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Abstract—The results of our program modeling of biological

molecular current generator” are

described. Simulation was done on the base of our experimental studying of electrical currents through
molecular channel-receptor complex in membrane of natural brain neurons.
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I. INTRODUCTION

Ionic currents generation is spread in nature for
the realization of such important phenomena like the
propagation of action potentials, excitation in
complexes of excitable cells in brain or muscles, etc.
Such phenomena require the movement of
significant numbers of ions across the membrane in
a relatively short period of time. The rapid rate of
ionic flow occurring during the generation of an ac-
tion potential is far too high to be achieved via an
active transport mechanism. Rather it results from
the opening of ion channels as elements of channel-
receptor complexes (CRC). Although the existence
of ionic channels in the membrane has been
postulated for decades, their properties and structure
have only recently become known in detail. The
development by Erwin Neher and Bert Sakmann of
the patch-clamp technique, in which a small patch of
membrane containing a single or small number of
ionic channels is drawn up into a blunt
microelectrode, allowed for the minuscule (10° Amps
or picoamps) current flowing through single
channels to be recorded in intact biological
membranes for the first time [1], [2], [4], [5]. In
addition, the rapid advances made in molecular
biology regarding the isolation, cloning, and
sequencing of the proteins making up ionic channels
(and channel-receptor complexes in whole) have
revealed much about their primary structure.
Especially exciting is the recent crystallization of K"
and CI' channels in some of their different
conformations, allowing their tertiary structure to be
detailed with X-ray diffraction. The powerful
combination of electrophysiological and molecular
techniques has yielded valuable insights into the
structure-function relationships of ionic channels.
Program modeling makes deeper our understanding
of the realization of some natural phenomena [3],
[6], [7], and we used this method for further
studying of some CRC from the brain membrane.

Activity of such molecular CRC demonstrates the
similarity with current generator; so, such CRC are
called sometimes “biological current nano-
generator”.

II. TASK STATEMENT

Basing on the results of electrical properties of
natural brain neurons and their molecular channels
studying to develop program models for some
membrane molecular structures.

III. TRANSMEMBRANE IONIC CURRENTS IN BRAIN
CELLS AS PHENOMENA

Voltage-sensitive ionic channels appear to have
several shared features. First, they are large proteins
that span the 6-8 nm of the plasma membrane and
are typically made up of subunits. Second, through
protein folding, they form a cylinder surrounding a
central water-filled pore that permits the passage of
only certain classes of ions between the inside and
outside of the cell. The selection of which ions are
allowed to pass through each different type of ionic
channel is based upon the size, charge, and degree of
hydration of the different ions involved. Finally,
voltage-gated ion channels possess one or more
gates, or voltage-sensing regions, within the ionic
pore, and the flow of ions through the channels is
regulated by these gates.

Neurons in the nervous system can generate
occasionally action potentials that serve for
information  transmission.  Rather,  neuronal
membranes are in a constant state of flux due to the
presence of remarkable variety of different ionic
currents. These currents are distinguished not only
by the ions that they conduct (e.g., K*, Na*, Ca*", Cl)
but also by their time course, sensitivity to
membrane potential, and sensitivity to neuro-
transmitters and other chemical agents [1], [2], [4],
[5]. As the various ionic currents were discovered,
they were divided into two general categories: those
that are sensitive to changes in membrane potential
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and those that are altered by neurotransmitters and
internal messengers. Most currents that are sensitive
to membrane potential are turned on (activated) by
depolarization. The rate at which they activate and
the membrane potential at which they start to
become active (threshold) are important characte-
ristics. Many voltage-dependent currents do not
remain on once they are activated, even during a
constant shift in membrane potential. The process by
which they turn off despite a stable level of
membrane potential in their activation range is
known as inactivation. Inactivation is a state of the
current and ionic channels that is distinct from
simple channel closure. Once a current becomes
inactive, this inactivation must be removed before it
can again be activated. Removal of inactivation is
generally achieved by repolarization of the
membrane potential. Like the process of activation,
inactivation and removal of inactivation are time and
membrane potential dependent. Together, all of
these characteristics define the temporal and voltage
domain over which the current influences the
electrical activity of the neuron.

