute the sum of a tem-
perature-independent contribution. The contribution
arising from the partial orientation of the permanent
electric or magnetic dipole moments, which vary in-
versely with the temperature. It is also known as
Langevin—Debye law.

8—|£=4HN__, !=+4JTN_,, p: (17)
e+2 p 3 9kT
where AnN, a, is the component that considers

3 N

the deformative polarization, 4. 52

p~ is the com-

ponent that considers the orientation polarization,
which is caused by the external field. E leads to
the additional orientation of the dipole molecules along
the field, and this process of orientation is disturbed by
the heat motion of the particles (~ T7). Let us deter-
mine the value of dipole moment (p) of the molecule,
which will allow defining the orientation polarization;
here we do not consider the component, describing

47N, 47N,
deformative polarization, because —— @ <<= p",
and instead of formula (17) we shall obtain
E~1.M 4JTN 5
ce+2 p kT ©

Now using the (17.1) it is possible to find the cor-

respondence between the ion concentration € and the

dielectric permittivity &, and hence to find &' = 6_3
e-11_ 4r , M 1 dc
— =~ ——p~, where =
£+2 A OkT pN, c
r
,_0& kTS 4rp’
&4= (T = T 2 (18)

[1— p AJ 3!{7‘(]— b p:AJ
OkT OkT

will be obtained.

Now we evaluate change of the membrane potential
A(pm The intensity of the electric field, under which
the membrane breaks will be approximately 3-107V/m.
In accordance with this fact, we will consider the
external fields approximately E_=1-10>+2-107V/m.
If the field inside a membrane before the influence of
external field will be approximately 10107 V/m, it
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is possible to expect that additional contribution into
the change of membrane potential A’ will have
nearly the same order, as the external field. It is nec-
essary to notice that dissolved ions react on external
field much weaker, since there appears the redistri-
bution of ion concentration that explains the great

difference in values between A and A@,

m

For the given interval of intensities the factor
%% will be approximately 4.6:10"°+-1.84-10° V mol /L
multiplied by difference of derivatives of dielectric
permittivity with respect to concentrations for
the giant axon of calmar & —&/ =3-10%/mol, and
hence, the change of the membrane potential Ago::
will be of the following values 1.4-103+5.52-103 V;
(A@! by the experimental measurements) [Samko S.,
Chalyi 4., 2003].

If the external field E, , is approximately 10°+107
V/m, same values shall be obtained by calculation
with the help of the formulas (5.2) and (18). On the

basis of theoretical evaluation of by means of the

formulas (5.2) and (19), it will be identical to that of
experimental measurements [Samko S., Chalyi A., 2003].

For weak external fields of approximately
E_=1-10>+1-10"V/m the values Ag, will be 6-8
orders less than the values we get from calcula-
tion Ag. (5.2).

Based on the above-mentioned, it is possible to
conclude the following:

1. At the external field of approximately 10?+~10* V/m
changes of the membrane potential values will vary
in the range from 0.07 to 10.7 mV;

2. Main contribution to changes of the membrane
potential at the external field influence occurs
due to redistribution of ions between the internal
and external phases of the membrane.

3. Membrane potential would decrease, if the ex-
ternal field is directed from internal phase into
the external phase and membrane potential would
increase, if the external field is directed from
external phase into the internal.
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