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COMPLEXES OF HYDROGEN PEROXIDE AND DNA PHOSPHATE GROUP
IN QUANTUM CHEMICAL CALCULATIONS

D.V. Piatnytskyi, S.N. Volkov
Bogolyubov Institute for Theoretical Physics, 14-b, Metrolohichna Str., Kyiv, 03143, Ukraine.
e-mail: dvpyat@bitp.kiev.ua
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Background: Molecules of hydrogen peroxide (H,0;) can be formed during radiolysis process in water
medium after irradiation. A hypothesis about the possible role of hydrogen peroxide in blocking of
processes of nonspecific DNA recognition by proteins is proposed in [1]. As one of the most long-living
products, H,O, molecules can diffuse considerable distances in the intracellular medium and reach DNA
in the cell nucleus and form complexes with macromolecule phosphate groups. To confirm this
hypothesis, the quantum chemical calculations of complexes structure of hydrogen peroxide molecule
with atomic groups of the DNA backbone are performed.

Objectives: To determine the optimal geometries and formation energies of stable complexes of
hydrogen peroxide with DNA phosphate group. To perform a comparative analysis of hydrogen peroxide
and water molecules binding to phosphate group based on quantum chemical calculations.

Materials and Methods: The complexes which consist of phosphate group, hydrogen peroxide, water
molecules, and sodium counterion are analyzed. The optimization of complex geometry and energy
calculations is performed using the methods of quantum chemistry within Gaussian 03 software: HF/6-
31+G(d,p), MP2/6-31+G(d,p), B3LYP/6-31+G(d,p).

Results: This research shows that the hydrogen peroxide molecule as well as water molecule can form
stable complexes with phosphate group, especially with the presence of sodium counterion Na'. The
results of complex formation calculations with atom-atom potential functions method are confirmed. It is
shown that the presence of sodium counterion significantly influences the geometry of the hydrogen
peroxide complex with the phosphate group. The performed calculations indicate the possibility of
hydrogen peroxide geometry change in the processes of complex formation.

Conclusions: The obtained results confirm the possibility of stable complexes forming for hydrogen
peroxide and phosphate group. Prolonged situation of H,O, molecule near the DNA backbone may block
the nucleic-protein recognition processes as well as damage the macromolecule via decay into OH-
radicals in close proximity to double helix.

KEY WORDS: hydrogen peroxide; DNA phosphate group; stable complexes; quantum chemical
calculations.

KOMINIEKCH ITIEPOKCHUAY BO/JHIO I ®OCPHATHOI I'PYIIH JHK
B KBAHTOBO-XIMIYHUX PO3PAXYHKAX
J.B. Isranubkuii, C.H. Boikos
Inemumym meopemuunoi ¢isuxu in. M.M. Boeono6osa HAH Vpainu,
8yn. Memponoziuna, 14 6, Kuis, 03143, Yxpaina

AxTyanabHicTb. Monekynu mepokcuay BomHio (H,O,) MOXYTh YTBOPIOBAaTHCH B TpOIECi Pagioiily B
BOJIHOMY CEPEIIOBHILI ITicTs onpoMiHeHHs. BucyryTa rimotesa [1] mpo MOXIIHBY pOJIb IEPOKCHITY BOIHIO
B OmokyBaHHI mpoueciB Hecrerdigaoro BmizHaBaHHS JIHK Oinkamm. Sk oamH 3 HaWOUIBII OBTO
KHUBYYHX  TpOAYKTiB, Mojekynu H,O, Moxyrs andyHayBaTH Ha 3HAa4yHI  BiJCTaHi y
BHYTPIIIHBOKIITHHHOMY cepenoBuii, mocsratu JHK B sapi KiIiTHHH 1 yTBOpPIOBAaTH KOMIUIEKCH 3
tdocharaumu rpynamu JIHK. [Ins migrBep/pkeHHst rinmote3n B poOOTI BHKOHAHO KBAaHTOBO-XIMidHI
PO3paxXyHKH CTPYKTYPH KOMIUIEKCIB MOJICKYJIH MIEPOKCHTY BOIHIO 3 aTOMHUMHU rpynamu octory JTHK.
Meta podoru. BusHayeHHs onTUMaibHOI reoMeTpii Ta eHeprii yTBOPEeHHs cTaOUIbHUX KOMILIEKCIB
nepokcuay BoaHt 3 pocdarnoro rpymnoro JJHK. [IpoBectu nopiBHAIbHUN aHATI3 3B’ s13yBaHHS ICPOKCHTY
BOJIHIO Ta MOJIEKYJIM BOAHU 3 (pochaTHOIO IpyIIor0 Ha OCHOBI KBAHTOBO-XIMIYHMX PO3paxyHKIiB.
Marepianu i metoam. Po3risinaroTbesi KOMIUIEKCH, IO CKJIagaroThesi 3 (ocdaTHol rpynu, MoKy
MepOKCHy BOIHIO Ta BOIM, IPOTHIOHIB Harpiro. BHKOHaHO ONTHMI3allil0 NPOCTOPOBHX TI'€OMETPIii
KOMIUIEKCIB Ta PO3PaxXyHOK €HEprii 3 BUKOPUCTAHHSIM METOMIB KBAaHTOBOi XiMil B paMKax MaKeTy
Gaussian 03: HF/6-31+G(d,p), MP2/6-31+G(d,p), B3LYP/6-31+G(d,p).