IV. MATHEMATIC MODELING OF CRC —
“MOLECULAR GENERATOR” FUNCTIONING IN
HOMOGENEOUS NERVE FIBER

Propagation neural excitation by non-mielinized
homogeneous fiber [1], [2], [8] may be described by
the equation

Op(x.0) _ 1 Po(x.0) i (1)
ot  RC ox c’
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where ¢ is membrane potential, measured from the

resting potential (this value depends on the
longitudinal coordinate x and time # R is sum of
external and internal resistance per unit length of the
fiber; C is capacitance of the membrane per unit
length of the fiber; i is ionic current passing through
the membrane per unit length of fiber, is considered
a positive direction outwardly of axoplasm to the
extracellular space.

From physical considerations follows that the ion
current flowing through the membrane during the
passage of the nerve impulse must be alternating. In
other words, if the threshold is reached as soon as
the current flows inside the fiber, then after some
time it changes direction and flows outward. This
supports the fact that the membrane potential after
the pulse returns to the original value.

We approximate the ionic current that flows
across the membrane by passing a pulse with two
“columns” shown in Fig. 1. Suppose that at some
point, corresponding to the start of excitation, the
current is directed into the fiber modulus is equal to
i;. After a time ¢, current is reversed and equal i;.
This phase continues for a time #. Analytically, this
is expressed as follows [8]:

I=i+go,
. —i,0<t<t; 2
l:
"ol <<t 41y,

>0, 1,>0,

where g is leakage conductivity. Analysis begin in
case of g =0.
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Fig. 1. Model of membrane current generator

Ionic current with respect to time is approximated
by two “columns”, in case of potential exceeds the
threshold value. We will search for only auto-
simulated (=auto-modeled) solutions of equation (1).
Let’s introduce a new variable &=x—vt, where v

is velocity of the pulse.

Equation (1) may be transformed to the next form:

d*¢(&) doE) 5. on
gEe HVRCE Ri(&)=0. )

We choose the coordinates origin at the point
where begins the excitement of membrane.
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According to the definition of ¢ one of the boundary
conditions is ¢(o0) = 0. At the opposite end of the
axis when & — — oo imposed the requirement of
limited function @(&). Solution of (3) has following
forms in different domains.

In domain &> 0.

e Ch+t,) _ (: 4+ \,~V*RC

(P(@)=m[ll +ie ) oy )e ! "']. 4)

In domain —vt, <€ <0.
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V. SOME PROPERTIES OF CALCIUM CHANNELS IN
BRAIN MEMBRANE AND ELECTRICAL CURRENTS
THROUGH THEM

Let’s review some publications with information
of calcium channels functioning. There is enough
information about such type of channels of Ca-
currents because of their important role for living
organisms [1], [2]. Such channels may be seen as
prototypes for our program model and that is why
we have to examine their properties deeply. The
structure of this channel is so, that Ca-channel

—
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selectivity for divalent cations are mainly
determined by the intrachannel selectivity filter
which, probably, contains a single carboxylic group.
Therefore transition metal cations which form strong
complexes with the filter are effective blockers of
calcium conductance, whereas alkaline earth metal
cations do penetrate. Studies revealed also the
existence of anomalous mole fraction behaviour for
calcium conductance. According to the one-ion
model, the amplitude of mixed Ca2+ -Ba2+ current
must increase monotonously from one limiting value
to another when the concentration of one ion
changes while keeping the total concentration
constant. However, the concentration dependence
observed had a minimum which could be explained
by the two-ions model.

Despite its attractiveness, the two-ions model
contradicts a number of experimental findings. In
particular, the postulated effects of the Coulomb
repulsion between cations in the calcium channel
were not observed for other Ca-binding proteins
with high-affinity sites. Although these proteins
usually contain several Ca-binding sites not distant
from each other, differences between sequential pK
values corresponding to their filling by Ca ions do
not exceed £ 0.5 units (Levine and Williams 1982).
This difference is considerably smaller than
predicted by the two-particle model ( A pK = 3-4).
Generally, the observed small increases in or
decreases of sequential pK's are being attributed to
some conformational transitions of Ca-binding
proteins which play an important role in their
function and can be revealed by different
spectroscopy methods. The extent of these
transitions depends on the physical and chemical
properties of a given ion (Fig. 2).

®,
1

Fig. 2. Suggested Ca-binding sites in the calcium channel and their participation in its functioning (also see text) [1]
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Moreover, the experimental values of the exit
rate constant for the high affinity Ca binding site in

proteins does not exceed &, <10°s™" which is by 2-3

orders of magnitude smaller than the observed ion
flow in the calcium channel [1]. This was used [1] to
argue against the possible location of the high
affinity Ca binding site on the ion pathway in the
Ca-channel.

