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Abstract—The results of solving the problem of modeling the interaction of iron Fe’* nanoparticles with
thin bilayer membranes were represented. The purpose of the work was to create a physical model of the
behavior and interaction of Fe'' iron nanoparticles, which are located near thin films of organic
substances. For this, physical model systems with thin films - BPM (bilayer phospholipid membranes)
and BLM (bilayer lipid membranes) were considered and analyzed, and iron nanoparticles were
introduced into these systems. To fulfill the given task, the data search methods ("data mining") obtained
by the gas-liquid chromatography were used, as well as ones obtained in experiments with registration of
transmembrane electric currents through artificial two-layer BPM and BLM membranes, and partially
ones from the experiments on natural membranes with technique of voltage clamp. Since the applied
FeCl; undergoes hydrolysis, the formed hydroxyl groups interact with BLM membranes, also
participating in the sum of interaction effects. Thus, it was concluded about the important role of
hydroxyl groups in the mechanism of anionic selectivity of BLM, which is a confirmation of previously
obtained research data. A number of effects with participation of ionophores, which increase the ion
permeability of artificial BLM membranes, were also considered; they can bind metal ions due to ion-
dipole interaction. The described system with a membrane and iron (IIl) ions located near it can be used
to study a number of phenomena on both artificial and natural membranes, for example, when iron
nanoparticles were absorbed by human body from the environment. For all considered cases, known
physical and physico-chemical regularities and the corresponding developed mathematical apparatus
were verified. Namely, analytical expressions based on electrostatic interactions of electric charges
associated with Fe’" ions and localized on membrane surfaces were valid for describing the considered
effects. The considered model membranes are on the border between living and non-living nature. At the
same time, these systems are simple systems to which the laws of physics and physical chemistry are
applicable. And, in some cases, when developing some technical hybrid systems, they can play the role of
biosensors. Due to their simplicity, such models can be reproduced quite easily in the conditions of
experiments, substances testing with analytical purpose in extreme situations. Therefore, such simple,
reliable, tested methods can be used in wartime situations with limited laboratory resources.

Index Terms—Modeling; physical model; Fe’"; ferric ions; biosensor; bilayer membranes.

I. INTRODUCTION

Nanoparticles containing iron (Fe) follow each
person from birth to the last minutes of life. The role
of iron as element, its various oxides and other
compounds is extremely large both in the economy
(including in aircraft construction, aviation and space
industries in general), as well as in technologies and
scientific researches. In recent years, scientific
researches in the field of ecological pollution
prevention and its liquidation were intensified,
including pollution with metal compounds (iron, lead,
mercury, aluminum, chromium, others). It has
happened due to the entry of these elements into the

natural environment because of technogenic reasons:
human economic and military activity, emergency
situations and disasters, etc. [1] — [8]. The interests in
the properties of iron nanoparticles is increasing now,
in Ukraine because of the war reasons — the level of
contamination of the natural environment of our
country with compounds of various metals is
increasing every day [2] — [4]. From other side,
interest to the mechanisms of different nanoparticles
interaction with organisms inner media increasing
from day to day [9] — [18], and present work can
clarify some of such mechanisms for ferric
nanoparticles — ones, which concentration in our
nature increasing due to the current military activities.
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II. PROBLEM STATEMENT

It is known that various iron compounds are
included into biomolecules of living organisms [2],
[8]. Therefore, entering organisms as part of
environmental pollutants, they can cause an
imbalance in the biochemical reactions of
bioorganisms, cause a number of disorders — so the
relevance of further research of these problems is
extremely high. Researching the outlined problem
situations, the attention of scientists is attracted by a

certain parallelism, the similarity of certain
phenomena and  processes involving  iron
nanoparticles, which have been registered by

scientists in living and non-living nature. From the
point of view of theory, this does not seem
surprising, since in both cases the basis lies in the
physical and chemical properties of iron as chemical
element (Fig. 1). Indeed, it is surprising that
studying the effects of iron atoms and ions in living
nature, scientists sometimes have to appeal to the
results of the works of scientists working with
materials in engineering — so, to works in
sufficiently distant field [19], [20]. At the National
Aviation University in Kyiv, Ukraine, intensive
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experience has been obtained over the decades in
several related areas: metal processing technologies
[19], [20], environmental protection from industrial
pollutants (including metal pollution in aviation,
cosmonautics, ground services in airports, etc.) [1] —
[7]. The authors of this publication have been
working for many years to solve problems related to
the outlined ones. This is the creation of information
systems for monitoring of various harmful chemicals
in the environment [21] — [25], development of
software models [22], [25], mathematical models
[26], and mathematical methods in general for
solving linked problems [27] — [29].