© Piatnytskyi D.V., Volkov S.N., 2018
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PesyabraTu. [TokasaHo, mo MoJeKyna MepoKCHAY BOJHIO MOXE YTBOPIOBATH KOMIUIEKCH 3 (hochaTHOIO
IPYINOI0 He Tipiie 3a MOJIeKyly BOJIHM, 0COGIMBO B MPUCYTHOCTI mpoTuioHy HaTpito Na'. Ilinreepmkeni
pe3ynbTaTd  PO3PaxXyHKIB  KOMIUIEKCOYTBOPEHHS 3  BHKOPHUCTAHHSIM  METOAYy  aTOM-aTOMHHX
noreHuianbHuX QyHkuiit. [TokazaHo, 0 NPUCYTHICTH NPOTHIOHY HATPIIO CYTTEBO BILIMBAE HA TEOMETPIIO
KOMIUIEKCY MepoKcuay BoAHIO 3 pocdaTHoro rpynoro. [IpoBeneHi po3paxyHKH BKa3yIOTh Ha MOXKJIMBICTb
3MiHU F€OMETpii MOJIEKYJIM IEPOKCHULY BOJHIO y POLIECI KOMILUIEKCOYTBOPEHHSI.

BucnoBkn. OtpuMani pe3ysbTaTH MiATBEPPKYIOTh MOMKIJIMBICTH YTBOPEHHS CTaOUIBHMX KOMILIEKCIB
nepokcuay BoaHIO 3 Qocdarnoro rpynoto JJHK. Tpuane 3naxomkenHs Mmoiekynun H,O, mopsin 3
ocroBoM /IHK mosxe 6i0KyBaTH mporecu HyKJI€iHOBO-OUJIKOBOrO BITi3HABaHHS, a TAKOX IPH3BECTH IO
TIOIITKOKCHHST MaKpOMOJIEKYJTH BHACIINOK po3nany nepokcuny Ha OH-pamukanm OesmocepeqHpo Oins
MOIBIHHOI CTIipaJti.

KJIIOYOBI CJIOBA: mnepokcun Boauio; ¢ocdarna rpyma JHK; crabiapHi KOMIUIEKCH; KBaHTOBO-XiMiuHI
PO3PaxyHKH.

KOMILJIEKCHI TIEPOKCHUJIA BOAOPOJIA U ®OCPATHOM I'PYIIIbI JHK
B KBAHTOBO-XUMHNUYECKHUX PACUETAX
J.B. IIsranukuii, C.H. BoaxoB
Uncmumym meopemuueckoii pusuxu um. H.H. boeonioboea HAH Ykpaunul,
ya. Memponozuueckas, 14 6, Kues, 03143, Vkpauna.

AxkTyanabHocTh. Monekynsl mepokcuaa Bogopona (HyO,) MoryT o0pa3oBBIBaThCS B MPOIECCE PATUOIH3A
B BOIHOI cpeze mocie oOmydeHus. BerapuHayTa rumoTesa [1] 0 BO3MOXXHON poiy MepoKCHAa BOAOPOIA B
OnokupoBaHuH TpoleccoB Hecneuuduueckoro y3HaBanusi JIHK Oenkamu. Kak oaun u3 HamOonee
JIOJITOXMBYIIMX TPOIYKTOB, Mojiekysibl H,O, MoryT nuddyHaupoBaTh Ha 3HaYUTEIIbHbBIC PACCTOSHHS BO
BHYTPUKJIETOYHOU cpene, nocturats JJHK B sinpe kieTkn n 00pa3oBhIBaTh KOMILIEKCH ¢ (ochaTHBIMU
rpynnamu JIHK. Jns noarsepkaeHns: rTUnore3sl B paboTe BHINOJHEHB! KBAHTOBO-XMMHUUECKHE PACUEThI
CTPYKTYpPBI KOMIUIEKCOB MOJIEKYJIBI IIEPOKCHIAa BOJIOPOa ¢ aTOMHBIMU rpynmnamu octoBa JJHK.

Hear pabdorel. OmpezneneHre ONTUMAILHOW TEOMETPHUM M SHEPruu 00pa3oBaHUSl CTAOMIIBHBIX
KOMIUIEKCOB Tepokcuna Bopopoaa ¢ docdarnoii rpynmoit JHK. IIpoBecTH cpaBHHUTENBHBIM aHAIN3
CBSI3BIBAHMS ITIEPOKCHJA BOJOPOJA M MOJIEKYJBl BoAbl ¢ (ocdaTHOH Tpymmoil Ha OCHOBE KBAaHTOBO-
XUMHYECKIX PacUeTOB.

MaTtepuaabl 1 MeTOabl. PaccMaTpHBaIOTCS KOMITIEKCHI, COCTOSAIMME U3 (POCHATHON TPYIIIBI, MOIEKYII
MEPOKCUIa BOIOPOJA M BOJIBI, IPOTHBOMOHOB HATPHA. BEHIMONHEHa ONTHMH3ALHUS MPOCTPAHCTBEHHBIX
TEOMETPHI KOMIUIEKCOB M pacdeT SHEPTHUil C HCIOJIB30BAHWEM METOIOB KBAaHTOBOW XMMHH B paMKax
nmakera Gaussian 03: HF/6-31+G(d,p), MP2/6-31+G(d,p), B3LYP/6-31+G(d,p).