Hess and Tsien (1984) overcame this discrepancy
by lowering the heights of the terminal potential
barriers [1]. However, their low values (Evaier = 4RT)
lead to a high entrance rate for Caions

k,, =10"mol™ |57 which is considerably lower than

the corresponding diffusion limit &, =10"mol™|s™,

! A} L)
O Sy

Na

According to the two-ions model, the ability of
Ca ions to block the monovalent ion current through
the calcium channel must be approximately equal
independent on the side of their application (intra -
or extracellular). However, in our studies of snail
neurones and model calcium channels induced by
lathrotoxin in planar bilayer membranes the effect of
Ca ions was strictly asymmetrical [1].

A general model of a channel with two
conformational states was considered by Lauger,
Stephan and Frehland in 1980 [1]. However, this
model is quite complicated. Therefore, we propose
here a simpler model with a kinetic scheme
equivalent to the mechanism of functioning of the
calcium channel shown on Fig. 3 [1], [8].

YC
— a5 S 'Ca

S,
Ca Xca

Fig. 3. Model with a kinetic scheme equivalent to the mechanism of functioning of the calcium channel

Where S, and Sc, are two different conformational
states of the empty calcium channel, differing in the
occupation of the high affinity Ca channel binding
site, a and b being the rate constants of transitions
between them. and Si> are sodium and calcium
conducting states, respectively, x; = & + K.,
y: = K., + K, (according to Laugerer for each
conformational state we considered, for simplicity,
the one-site one-ion model, where k’;and k' stand for

2(kS — kS Xy, /Yo, )[Cal/ Ky + (B kN X, / Y, )

rate constants of jumps of it’s ion across the jth
potential barrer in the forward and backward

directions). S, —=Sy, and S., &= participate

in Na and Ca transport through the channel. Solving
the system of linear equations for steady state
occupation numbers S, we readily obtained the
explicit expression for the total current

Icana = ~€

where Kc, = b/a is the dissociation constant of Ca
ions with a high affinity regulatory site in the
calcium channel.

The corresponding current voltage curves are
shown on Fig. 4. When both Na and Ca ions are
present in extracellular solution only, the theoretical
curves reproduce well the effect of the depression of
the sodium current through the calcium channel in
the micromolar range of external Ca concentrations
and the appearance of the calcium inward current at
millimolar Ca concentrations.

The behavior of -V curves with Na ions present
in the intracellular solution only was somewhat
unexpected. According to [1] upon lowering the
extracellular Ca concentration the inward calcium
current decreases whereas the outward sodium
current increases. Superposition of these currents
gives I-V curves with a clear reversal potential. The
same effect was observed for calcium channels in

1+[Cal/ K, (1+ X, 1 Yo )+ Xy / Yy

; ®)

chromaffine cells (Fenwick et al. 1982), isolated
cardiomyocytes (Lee and Tsien 1984) and myeloma
cells (Fukushima and Hagiwara 1985) when the
calcium conductance could be effectively isolated
from other ionic currents. Unfortunately, we could
not observe this effect in neuronal membranes
because their potassium conductance is difficult to
eliminate using known pharmacological agents.

For these calculations we used the experimental
dissociation constants and a minimum number of
free parameters, assuming that the channel energy
profile in each conformational state could be
represented by a simple one-site model with equal
and symmetrically shaped barriers [1], [8]. Our
experience indicates that a quantitative description
of I-V curves measured in the above works, can be
obtained, e.g. by making the Na energy profile
slightly asymmetrical.
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Fig. 4. I-V curves for the calcium channel with different conformational states calculated according to Eq. (1) at various
extracellular Ca concentrations. The concentration of monovalent (Na) ions in extracellular (a) or intracellular (b)
solutions was 30 mmol/l. The concern ration of Ca ions was 2 pmol/l (I). 20 umol/I (2), 0.2 (3), 2 (4) 20 (5) mmol/l

At Fig.4 the height of the potential barriers for Ca
and Na ions was 10 RT. the depths of the potential
wells were — 5 and 0 RT, corresponding to
dissociation constants K= 5 mmol/l and Ky, = 1
mol/l, respectively. The dissociation constant of Ca

X a
Ba,S Ba)

ions with the high affinity Ca binding site of the
channel was 0.2 pmol/I.