The purpose of this publication was the creation
of physical model of iron F’* properties and
behavior in interaction with films of organic
substances. So, such models has to reflect some real
effects of F** consumption from environment and
their consequences for organism at cellular
membrane  level.  Considering the  heavy
contamination of the environment by metals and
their compounds in Ukraine, currently caused by the
war and the need to take special measures in this
regard [2], [3], the importance of work in this
direction is really high.
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Fig. 1. The most general contemporary imaginations about an atom of iron:
(a) is the scheme of electronic levels of the atom of iron (“planetary model”). The ovals indicate: blue — a cluster of
electrons on the penultimate level (third layer from the nucleus), red — valence electrons on the outer level;
(b) is the energy levels of the iron atom. Schematic representation (details see in text)

III. PROBLEM SOLUTION

A. Methods

Creation of physical models was done basing on
the series of results. Data mining in fields of ferric
contamination of the ground and water was based on
the results of the gas-liquid chromatography. In
some experiments the comparison with effects at
living cells were done; so, the technique of voltage
clamp was used (Figs 2, 3). For conductivity

characteristics analysis the registration scheme with
the membrane, placed on the round pore was used
(Fig. 2) with further development of this method —
experiments with registration of transmembrane
electric ~ currents  through artificial  Dbilayer
phospholipid membranes (BPM). Thin BPM films
were studied under the conditions when aqueous
solutions of electrolytes were washed on both sides
of the BPM (an analogue of the state of the surface
membranes of biocells), and on both sides of such
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membranes electrodes were included in electric
circuit with placed current meters. It must be
remembered that in the conditions of war it is
necessary to give preference to analytical methods
that are the most simple to perform, reliable and
repeatedly used. In such a way it was possible to

A

register transmembrane electric currents, changes in
the characteristics of which indicate changes in the
states of the systems and the emergence of the so-
called anion selectivity, in which hydroxyl groups
play important role [8].

| |
I
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Fig. 2. Equivalent scheme of the experiment with bilayer phospholipid membranes [8]:
R, is the leakage resistance; Rs is the series resistance (determined mainly by the resistance of the pore for dialysis;
transmembrane potential difference is measured (and clamped) between points 4 and B)
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Fig. 3. Scheme of the experimental setup which can be used for the dialysis of a) artificial membrane, or b) natural
membrane of a cell {f.e.neuron) in voltage clamp conditions (one of biosensor prototypes) [8]. General configuration of
the method: 1 — input amplifier; 2 — voltage clamp amplifier with adjustable amplification; 3 — current amplifier; 4 —
intermediate amplifier for communication with external devices and compensation of leakage current, pressure
adjustment is indicated by a vertical arrow. Pore for dialysis in horizontal plate that divides the experimental container
into 2 compartments; solutions in each compartment can be changed

B. Model systems

If we are speaking about the environments in
which the contact of iron atoms and ions (see Fig. 1)
with biomolecules most often occurs, then these are
often thin films of organic compounds. In general,
the problems of the interaction of iron ions of
different valence, including Fe’* ions, with thin and
thick films of different compositions have been
studied for a long time [8]. The wide variety of
obtained experimental results does not allow us to

outline a comprehensive picture of the registered
phenomena united by a single theory. Below we will
consider the results of experiments on artificial
bilayer phospholipid membrane (BPM), which in
experimental conditions can form the thin bilayer
membranes (BLM membranes). Bilayer
phospholipid membrane can be considered as a
model of protoplasmic cell membrane as well, the
surface of lung cells or the cells of gastrointestinal
tract, some others, through which FeCl;
environmental pollutants can enter the human
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organism and cause a number of phenomena
(including negative ones) [2], [8], [30]. So, let's
consider physical model systems with thin films —
BPM (BLM in general), into which iron
nanoparticles were introduced.