PesyabTaTsl. [loka3aHo, 4To MoOJeKylIa NEepOKCHIa BOAOPOJAA MOXET OOpa30BBIBATh KOMILUIEKCH C
docdarnoii rpynmoit [JTHK He xyxke, ueM MoOJIeKysa BOJbI, OCOOCHHO B MPHCYTCTBUU IMPOTHBOMOHA
natpus Na'. TIoaTBep KIeHbI PE3yNbTaThl PACUETOB KOMILIEKCOOOPA30BAHUS C HCTIOIb30BAHMEM METO/A
aTOM-aTOMHBIX TOTEHIMANbHbIX (QyHKuui. [lokazaHo, YTO MPUCYTCTBME IPOTUBOMOHA HATPHA
CYLIECTBEHHO BIIMSET HAa TEOMETPHIO KOMIUIEKca Nepokcuaa Bojopona ¢ QocdarTHoi rpynmoi.
[TpoBeneHHbIE pacyeThl YKa3blBAlOT HAa BO3MOXKHOCTH M3MEHEHMs TI'€OMETPHUHM MOJIEKYJBI IEPOKCHIA
BOJIOPO/Ia B ITPOLIECCE KOMIUIEKCOOOPa30BaHMSI.

BoiBoabl. [lomydeHHBIE pe3yNbTaThl MOATBEP)KJAIOT BO3MOXHOCTh OOpa3OBaHHS CTAOHMIIBHBIX
KOMILTIEKCOB TIEpOKCHIa Bomopoaa ¢ (ocdarHor rpymmoit. nutenpHoe HaxoxneHne Moiekyisl HpyO,
psaom ¢ octoBoMm JIHK moxer GnOKMpOBaTh MPOIECCH HYKICHHOBO-OEIKOBOTO Y3HABaHHS, a TaKXKe
MPUBECTH K TIOBPEXKACHUI0 MAaKpOMOJEKYJBI BCIEICTBHE pacmana mnepokcupa Ha OH-pagumkansr B
HEMOCPEACTBEHHON OJM30CTH BO3JIE IBOWHOM CITUPAIIH.

KJIIOYEBBIE CJIOBA: mnepokcun Bopopona; ¢ocdarnas rpymma JHK; cTaOuipHBIC KOMILIEKCH; KBaHTOBO-
XUMHUYECKUE PACUCTHI.

The interaction of small molecules with DNA double helix is the subject of special
interest along last years. It is well known that some molecules can perform the important
functions on regulation of the genetic activity of DNA in living cells. The understanding of
mechanisms of these molecules action on DNA can be used for the development of new
treatment methods and pharmacological drugs.

The interaction of hydrogen peroxide molecule with DNA has the significant interest.
The peroxide molecules can be formed in water medium during the process of water
radiolysis (see, for example, [2]) as a long-living product [3, 4]. Water radiolysis takes place
when water volume is irradiated by different particles. The molecules of water medium decay
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into ions, radicals and molecular products (reactive oxygen species). In living cell radiolysis
products interact with DNA macromolecule [5]. It is considered, that the most dangerous
product is hydroxyl radical, because it induces double strand breaks which means complete
destruction of DNA [6]. However, it is shown in Monte Carlo calculations [3, 4] that OH-
radicals recombine quickly (during physico-chemical stage of radiolysis [2]) and so they
interact with DNA macromolecule only if situated in close proximity. On the contrary, the
hydrogen peroxide molecule can exist in intracellular medium for longer time and can diffuse
on significant distances. So the H>O, molecule has bigger probability to “find” DNA
macromolecule in solution after irradiation. If peroxide is situated closely to DNA backbone it
can decay into OH-radical via Fenton-type reaction [7] and thus damage it or it can somehow
block DNA transcription. Such a mechanism of possible DNA damage in particle therapy was
proposed in [1]. As considered, the DNA phosphate group can be the most probable site of
interaction with molecules of medium, and particularly the H,O, molecules.

It can be expected that study of interaction of hydrogen peroxide with DNA phosphate
group can improve the methods of cancer treatment. Particle cancer therapy has especially
good results when protons or heavy charged ions are used, because of well-known Bragg
effect [8]. There are mechanisms of DNA damage in the processes of particle cancer therapy
[9], among which are damage by secondary electrons and free radicals or the processes with
shock waves [10]. But the question about physical mechanism which causes destruction of
cancer cells remains yet opened [11]. It should be noted that in the works about alternative
method of cancer therapy [12], the emphasis is made on hydrogen peroxide molecules
forming in the cellular medium after injection of ascorbic acid. And also there are some
experimental conclusions about selective damaging of cancer cells by hydrogen peroxide
apart from healthy [13].

In the present work the quantum-chemical calculations are carried out for complexes
which consist of hydrogen peroxide and water molecules, phosphate group and sodium
counterion. We consider isolated phosphate group, but charges on its atoms are taken to
correspond to the distribution of charges on the atoms of the sugar-phosphate DNA backbone.
We take into account sodium counterion, because under physiological conditions DNA
phosphate groups are usually neutralized by counterions of the solution. The optimized
geometries of single molecules, double and triple complexes are obtained, energies are
calculated. The Hartree-Fock, density functional theory and MP2 methods are used. Results
presented in this work continue our earlier calculations from [1], where atom-atom potential
functions method was used.