For two penetrating alkaline earth cations (e.g.
Ca and Ba), the kinetic scheme of the calcium
channel with different conformational states is

ac Xea

Sl

Ba < Y Ba <
Ba bBa

where Sg, and S’g, are the empty and Ba-conducting
states of the channel.

—2e

S, <

a '
b ,SCa < Y, S Ca»
Ca Ca

The expression of the total current is

2(kS = kS X, 1 Y, )[Cal/ K, + (K™ — K5 Xy, / Yy, )[Bal/ Ko,

IcatBa = 0

Thus, we have shown that various anomalous
mole fraction effects observed recently in Na/Ca and
Ca/Ba mixtures can be successfully described on
postulating different conformational states of the
channel. The binding of Ca’*, Ba*" (and possibly Na")
to high-affinity) sites may switch the transition of the
channel to different conducting states. These
conformational transitions are an intrinsic property of
Ca-binding proteins. As to the calcium channel, they
may participate in its gating mechanisms. In this
respect, studies of possible relationships between the
gating and the ion-transporting machinery of the
calcium channel should be mentioned. Recently, it
was shown for calcium channels fromrat brain and
Aplysia neurones (Chesnoy-Marchais 1985) that the
channel conductance and its mean open time arc
inversely related. That is the stronger a given ion
binds to the channel the lower is its conductance and
the larger is its open time. Obviously, even this
relationship should be expected from the model of a
channel with different conformational states.

V. MEMBRANE MOLECULAR STRUCTURES WITH
FUNCTIONS OF “CURRENT NANO-GENERATOR
OF CH-CRC TYPE”

Membrane in brain cells is dotted by
approximately 18- to 40 thousands of channel-

1+(1+XC3/YCQ)[Ca]/KCa +(1+XBa /YBa)[

Ba]/ Ky,

receptor complexes (CRCs), inquired into the
membrane. Principles of their performance are in
following.

1. While the CRC maintained in state of rest it
doesn’t let ions come across through the ionic
channel. In order to make the ionic channel let the
flow of ions come across it the agonist is needed to
be attached to the CRC's receptor.

2. The generation of ionic currents is useful for
the propagation of action potentials, and requires the
movement of significant numbers of ions across the
membrane in a relatively short period of time. The
rapid rate of ionic flow occurring during the
generation of an action potential is far too high to be
achieved via an active transport mechanism. Rather
it results from the opening of ion channels.

3. An agonist is a chemical that binds to a
receptor of a cell and triggers a response by that cell.

4. Antagonist is a type of receptor drug that does
not provoke a biological response itself upon
binding to a receptor, but blocks or dampens
agonist-mediated responses. Type of CRC we picked
up for modeling we call “Ch-CRC type” that means
“chemosensitive CRC”. For the activation of such
Ch-CRC its interaction with agonist is necessary that
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is followed by electric current appearance. The
steady state of such Ch-CRC is demonstrated using
our model on Fig. 5. Actually, at this figure the
of biological

initial ~ state
represented.

nano-generator is

Fig. 5. A sectional view of a single Ch-CRC: yellow spot
is the locus of the agonist attachment; dark red spot is the
locus for the antagonist attachment

Steady condition

JSTX 3

L

" Antagonist attached
to the CRC and it
becomes locked, no
current produced.

|:||:I|:I

=L

|0,211A

VI. DISCUSSION

On Fig. 6 the realization of functions of Ch-CRC
(nano-generator) is shown in dynamics. Let’s make
some explanations to this program demonstration.
On the base of this model information from other
publications presented above is put as well as results
of original experiments. Curves with results of
original experiments one can see at the centre of
Fig. 6. There are demonstrated the results of Ch-CRC
activation by agonist kainate (KK) that caused the
influx of non-inactivated inward current (on
example of receptor of glutamate). At the second
stage KK-activated current is blocked by specific
toxin JSTX-3 — maximal amplitude of these electric
current decreases to minimal values (but not to
zero). At the third stage JSTX-3 is removed from
Ch-CRC and KK-activated electric current
amplitude increased (but not to the primary values!).
Main stages of these processes one can see as 4
pictures around recorded experimental results.
Indeed, expressions of these functions are similar to
ones of “generator” but biological ‘“nano-
generator”. Performances of these processes permit
us to see in dynamics all stages of Ch-CRC; block of
KK-activated currents permit us to control of “nano-
generator” at molecular level.