C.  Models of some effects with ferric ions

Bilayer lipid membranes are widely used as
models for studying the interaction of ions with
organism membranes, etc. Their resistances are in
interval 10° — 10° Ohm' cm’. Such systems can act as
models of membranes on the surface of living cells in
the lungs, gastrointestinal tract of a person or animal,
which were exposed to iron nanoparticles when inhaled
or licked in a polluted environment. Since such
membranes are poorly permeable to hydrophilic
substances and almost impermeable to ions, substances
have been found that increase the ionic permeability of
artificial BLM membranes. For this purpose, ion
carrier substances (ionophores) are used, which bind
metal ions through ion-dipole interaction with the polar
groups that make up their molecules. This type of ion
binding is sometimes called intramolecular dissolution.

Hydroxyl groups that appear in the result of
FeCl; hydrolysis play their important role of in the
processes of interaction of ferric ions with model
membranes, in the mechanism of anion selectivity of
BPM. These conclusions were supported by the
research data [2], [8], [31]. In numerous experiments
there were registered that when small amounts of
FeCl; (final concentration 10°-10°* M) were
introduced into a NaCl solution having a pH of
4-6.5, the resistance of the BPM decreases by 5-6
orders of magnitude and an almost ideal anionic
electrode function was established. As it known, in
this pH region, FeCl; undergoes hydrolysis with the
formation of products such as Fe(OH);, FeOH*" and
Fe(OH),” [31]. When FeCl; is introduced into
solutions whose pH is below 4, changes in the
conductivity and selectivity of BPM occur only
when agents that promote the hydrolysis of FeCl; are
simultaneously introduced into this solution. At the
same time, the introduction of a suspension of iron
hydroxide into a solution does not in itself lead to
changes in the properties of the bimolecular layer.
Based on this, it was concluded that changes in the
conductivity of BPM arise as a result of series of
reactions, including first the interaction of polar
groups of lipids with ferric ions and the subsequent
formation of iron hydroxides already included in the
membrane  structure. The  relatively  slow
establishment of the final resistance values of the
latter confirms or, in any case, does not contradict
such a hypothesis. The special role of iron
hydroxides in the emergence of anion conduction

channels in BPM was proven by a number of
experiments [31]. These include experiments that
have shown that the introduction of a reducing agent
(hyposulfite) into solutions completely removes the
effect of increasing the conductivity of the
membrane, the resistance of which increases to its
original values. The fact that the effect of FeCl; is
also detected when solutions of dipalmitoylecithin,
i.e., a lipid with fully saturated fatty acid residues, are
used to obtain BPM, allows us to exclude the role of
autoxidation of unsaturated fatty acid chains present
in lecithin of natural origin, stimulated by Fe’* ions.
Special electrophoretic and spectral studies carried
out on lecithin dispersions showed that the lipid
binds mainly non-hydrolyzed or incompletely
hydrolyzed iron salts, and hydrolysis in the presence
of lecithin proceeds more slowly than in
conventional aqueous solutions of FeCls. The latter,
probably, reflects changes in the reactivity of iron
ions when they interact with charged lipid groups.

For membranes in NaCl solutions (in the presence
of FeCl;), the anion transfer numbers found from the
slopes of the concentration dependence curves turned
out to be equal or close to unity [31]. Determinations
of **C1- fluxes through such membranes at different
values of the current flowing through them showed
good agreement with the calculated values of Cl-
fluxes obtained under the assumption that the current
transfer by cations under these conditions is
negligible (. = 0). Unfortunately, in this interesting
work there were no determinations of membrane
specificity in the series of monovalent anions or at
least a qualitative comparison of the permeabilities of
singly and doubly charged anions. Meanwhile, this
would make it possible to clarify the role of the sizes
of anions and the magnitude of their charge in the
permeability of the membrane for them.