The calculations made in the present work are more accurate than calculations from [1].
The geometry optimizations in complexes provided with much better quality, the flexibility of
molecules is taken into account (molecules can slightly change their structure in different
complexes), all atoms in phosphate group are considered.

METHOD OF CALCULATION

Quantum-chemical calculations of single molecules and complexes are performed with
Hartree-Fock theory (HF/6-31+G(d,p)), Mpgller-Plesset perturbation theory (MP2/6-
31+G(d,p)) and density functional theory (B3LYP/6-31+G(d,p)) together with geometry
optimizations. The Gaussian 03 software is used in calculations [14], Facio software is used
for visualization [15].

Thus, as a first step, the geometry optimizations for single objects (molecules H,O, and
H,O, phosphate group) are made. Then the calculations are made for double complexes —
H,0,-PO,", H,0-PO,, Na'-H,0,, Na"-H,O and Na"-PO, . Geometry optimizations are
performed, interaction energies are calculated. And, at last, there are calculations of energies
and geometries for triple complexes Na'-H,0,-PO4~, Na"-H,0-PO4 . The main purpose of
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this work is comparison of peroxide-phosphate interaction with water-phosphate interaction
with and without sodium counterion.

In the present work we consider the interaction energy of double complex AB as a
difference between electronic energy of AB and its components A and B

AE :EAB(AB)_EA(A)_EB(B)‘ ()
For triple complex ABC we have
AE 50 = EABC(ABC)_EA(A)_EB(B)_EC(C)' (2)

The basis set is presented in brackets. To avoid the basis set superposition error the
counterpoise correction is made [16]

AES; :EAB(AB)_EA(AB)_EB(AB)’ (3)
AES =E,,.(4BC)-E,(4BC)-E,(4BC)-E.(4BC). 4)

Also deformation energy should be introduced because of difference between the geometries
of isolated molecules and of those within complexes

E, = z ( Eicomplex _ E[isnlated )’ (5)

i

which is a difference between electronic energies of molecule in complex and isolated
molecule. Then interaction energy in complex can be calculated by formula

AE=AE” +E,, . (6)

In the present work we used formula (6) to calculate interaction energies in double complexes
(H,0,-PO, ", H,0-PO,, Na'-PO,, Na"-H,0,, Na'-H,0) and triple complexes (Na'-H,O,-
PO4, Na'-H,0-POy).

RESULTS AND DISCUSSION
Geometry optimizations of hydrogen peroxide and water molecules, and phosphate group
POy are performed in methods HF/6-31+G(d,p), MP2/6-31+G(d,p), B3LYP/6-31+G(d,p).

(a) (b) (©)

Fig. 1. Hydrogen peroxide (a), water (b) molecules, phosphate group (c).
Oxygen atoms are shown in red, hydrogen — white, phosphor — yellow.

The hydrogen peroxide molecule (Fig. 1(a)) is symmetric and characterized by distances
between two oxygen atoms and between oxygen and hydrogen atoms, by two equal angles O-
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O-H and by dihedral angle H-O-O-H. The values of these distances and angles obtained from
geometry optimizations are presented in Table 1.

Table 1. Geometry of hydrogen peroxide molecule H,O,

0-0 (A) H-0 (A) £0-0-H (°) Dihedral angle (°)
HEF/
6-31+G(d.p) 1.39 0.95 102.7 116.8
B3LYP/
6-31+G(d.p) 1.46 0.97 100.3 119.4
MP2/
6-31+G(d.p) 1.47 0.97 99 121.4

The distances and angles shown in Table 1 are close to each other for different methods
of optimizations, and also they are comparable with values obtained in [17] by similar
calculations. It should be mentioned that the dihedral angle H-O-O-H can be very sensitive to
environment. Thus it can be considerably different for isolated molecule and molecule in
complex.

The calculations for water molecule are analogous, results are presented in Table 2. These
results are also close to each other for different types of calculations.

The geometry of phosphate group is more complicated (Fig. 1(c)). So we do not present
all distances and angles, just the distance between two oxygen atoms, which contain negative
charge. Group PO4 considered as a part of DNA backbone, but two hydrogen atoms are
placed instead of bounds to backbone (towards atoms C3” and C5’). The charge of PO4 is —1
of elementary electronic charge. It is interesting to study the interaction of hydrogen peroxide
and water molecules, sodium counterion relatively to two negatively charged oxygen atoms.
The distances between these oxygen atoms are shown in Table 2 for different methods of
calculations, though they are nearly equal.

Table 2. Geometry of water molecule and distance between two oxygen atoms in PO,

H-O (A) £0-0-H (°) 0-0 in PO; (A)
HF/6-31+G(d,p) 0.94 107.2 2.62
B3LYP/6-
314G(dp) 0.97 105.7 2.69
MP2/6-31+G(d,p) 0.96 105.4 2.70

Double complexes

Complexes H,0,-PO, , H,0-PO,, Na'-PO, ", Na'-H,0, and Na'-H,O are considered.
The geometry optimizations are carried out for these complexes, energies of interaction are
calculated.