Agonist applied,
Current starts being
generated

Antagonist
deattached the CRC
becomes generating
current again

108

Fig. 6. Program model of Ch-CRC (nano-generator) performance in dynamics. Four phases of its action are shown
(explanation see in text)
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VII. CONCLUSIONS

In present article the results of following works
are represented.

1. Were observed some scientific publications
where the nature of electric currents through the
brain membrane has been explained.

2. Were observed also some publications where
were shown the functions of molecular structures
responsible for electric currents generation in brain
membranes, their similarity to biological “nano-
generator” was revealed.

3. Mathematic model of electrical current
generation by molecular structures in brain cell
membranes is represented.

4. Original program model of molecular nano-
generator functioning for electro-activated channel-
receptor molecular complex (Ch-CRC) is described.
Performances of its functioning permit us to see all
stages of Ch-CRC in dynamics. Block of KK-
activated currents by toxin JSTX-3 permit us to
control the functioning of this “nano-generator” at
molecular level.

5. Program model permits us to see functioning of
Ch-CRC (nano-generator) in dynamics. Main four
stages of these processes one can see as four pictures
around recorded experimental results on Fig. 6.

REFERENCES

[1] Kostyuk, P. G.; Kryshtal, O. A. Mechanisms
of nervous cell electrical excitability. Moscow.
Nauka. 1981. 204 p. (in Russian).

[2] Sigworth, F.; Sackman, B.; Neher, E. Single
channel registrations. Moscow. Mir. 1987. 448 p. (in
Russian).

[3] Shutko, V. M.; Klyuchko, E. M. “Liquid
crystal nanostructures in neurons and the
development of screens for television systems on

their base.” Vistnyk of Engineer Academy of
Sciences. 2012. mno.3-4. pp. 170-173. (in
Ukrainian).

[4] Krishtal, O.; Kiskin, N.; Tsyndrenko, A.;
Klyuchko, E. “Pharmacological properties of amino
— acid receptors in isolated hippocampal neurons.”
Walter de Gruyte. Berlin (Germany), Receptors and
ion channels. 1987. pp. 127-137.

[5] Akaike, N.; Kawai, N.; Kiskin, N. I;
Klyuchko, E. M.; etc. “Spider toxin blocks
excitatory amino-acid responses in isolated
hippocampal pyramidal neurons.” Neuroscience
Letters. 1987. vol. 79. pp. 127-137.

[6] Klyuchko, E. M.; Hairutdinov R. R.
“Modeling of electrical signals transmission along
the neuron and its nanostrucrures.” Electronics and
control systems. 2011. no. 2(28). pp. 120-124. (in
Ukrainian).

[7] Klyuchko, E. M.; Pashkivsky, A. O;
Sheremet, D. U. “Computer modeling of some
nanoelements for radiotechnic and television
systems.” Electronics and control systems. 2012,
no. 3 (33). pp. 102—-107. (in Ukrainian).

[8] Cherny, V. V., Chismadzhev, Yu. A.
Membrana: ion channels. Edited Yu. A.
Chismadzhev. Moscow. Mir. 1981. 320 p. (in
Russian).

Received 18 May 2014

Klyuchko Olena. Ph.D. in Biological Sciences (biophysics). Docent.
Aeronavigation Institute, National Aviation University, Kyiv, Ukraine.
Education: National University named after Taras Shevchenko, Kyiv (1981), National Aviation University(2003), Kyiv,

Ukraine.

Research area: biophysics, brain sciences, bioinformatics, ecology.

Publications: 134.
E-mail: iesy@nau.edu.ua

Sheremet Dmytro. Bachelor of Engineering Sciences.

Aecronavigation Institute, National Aviation University, Kyiv, Ukraine.
Education: National Aviation University, Kyiv, Ukraine (2013).

Research area: wireless technologies, nanotechnologies.
Publications: 2.

E-mail: iesy@nau.edu.ua

0. M. Kuwuko, 1. FO. lepemer. [Iporpamue monenoBanust pyHkiii 6io/10riuHoro Hano-reneparopa
HaBeneHo pe3ysibTaTh BHKOHAHOTO MPOTPaMHOTO MOJENIOBAHHS «MOJIEKYJSIPHOTO TE€HepaTropa CTpyMy», sike Oyio
pPO3pOOJICHO HA OCHOBI CKCIICPUMEHTAJIBHUX PE3YJABTATIB 3 MOCTIKCHHS CICKTPUYHHMX CTPYMIB dYepe3 KaHalo-

pelenTopHi KOMIUIEKCH Y IPUPOTHUX HEHPOHAX MO3KY.