The changes in the conductivity of BPM caused
by the introduction of FeCl; into solutions turned
out to depend on the concentration of sodium
chloride. When the concentration of NaCl was
reduced to 10° M, the introduction of FeCls into
solutions was no longer effective. On the other hand,
a nonlinear dependence of the conductivity of BPM
on the concentration of FeCl; introduced into
solutions was discovered. In general, this
dependence had the form of S-shaped curve, and
there were no changes in conductivity at FeCls
concentrations less than 107 M, and were
insignificant at concentrations above 210° M.,

The current-voltage dependences of the BPMs
modified by the introduction of ferric iron showed a
clearly defined superlinearity and did not differ in
appearance from the corresponding curves obtained



O.M. Klyuchko, L.V. Morozova, M.G. Klyuchko, N.V. Burceva
Modeling of Ferric Nanoparticles Fe’* Interactions with thin Films of Organic Substances 43

when studying membranes modified by the
introduction of valinomycin and having the opposite
electrode function. In the region of potential
differences on the membrane exceeding 60 mV, the
current-voltage characteristics in both cases are
satisfactorily described by the Tafel equation

¢e=0+pInl

where o, P are constants; ¢ potential difference;
I electric current.

The anion selectivity of BPM modified by
introducing FeCl; into solutions can be changed to a
fairly pronounced predominant cation permeability
in solutions with NaCl ¢, = 0.82. This occurs when
chemical agents are introduced into the solutions
separated by the membrane; f.e. agents that form
complexes with iron ions (citrates, oxalates,
thiocyanates, EDTA). It is very noteworthy that the
transition from a pronounced anionic to a
predominant cationic electrode function may not be
accompanied by a change in membrane resistance,
but a change in the electrode function requires a
certain time (1-1.5 min) and a 10-30-fold excess of
the complexing agent relative to the initial amount
of FeCl;. In article [31], the specificity and
selectivity series for alkali metal cations were not
determined, and the nature of the current-voltage
dependences for membranes that acquired a cationic
electrode function was not established. The latter
would make it possible to establish the similarity or
difference between the phenomenon of change in
electrode function found here and that observed in
cases of BPM modified by the introduction of
antibiotic alamethicin when protamine was added to
solutions. As mentioned, despite the reversal of the
cation-anion selectivity of the BPM, the character of
the current-voltage curves was the same/ This made
it possible to think about the difference in the
structures responsible for the sensitivity of the
conduction channel to the magnitude of the electric
field on the membrane and its ion selectivity.

Not only the high anion selectivity of BPM
modified by the introduction of FeCls, but also the
possibility of obtaining membranes with pronounced
asymmetric electrochemical properties (rectification
in systems asymmetric with respect to FeCl;), as
well as the clearly expressed phenomenon of
delayed rectification, make these membranes a
valuable model of protoplasmic cell membranes.
Therefore, the interest in elucidating the nature of
ion selectivity and the mechanisms of anion transfer
in such systems is understandable.

Since when FeCl; is introduced into a solution
on only one side of the membrane, the asymmetry of

the latter is maintained for a long time, it is obvious
that the rates of transition of Fe’* ions and iron
hydroxides through the membrane are quite low
[31]. Taking into account also the data of direct
measurements of *°C1- fluxes when passing current
through membranes, we have to consider the
hypothesis about the existence in these cases of
positively charged mobile carriers in the membrane
(for example, Fe3+ ions or positively charged iron
hydroxides) unacceptable. The assumption of the
presence of a neutral form of the carrier, as which
would be the neutral form of iron hydroxide, can be
consistent with the data on the fluxes of *°Cl-.
However, in this case, the reason for the affinity of
such a carrier for anions remains unclear. The
existing observations are more consistent with the
idea that a sharp increase in the conductivity of BPM
when FeCl; is introduced into solutions is due the
occurrence of packing defects in the fatty acid
chains of phospholipids during the formation of iron
hydroxides, previously bound by the phosphate
groups of lipids, or the formation of hydroxide
precipitates in the area where the polar groups of the
bimolecular layer are located. In this case,
disorganization in the hydrophobic zone of the BPM
is induced by changes in the position of the polar
groups. At the same time, it is easy to imagine that
the channel penetrating the hydrophobic zone of the
membrane does not have pronounced ion selectivity
and the latter is set by boundary conditions, i.e.,
determined by the properties of chemical groups
located at the entrance to the channel or even at
some distance from it. This model makes it possible
to explain the reversal of the cation-anion selectivity
of membranes modified by the introduction of FeC1;
in the absence of changes in their conductivity.