Let us consider the double complexes H,0,-POs,  and H,O-PO4 . Their optimized
geometries are shown on Fig. 2. It should be mentioned, that we take into account only
complexes, where peroxide or water molecules are situated near two “opened” oxygen atoms
(on the right side of PO4 on Fig. 2), because group PO4 is considered as a part of DNA
backbone.

Double complexes have the geometries (Fig.2) where hydrogen peroxide or water
molecule is situated almost symmetrically near oxygen atoms of POs . In the case of
hydrogen peroxide there are two hydrogen bonds (upper and lower symmetrically), because
average distance between neighbor oxygen atom (from PO4 ) and hydrogen (from H,0,) is
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1.85 A, angle O-H-O 163°. The hydrogen peroxide molecule is compressed — its dihedral
angle smaller than in Table 1 and is close to 55°. Such a change in dihedral angle makes a
contribution into deformation energy (about 3-4 kcal/mol for different methods). On the
contrary, the water molecule does not form hydrogen bonds with oxygen atoms of PO,
because of its smaller size, but it is also situated symmetrically to them. For water molecule
the symmetrical distances O(PO,)-H(H,0) are more than 2.1 A and angles O-H-O are near
145° and these geometries are insufficient for forming of hydrogen bonds.

Fig. 2. Complexes H,0,-PO, (a) and H,O-PO, (b).

Interaction energies of complexes H,O,-PO4  and H,O-PO4 are shown in Table 3. From
Table 4 one can see that the energies of complex with hydrogen peroxide molecule and
phosphate group are larger for every method of calculation. Complexes of water molecule and
PO4 have smaller energy. The hydrogen peroxide molecule is larger than water molecule and
it is more convenient for hydrogen peroxide to form two symmetric hydrogen bonds with
phosphate group.

Table 3. Energies of H,0,-PO4 and H,O-PO,4 double complexes (energies — kcal/mol)

H,0,-PO;” H,0-PO,~
HF/6-31+G(d,p) -20.8 -14.8
B3LYP/6-31+G(d,p) 213 -14.4
MP2/6-31+G(d,p) 21.4 -15.0

The double complexes with sodium counterion are also considered in the present work.
These are complexes Na -PO,, Na'-H,0, and Na"-H,0. Optimized geometries of complexes
are shown on Fig. 3. In the complex of sodium counterion and phosphate group the distance
Na™-P is 2.68 A (mean for three methods). Distances Na'-O for complexes Na'-H,0, and
Na'-H,O are 2.38 A and 2.24 A correspondingly. For comparison, the distances calculated by
atom-atom potential function method [1] were 2.8 A (Na'-H,0, complex) and 2.7 A (Na'-
H,0O complex).

The energies of Na'-PO, , Na'-H,0, and Na'-H,O complexes are shown in Table 4. It
should be mentioned that the complex of sodium and phosphate group is the most strongly
bounded, whereas molecules of peroxide and water interact with sodium counterion almost
equally. The results of previous calculations [1] gave the energies -122 kcal/mol (Na'-POy"), -
14 kcal/mol (Na'-H,0,) and -12 kcal/mol (Na'-H,0).
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Fig. 3. Complexes Na'-PO, (a), Na'-H,0, (b), and Na'-H,O (c). Sodium counterion is shown in blue.

Table 4. Energies of complexes Na'-PO, ", Na'-H,0, and Na'-H,O (kcal/mol)

Na'-PO,” Na'-H,0, Na'-H,0
HF/6-31+G(d,p) -135.9 4.1 24.9
B3LYP/6-31+G(d,p) -134.8 24.4 -25.0
MP2/6-31+G(d,p) -130.7 22.6 23.6

The energies of Na'-H,O, complex obtained from quantum-chemical calculations are
slightly smaller than energies of Na'-H,O complex, whereas for calculation with atom-atom
potential functions method these values are vise versa. This difference can be explained by
flexibility of hydrogen peroxide molecule. In quantum-chemical calculation H,O; can change
its geometry (especially, dihedral angle) near the counterion, while the geometry change in
water molecule is less significant. In method used in [1] the molecules H,O, and H,O were
rigid and did not change their geometries.

Triple complexes
Triple complexes Na'-H,0,-PO; and Na'-H,O-POy is studied. It is interesting to add
sodium counterion to double complexes H,0,-PO4s and H,O-POs, because sodium interacts
with phosphate stronger than molecules H>O, and H,O, and sodium counterions are always
present in the solution in natural conditions. Optimized structures of such complexes are shown
on Fig. 4. We consider sodium counterion and hydrogen peroxide or water molecules to be
placed near two “opened” oxygen atoms of PO4 (to the right of phosphate group on Fig. 4).

Fig. 4. Complexes Na'-H,0,-PO, (a) and Na'-H,0-PO, (b).

These geometries are almost similar for different type of calculation. Geometry
optimization shows that adding of sodium counterion into double complexes H,O,-PO, and
H,0-PO4 leads to displacement of peroxide or water molecule while sodium is situated
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closer to PO4 . Molecule H,O, (H,O) forms one hydrogen bond with phosphate group. It is
natural that sodium counterion is situated close to PO, , because it has positive charge and
oxygen atoms of PO4 have negative and also sodium repulses positively charged hydrogen
atoms of peroxide or water molecules which form hydrogen bonds with PO, . It should be
noted that in previous work [1] optimal geometries were different, but optimization with
efficient quantum-chemical methods shows that such a geometries are not minima of potential
surface and geometries (Fig. 4) are more energetically convenient. Interaction energies of
complexes Na'-H,0,-POs and Na'-H,O-PO, are shown in Table 5. One can see that both
complexes are bound. Complex with hydrogen peroxide is bound slightly stronger than
complex with water molecule.