Kunrouogi ciioBa: nmporpamMHa MoJielb; MO30K; HEHPOH; MONIEKYJSIPHUIT TeHEpaTop CTPyMY; HAHOCTPYKTYypa.



110 ISSN 1990-5548 Electronics and Control Systems 2014. N 2(40): 103-110

Kiarouko Onena MuxaiiniBHa. Kannuaar Oionoriuyaux Hayk. JomeHT.

[HcTHTYT aeponaBiraunii, Hamionaneuuii aBiauilinuii yHiBepcurer, Kuis, Ykpaina.

Ocsita: Hamionanenuii yniBepcuter iM. Tapaca llleBuenka, KuiB (1981), HaumionanpHuii aBianiiiHuii yHiBepcUTET
(2003).

Hamnpsim HaykoBoi AisiibHOCTI: Oioghiznka, HAyKH PO MO30K, OioiH(popMaTHKa, eKOJIOTis.

Kinpkicts myoOmikarii: 134.

E-mail: iesy@nau.edu.ua

Iepemet Imutpo ¥OpiiioBny. bakanasp.

[HcTHTYT aeponasiraunii, Hauionansnuii aBianilinuii yHiBepcurer, Kuis, Ykpaina.
Ocgita: HanionanpHu aBiamiiHuil yHiBepcureT, Kuis, Ykpaina (2013).

HampsiMm HaykoBOi JisTbHOCTI: 0€3/IpOTOBI TEXHOJIOTI1, HAHOTEXHOJIOT1].
Kinpkicts myoOmikarii: 2.

E-mail: iesy@nau.edu.ua

E. M. Kiouko, JI. 10. lllepemer. [Iporpammuoe MoaenupoBanue pyHKIU 01M010rHY€CKOr0 HAHO-TeHepaTopa
[IpuBencHBI Pe3yabTaThl BRIIOTHEHHOT'O IPOrPAMMHOTO MOJICITHPOBAHMS «MOJICKY/IIPHOIO TeHEpPaTopa TOKay, KOTOPOe
pa3paboTaHO Ha OCHOBE HKCIEPUMEHTAIBHBIX PE3YNBTATOB IO HCCIEIOBAHHIO 3JEKTPHYECKUX TOKOB uUepe3 KaHaJIo-
pelenTopHbIe KOMIUIEKCHI B MTPUPOIHBIX HEHPOHAX MO3Ta.

KiroueBble cjioBa: mporpaMMHasi MOJICIIb; MO3T; HEHPOH; MOJICKYJIAPHBIN [eHEpaTOp TOKAa; HAHOCTPYKTYpa.

Kirouko Esiena MuxaiisiopHa. Kanauaat 6HMooruueckux Hayk. JIOIeHT.

HHcTuTyT aspoHaBuranmu, HaroHanbHbIN aBUAITMOHHBIN YHUBEpcUTeT, Kues, Ykpaunna.

OO0pasoBanue: Harnmonanbubiii yHuBepcurer uMm. Tapaca llleBuenko, Kue (1981), HaummoHanbHbIli aBHAIIMOHHBIN
yausepcuret (2003).

HamnpaBnenue HaydHOH nesiTeNbHOCTH: OMO(pU3UKa, HAYKH O Mo3re, OnonH(OopMaTHKa, SKOIOTHSL.

KonmuecrBo nmyosiukanwii: 134.

E-mail: iesy@nau.edu.ua

epemet Imutpuii FOpbeBny. bakanasp.

HHcTuTyT aspoHaBuranmu, HaroHanbHbIN aBUAITMOHHBIN YyHUBEpcUTeT, Kues, Ykpanna.
Ob6pa3oBanue: HanmoHanbHbINM aBUAIIMOHHBIN yHUBepcuTeT, Kuen, Ykpauna (1969).
HamnpagieHue HaydHOU AEATEBHOCTH: OSCIPOBOIHBIC TEXHOJIOTHU, HAHOTEXHOJIOTHH.
Konuuectro myonukaruii: 2.

E-mail: iesy@nau.edu.ua