The packing defects of their fatty acid residues,
which determine the conductivity of the bimolecular
layer of phospholipids, should apparently be of a
local nature [31]. This is indicated by the data on the
binding of iron ions or its positively charged
hydroxides by lecithin dispersions, from which it
follows that only thousandths (or less) of the total
number of phospholipid molecules are involved in
such interactions. In addition, measurements that
showed the constancy of the BPM capacitance
values when introducing FeC1; into solutions should
be considered as indication of the constancy of the
average thickness and average dielectric constant of
the hydrophobic zone of the bimolecular layer. The
latter can be reconciled with the observed increase in
membrane conductivity by 5-6 orders of magnitude
only by assuming that violations of the initially
existing packing of fatty acid chains occur in an area
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constituting a very small fraction of the total area of
the membrane. Since the magnitude of this fraction
remains unknown, it is impossible to draw
conclusions regarding the electrical conductivity in
the zones corresponding to such channels.
Nevertheless, the mechanisms of ion transport in
them must differ significantly from that observed for
free electrolyte solutions, since, with a constant total
channel area, only in this case can some explanation
be found for the exponential dependence of
conductivity on the potential difference on the
membrane. An alternative explanation may be,
however, the dependence of the number of such
channels on the magnitude of the electric field.

IV. CONCLUSIONS

The author experience of implementation of 3G,
4G connections technologies at the territory of in
present article the results of modeling of ferric Fe’*
nanoparticles  interaction with thin  bilayer
membranes were described. All known regularities
that were registered for such interaction and have
analytical expressions, which were based on
electrostatic interactions of electrical charges both
on Fe’"ions and the surfaces of such membranes are
applicable for these cases. Above described system
with the membrane and ferric ions located near it
can be used to study a number of phenomena on
artificial as well as natural membranes. The
conclusion about the important role of hydroxyl
groups in the mechanism of anion selectivity of
BPM was supported by previously registered
research data. Because FeCl; undergoes hydrolysis,
these hydroxyl groups interact with BLM
membranes, participating in the sum of effects of
interaction too. Some effects of ionophores that
increase the ionic permeability of artificial BLM
membranes were observed; they can bind metal ions
through ion-dipole interaction.

Because of their simplicity such models can be
casily recreated in laboratory conditions. Such
simple methods be used in wartime with limited
laboratory resources and in extreme situations.
Heavy contamination of the environment by metals and
their compounds in Ukraine, currently caused by the
war, and the need to take special measures in this
regard increase the importance of present
publication.
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0. M. Kmouko, I. B. Mopo3oBa, M. I'. Kimiouko, 1. B. BypueBa. MonejioBanHsi B3a€Mo/lilii HAHOYACTHHOK 3aJi3a
Fe'* 3 ToHKMMH IIIIBKAMH OPraHiuHHX PEYOBHH