Table 5. Energies of complexes Na'-H,0,-PO4~ and Na'-H,0-PO, (energies — kcal/mol)

Na'-H,0,-PO, Na'-H,0-PO,
HF/6-31+G(d,p) -154.0 -151.4
B3LYP/6-31+G(d,p) -154.0 -152.1
MP2/6-31+G(d,p) -148.2 -148.0

These results are qualitatively similar to results from [1], obtained in atom-atom potential
functions method, where energies of complexes Na'-H,0,-PO4 and Na"-H,0-PO, were -
130.3 kcal/mol and -129.2 kcal/mol correspondingly. But there are different geometries of
complexes [1]. The triple complex Na'-H,0,-PO, with geometry similar to [1] is not optimal
and has energy near -147 kcal/mol, whereas its energy in geometry Fig. 4(a) is -154 kcal/mol
for HF/6-31+G(d,p) calculation.

CONCLUSIONS

The main result of the present work is showing that hydrogen peroxide molecule can form
stable complexes with phosphate group of DNA with or without sodium counterion. Energetically
it is similar to water molecule. But since the H,O, molecule has bigger mass it can stay near DNA
backbone for longer time. Thus, there are two possible ways for peroxide to interact with DNA
backbone near phosphate groups — decay via Fenton reaction or direct transcription blocking.

As a future prospect we plan to investigate such complexes with water solution model to
obtain results more close to natural conditions. It is also interesting to analyze the behavior of
hydrogen peroxide molecules near DNA within molecular dynamics calculation.
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Background: While antiviral and interferon-inducing agent tilorone is used as a reactant of a number of
popular pharmacological preparations, the molecular mechanisms of its biological antiviral activity are
under discussions among the specialists. That is why the molecular level model studies of interactions of
tilorone with targeting biomolecules and their components are considered to be urgent and useful for
understanding the molecular mechanisms of the agent biological activity.

Objectives: The current model study is devoted to mechanistic examining of the intermolecular
interactions of tilorone with its possible biomolecular targets which are believed to be nucleic acids and
such their components as nucleosides containing purine or pyrimidine nitrogen bases.

Materials and methods: The objects of the study are model systems composed of tilorone
dihydrochloride (Til*2HCI) and its potential targeting biomolecules: single-stranded RNA (ssRNA)
obtained from Saccharomyces cerevisiae yeast or nucleosides - adenosine (Ado), thymidine (Thd), or
uridine (Urd). Dynamic light scattering (DLS) measurements aimed at observation of drug-biomolecules
aggregation is applied to the system (tilorone+ssRNA) (1:10 molar ratio) in RNA-free phosphate buffered
saline solution (with 10% fetal bovine serum). Electrospray ionization (ESI) mass spectrometry is used to
examine the intermolecular interactions in the binary (tilorone + nucleoside) (Ado, or Thd, or Urd in 1:10
molar ratio) and triple (tilorone + Ado + Urd) (1:10:10 molar ratio) systems dissolved in polar solvent
methanol.

Results: The obtained DSL data demonstrate that under conditions similar to the physiological ones,
introduction of tilorone into the ssSRNA solution results in formation of tilorone+ssRNA aggregates which
more than 10 times exceed in size the particles observed in the ssSRNA solution itself. The ESI mass
spectrometry experiments reveal that while the mass spectra of all studied (tilorone + nucleoside) model
systems contain ions characteristic of the individual components of the mixtures, in the spectra of
(tilorone + Urd) system the ions of stable ion-molecular clusters of uridine with tilorone dication
UrdTil*2H*" are recorded. The examining of the three-component model system (tilorone + Ado + Urd)
testifies to the selectivity of tilorone binding: while the peak of noncovalent complex of UrdeTils2H*" is
detected, any peaks of the complexes of Ado with tilorone are not found in the mass spectrum.
Conclusions: Formation of large-scale molecular aggregates of tilorone with ssRNA in the solutions
which are similar to the physiological solution in physical and chemical characteristics is revealed in the
performed DLS investigation. Creation of stable UrdeTile2H>" noncovalent complexes in
(tilorone + nucleoside) model systems was demonstrated by ESI mass spectrometry, while the complexes
of tilorone with Ado and Thd are not detected in the experiments. It testifies to the possibility of
formation of stable noncovalent complexes of tilorone with ssSRNA and their components in biological
systems, and pointed at Urd as one of the potential centers of specific binding of RNA molecules with
tilorone.

