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1. Introduction

From the most recent studies of human cells it is clear that
bioelectrical properties of this nonlinear structure depend on many
parameters complementing each other. Nowadays, most of studies
are focused on transmembrane voltage and its impact on the cell
cycle processes. About 40 years ago Cone et al. in their work [1]
started with theories about transmembrane potential and its role
in the cell dividing processes. Other studies [2, 3] approved that
changes in transmembrane voltage could slow down or even stop
processes of cell differentiation and thus should have impact in
cancer therapy.

The transmembrane voltage is influenced by concentrations of
ions in extracellular and intracellular environment which depend
on activation of ion channels. That means that transmembrane
voltage is a complex variable which depends on various processes
outside or inside the cell. Probably the most important part of this
problem is activation/inhibition of ion channels, which directly
influences the concentration of extra/intra cellular ions and thus
has impact to the cell proliferation and differentiation.

As a proposal for solution of the said problem an attempt to
simulate effect of homogenous low frequency electromagnetic field
(LF EMF) exposure to the cell model extended by ion channels is
presented.

2. Hodgkin-Huxley electric cell model

Electromagnetic field and interaction thereof with cells is best
explained at the microscopic level. Each cell in a living organism
is composed of two parts – the inner cytoplasm (along with the

nucleus and other organelles) and the outer membrane. Conduc-
tivity-wise, the outer membrane can be considered an insulator, and
as such all current seems to flow in the extracellular fluid-filled
space. However, the total cell resistance is analogous to that of
a simple electronic R-C circuit as can be seen in Fig. 1 – the insulat-
ing membrane being the capacitance and cytoplasm the resistance.
The lipid bilayer is represented as a capacitance (Cm). Voltage-gated
and leak ion channels which represent the natural permeability of
the membrane to ions are denoted by nonlinear (gn) and linear (gL)
conductances, respectively. The electrochemical gradients driving
the flow of ions are represented by nonlinear (En), and linear (EL)
voltage sources, ion pumps and exchangers are represented by
current sources (Ip). The resulting transmembrane voltage (Vm) is
equal to the difference between inner and external media electric
potentials (ϕi and ϕe, respectively) [4]

The membrane current (Im) is comprised of two components:
– resistive (conductive) current,
– capacitive (displacement) current,
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Fig. 1 Hodgkin-Huxley electric model of a biological cell [4]
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both of which depend on the transmembrane voltage (Vm). Thus,
the membrane current can also be rewritten as a function of Vm :

(1)

where the variable q represents certain state variables (such as the
ionic concentrations), represented by a system of differential equa-
tions. It is clear that by modifying the transmembrane voltage via
application of exogenous electromagnetic fields one can directly
influence cellular dynamics.

According to this template an electromagnetic model of the
cell has been created as a spherical capacitor, which is shown in
Fig. 2. As it is shown in the picture, this model is placed into the
homogenous LF EMF generated by Helmholtz coils.

It consists of three different layers, each of which is defined
by values from Tab. 1. 

3. Modeling of low frequency electromagnetic field
influence on ion channels

In addition to the Hodgkin-Huxley model, the Goldman-
Hodgkin-Katz (GHK) equation from [5] is used as a basis for mod-
eling of ion channels. Practical application of the GHK is in cell
membrane physiology to determine the equilibrium potential across
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a cell's membrane taking into account all of the ions that are per-
meant through that membrane. This is necessary because perfect
ion channel selectivity is not possible in living systems. The fol-
lowing GHK equation considers a case of various conductivities
(specifically Na�, K� and Cl�) and is expressed as:

(2)

wherein:
Vm … is the transmembrane voltage [mV]
R … is the ideal gas constant [8.314472 J.K�1.mol�1]
T … is the temperature [K]
F … is the Faraday’s constant [96485.3399 C.mol�1]
Px … is the concentration of a specific ions [x � K�; Na�; Cl�]

As it is clear from the equation and the Hodgkin-Huxley model,
the ion channels represent a conductive way through the cell mem-
brane. From this point of view the channels were modeled as a con-
ductive tube through the membrane as it is shown in Fig. 3. Each
of the channels is placed along the axes x and y. Material proper-
ties are defined for sodium and potassium channels according to
[6] and are summarized in Table 2. 

After finishing the proposal of ion channels, the properties of
used LF EMF were set up. The homogeneous electromagnetic field
is generated by Helmholtz coils with a 1A current, frequency of
50 Hz and default sinusoidal excitation signal. This external field
was then applied on the cell model. The results are compared with
the simulations from [2], what can be seen in Figs. 4 and 5.
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Fig. 2 Cell model as a spherical capacitor: a) cross-section; 

b) whole model

Fig. 3: Modeling of ion channels: a) localization of ion channels in the
membrane; b) cross-section

Values of material conductivities and permittivities [5] Table 1

Conductivities Relative Permittivities

External σe � 0.12 S/m re � 80

Membrane σm � 1 μS/m rm � 9.04

Internal σi � 0.53 S/m ri � 50

Material properties of ion channels1) Table 2

Sodium Potassium

Electric conductivity σeNa � 2100 S/m σeK � 1640 S/m

Thermal conductivity σTNa � 142 W/(Km) σTK � 102.5 W/(m)

Material density ρNa � 971 kg/m3 ρK � 862 kg/m3

1) source: Chemicool – sodium, potassium, [online]: http://www.chemicool.com/elements
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The differences between electric loss density of ion channels
and the cell without ion channels exceed one order of magnitude.
Similar situation is with eddy current distribution through the ion
channels and without the ion channels. From the presented results
it is our assumption that ion channels are probably the most influ-
enced structures of the cell exposed to the external electromagnetic
field and thus the changes on the ion channels level should have
impact to the cell dividing processes as it is described in [7, 8].

The simulations further approve that not only electromagnetic
properties, but also position (in this case rotation) of the cell in the
electromagnetic field is important for evaluation of the effect on ion
channels. As it is shown in Figs.4 and 5 the channels near the hor-
izontal axis where is the highest concentration of eddy currents
are more influenced than the channels around the vertical axis.

4. Conclusion

It is well known that electromagnetic field could influence
a living organism. Specific effects of electromagnetic field are quite

well described and a lot of studies approved e.g. thermal impact
of mobile phones to humans head structures [10]. In this article an
attempt to describe some nonspecific effects of low frequency elec-
tromagnetic field was made. 

For this purpose two main types of ion channels – Na� and
K� channels were simulated (their importance is described in [7,
8]). Based on our simulations it is probable that application of exter-
nal low frequency electromagnetic field could influence the acti-
vation/inhibition of ion channels and thus could have impact on
the transmembrane voltage and, finally, on cell proliferation.

It should be remembered that ion channels designed in this case
represented only linear part of the whole problematic due to the
simulations limitations which do not allow solution of such a com-
plicated nonlinear problem as the case of biological cell is. To
achieve the best simulation result as possible it is necessary to find
solution in simulation of the nonlinear and linear structures together,
which is currently a challenging task for future research.

Fig. 4: Simulation results: a) Cross-section of El. Loss. Density around the ion channels in the cell membrane; 
b) Cross-section of El. Loss. Density without the channels in the membrane

Fig. 5: Simulation results: a) Eddy current distribution through the ion channels; 
b) Eddy current distribution without the ion channels presence in the membrane
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