PO3IIIIHYTO pe3y/nbTaTH BHpIIICHHS 3ajadi MONEMIOBAHHSA B3a€MOJil HAHOYACTHHOK 3amiza Fe'' 3 ToHKmMH
OimapoBUMH MeMOpaHamMu. MeToto poOoTH Oys10 CTBOPeHHS (Hi3MYHOI MOJENI MOBEIIHKHM Ta B3a€MOJIi HAHOYACTUHOK
3amiza Fe’', ski 3HAXOAAThCA MOONM3y TOHKHX IUNBOK OpraHidHMX pedoBMH. JUis IbOr0 OyI0 PO3MIAHYTO Ta
MpOaHali30BaHO (i3UYHI MOAENBHI CHUCTEMH 3 TOHKMMHU IuliBKaMH — bB®OM (bicnoitnumu  docdomimimaumu
MeMmOpanamu) Ta BJIM (GimapoBumu docdomimiaHUMU MeMOpaHaMH), B Il CUCTEMHU OYJIO BBEIECHO HAHOYACTHHKHU
3ami3a. J{ns BUKOHAaHHS MOCTaBJIEHOI 3a7a4l OyJIM 3aCTOCOBaHI METOIM MOUIYKY JaHHX («aaTa MaiHIHI»), OTPHMaHHX
METOJIOM Ta30piAMHHOI Xpomarorpadii, y eKClIepuMeHTaX 3 peecTpallii TpaHCMEeMOPaHHHX EIEKTPUYHHUX CTPYMIB Yepes
mry4Hi nBomrapoBi bBOM ta BJIM memOpaHu, 4acTKOBO TakKOX y EKCIIEPUMEHTaxX Ha MPUPOTHHX MeMOpaHax 3a
METOIMKOIO (hikcanii noteHiany. Ockinbku 3acrocoBana croiyka FeCl; migaerbes rifgposizy, yTBOpeHi TiJpoKCHIIbHI
rpynu B3aeMofitoTh 3 MemOpanamu BJIM, Takoxk Oepyunm y4acte y cymi edektiB B3aemonii. Takum uuHOM, Oyiio
3pO0JIEHO BHUCHOBOK IPO BAXIIMBY POJb TIAPOKCHIBHHX TPyl Yy MeXaHi3Mmi aHioHHOi cenektuBHoOcTi BJIM, mo €
MiATBEPKEHHSIM OTPUMaHMX PaHille JaHUX NOCIiKEeHb. Byiau po3risiHyTI Takox psif eeKTiB 3a ydacTi ioHo(dopiB,
110 MiJBUIIYIOTH 10HHY MPOHHUKHICTh Ty4yHUX BJIM MemMOpaH; BOHM MOXYTh 3B'SI3yBaTH i0HM METaJIiB BHACHIJIOK 10H-
MUIoNbHOI B3aemomii. OmucaHa cucreMa 3 MeMOpaHOI 1 po3TamioBaHuMH Ot Hei ioHamu 3amiza (II1) moxe Oyru
BUKOPHCTaHA JUIsi BUBUEHHS PsY SIBHII K Ha IITYYHHX, TaK 1 HA IPUPOAHUX MeMOpaHax, HaIpUKIa[, [PY MOTJIMHAHHI
HAHOYACTOK 3aJli3a OPraHi3MOM JIIOAWHHM 3 TOBKULIA. J[JIs BCIX PO3MIIIHYTHX BUMAAKIB CIIPAaBIPKYIOTHCS BitoMi (i3u4Hi
Ta (Pi3MKO-XIMiYHI 3aKOHOMIPHOCTI Ta BiJIIOBIIHMHA PO3pOOJICHWI MaTeMaTW4HWH amapaT. A came, JJIsl ONHMCAaHHS
pO3TIISTHYTHX €(EeKTIB € CHpaBeUIMBUMU € aHAJITUYHI BUpasy, siKi 0a3yBalWCsl Ha €JIEKTPOCTATHYHUX B3AEMOIISX
ENIEKTPHYHAX 3apsiB, 1O MOB’si3aHi sk 3 iomamm Fe'' | Tak i JokamizoBaHi Ha MOBEpXHSX MeMOpaH. PosryisHyTi
MOJICTIbHI MEMOpaHU 3HaXOISTHCS Ha MEXI JKMBOI 1 HEXHMBOI NMPUPOAU. Y TOH e 4Yac LI CUCTEMH € TPOCTHMHU
CHCTEMaMHU, 10 SIKMX 3aCTOCOBHI 3aKkoHH ()i3MKH Ta (i3UUHOI XiMil, 1 B JESKUX BUMAAKAX MPH PO3POOII Py TEXHIYHUX
riOpUAHUX CHUCTEM BOHU MOXYTH I'PaTH POJb Ol0CEHCOpIB. 3aBJASKM CBOIH MPOCTOTI Taki MOJETl MOXXHA JOCTaTHHO
JIETKO BiJITBOPUTH B yMOBaxX €KCIIEPUMEHTIB, TECTyBaHb PEUYOBHH 3 aHATITUYHOIO METOK y EKCTPEMAaJIbHUX CUTYaIlisX.
Tomy Taki npocTi, HafiHi, anpoOoBaHI METOIM MO>KHA BUKOPUCTOBYBATH Y BOEHHHUI Yac y CHTYyallisiX 3 0OMEKEHHUMHU
71200paTOPHUMH PECYPCaMH.
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