KEY WORDS: tilorone; RNA; nucleosides; intermolecular interactions; dynamic light scattering; mass
spectrometry.
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AkTyajbHicTh. He3Bakaioun Ha 3acTOCyBaHHsS aHTHUBIPYCHOTO Ta iHTEp(EpOH-IHAYKYIOHOTO areHTy
TWJIOPOHY B SIKOCTI JiI0YOi PEHYOBMHHU PsAy CydacHHMX (hapMakoJOriYHMX IpenapariB, MOJEKYJISIpHI
MeXaHi3MU HOT0 aHTHBIPYCHOI il 3aIMIIAIOThCs MIPEIMETOM HAyKOBOI JIHcKycii. ToMy mociikeHHs Ha
MOJIEKYJISIPHOMY DIiBHI B3a€MOIil THJIOPOHY 3 OiOMOJIEKYyJIaMHU-MIMICHSIMH Ta iX KOMIIOHEHTaAMH €
aKTyaJhbHUMHU Ta BAXXJIMBHMH 3 TOYKH 30py BCTAHOBJICHHS MOJIEKYJISIPHUX MEXaHi3MiB HOro 0ionorigHoi
AKTHBHOCTI.

Merta poboTu. MeTto0o poOOTH cTano BHUBYEHHS MDKMOJEKYSIPHUX B3a€MOJil TWIOPOHY 3
MOTEHIIMHUMHU  01OMOJIEKYJIaMU-MIIIICHSAMHU: HYKJICTHOBUMH KHCIOTaMH Ta iX KOMIOHEHTaMH —
HYKJICO3UJIaMH, 1[0 MOXKYTh MICTHTH, SIK ITypUHOBI, TaK i MIPUMIiJMHOBI a30THCTI OCHOBH.

Marepianu i meToan. O6’exTamu qociimkeHHs 0yi10 00paHo MOZEIbHI CUCTEMH, 110 MiCTUJIN THIOPOHY
JUTiIPOXJIOPH]] Ta OTEHIMHI MoyieKkyu-MimieHi omunonaHiorori PHK (ssRNA), ski Oyno orpumasno 3
IPULKIKIB Saccharomyces cerevisiae, abo mykieosunau: aneHo3uH (Ado), Tuminua (Thd), yn ypumun
(Urd). Maroun 3a MeTy BHUBUEHHS MOXJMBOI arperamii TWJIOpOHY 3 OiOMOJIEKyJIaMH, METOIO0M
JUHAMIYHOTO  po3ciloBaHHS cBiTia Oyino jocnimpkeHo cucremy (tunopor+PHK)  (mossiphe
criBBigHOIIEHHS KommoHeHTiB 1:10) y po3umHi, B CKiIagi gkoro — HaTpid-pocdarHuit Oydep 3
monaBaHHsM  10%  cupoBaTkm  KpoBi  TenmsTH. MeToxm  Mac-CHEKTpOMeTpii 3  iOHi3ami€ro
€JIEKTPOPO3IMIICHHAM OYyJI0 3aCTOCOBAHO ISl TOCIIKEHHS MIKMOJIEKYIISIPHAX B3a€MOJII B MOJIEIBHUX
OiHapHux cucremax (tuiaopon+uykieo3un) (Ado abo Thd, ado Urd, monsipue criBBigHOIeHHs 1:10) Ta
TPbOXKOMIIOHEHTHIH cucteMi (Tunopon + Ado + Urd) (momsipre chiBBigHomenns 1:10:10), sxi Oyno
PO3YMHEHO B IOJISIPHOMY PO3UMHHHKY — METaHOI.

PesynbTaTn. Jlani, oTpuMaHi METOJOM IMHAMIYHOTO PO3CIOBaHHS CBITJIa, CBiMYaTh, IO B YMOBax,
HaOnmmkeHux 10 (i3ioNoriyHux, BBENEHHS THIOpPoHY Yy po3unH PHK mpusBoauth 1o ¢opmyBaHHS B
cUcTeMi MOJIEKYJIIpHUX arperariB TWIOpoH+ssRNA, ski y 10 pa3iB nepeBHIIyIOTH 332 PO3MIpOM
YaCTHHKH, NPUCYTHI y BuxigHoMmy po3unHi PHK. Pesynbratn Mac-CieKTpOMETPHUYHOTO E€KCHEPHMEHTY
MIOKa3yI0Th, III0 MAC-CIEKTPH yCiX JOCHIKEHNX OIHApHUX CHUCTEM (THJIOPOH+HYKIJICO3WI) MICTITH IIKH
10HIB, SIKI XapaKTepHi JUIs IHIMBIyaTbHIX KOMIOHEHTIB cyMilleH, a B criekTpi cucremu (TritopoH + Urd)
TIOPSA 3 BUIE3a3HAUYCHIUM PEECTPYETHCSA JOCUTH IHTEHCHBHUI CHTHAJN CTAOUTFHOTO 10H-MOJEKYIISPHOTO
knacrepy UrdeTile2H?". Mac-crieKTpoMeTpiyHe T0CITiKEHHS TPhOXKOMIIOHEHTHOI MOJEIBHOI CHCTEMH
(tunopon + Ado + Urd) miaTBepamio [aHi LIOA0 MOXJIMBOI BHOIPKOBOCTI 3B’sI3yBaHHS THIIOPOHY 3
HYKJICO3MIaMH, OCKIIBKH TIPH HASBHOCTI y CIIEKTPi CHTHaTy HeKoBameHTHoro xommiekcy UrdsTils2H>"
miky KiaactepiB Ado 3 THIOPOHOM B CIIEKTPI HE BHSIBIICHO.

BucHoBkH. MeTo0M JMHAMIYHOTO PO3CIIOBaHHS CBITJIa TMOKa3aHO (OpMyBaHHS BEIMKOPO3MIPHHX
MOJIEKYJISIpHUX arperariB Tuiaopony 3 PHK y pozumHi, sikuit 3a (i3MKO-XIMIYHHMH HapameTpamu
HaOmKeHuid a0 (iziosoriuHoro. B JOCHIPKEHHSX METOJOM Mac-CIIEKTPOMETpii 3  i0HI3alli€ro
EJIEKTPOPO3IMICHHSM BHSBJICHO YTBOPEHHs CTabilbHHX HekoBameHTHHX KommiekciB UrdeTile2H®" B
MOJIETIBHUX CHCTeMaX (THJIOPOH + HYKJICO3W[), YTBOPEHHsI KOMIUIeKciB THiaopoHy 3 Ado um Thd He
3apeectpoBaHo. OTpuMaHi J1aHi CBiT4aTh IPO MOXJIMBICTH (POPMYyBaHHS CTAOIIBHUX HEKOBAJCHTHHX
KOMIUIEKCIB THIOpOHY 3 onHonaHioroumu PHK Ta iX koMmmoHeHTamMu B OIlOJOTIYHMX CHCTEMax Ta
Bka3ytoTh Ha Urd sk Ha OIWH 3 NMOTEHHIMHUX HEHTPiB cnenuidHoro 3B’s3yBaHHS Monekyn PHK 3
THIJIOPOHOM.

KJIIOYOBI CJIOBA: tunopon; PHK; Hykieo3nan; MbKMOJIEKYIIIpHa B3a€EMOJIs; JUHAMIYHE PO3CIIOBaHHS CBITIIA;
Mac-CIIeKTPOMETPisl.
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AKTyajbHOCTb. HecMOTpsi Ha WCIOJb30BaHKWE MPOTUBOBUPYCHOTO M HMHTEP(EPOH-UHIYLHPYIOLIEro
areHTa TWJIOPOHa B KauecTBE JICWCTBYIOLIETrO BELIECTBA psjia COBPEMEHHBIX (hapMaKOJIOIHYECKUX
nmpenapaToB, MOJICKYJIAPHbBIE MEXAHU3MbI €0 aHTUBUPYCHOI'O HeﬂCTBHH OCTarTCA NpEAMETOM Hay‘iHOﬁ
quckyceun. [loaToMy wuccienoBaHMsS Ha MOJIEKYJSIDHOM YpPOBHE B3aWMOJIEHCTBHH THJIOpOHA C
MOTCHIMATBHBIMI  OMOMOJICKYJTAMHU-MUIICHIMA W WX KOMIIOHCHTAMH SBISIOTCSI aKTyaJlbHBIMH H
Ba)XHBIMH JJIS OTIPEJICIICHNS] MOJICKYJISIPHBIX MEXaHH3MOB €ro OHOJIOTHYECKOi aKTHBHOCTH.

Heas padorsl. Llenpro HacTosmedr paboThl CTal0 H3YYEHHE MEXKMOIEKYISIPHOTO B3aMMOICHCTBHSA
TWIOPOHA C TIOTCHIUATBHBIMH OHOMOJICKYJIaMU-MHAIICHIMHU: HYKICHHOBBIMH KHCIOTAMH W UX
KOMIIOHEHTaMH HYKJICO3UIAMHU, COJIEPKAIMUMH KaK IIyPHHOBBIC, TaK W NMHPHUMHIMHOBBIC a30THCTHIC
OCHOBaHHA.

Marepuaibl 1 MeToAbl. OOBEKTAMH HUCCIIEIOBAHMS ObLTH BHIOPAHBI MOJEIBHBIC CHCTEMBI, COCTOSIBIITHE
W3 JTUTHAPOXJIOPWAA TWJIOPOHA W €ro IOTEHIHANBbHBIX MOJEKyJI-MuileHeil oxnornenodeynsix PHK
(ssRNA), monyueHHBIX U3 ApOXoKed Saccharomyces cerevisiae, Wi HyKJI€03ua0B: aneHo3uHa (Ado),
tumuauHa (Thd), wimm ypumuna (Urd). C wenblo u3ydeHHsT BO3MOXKHOM arperauyd THJIOPOHA C
OMOMOJIEKYJTaMH ~ METOJIOM  JMHAMHUYECKOrO  CBETOpAacCEesHWs ~ Obula  HCCIIEIOBaHA  CHUCTEMa
(tunopon + PHK) (monsipHOoe cootHomenne kommoHeHTOB 1:10) B pactBOpe HaTpmii-pocdarHOro
Oydepa ¢ nobasnennem 10% CHIBOPOTKM KpPOBH TENSAT. METOA Macc-CIIEKTPOMETPUH C WMOHHU3aluer
3JIEKTPOPACIBUICHHEM OB HCIOJIB30BAaH JUISL MCCIIEIOBAHHMS MEKMOJIEKYJISIPHBIX B3aUMOJICHCTBUH B
MOJICIBHBIX OWHApHBIX cucteMax (TwinopoH+Hykieo3nn) (Ado wmm Thd, wmm Urd, wmomspHoe
cootHomeHue 1:10) m TpexxoMmmoHeHTHOH cucteme (TmiopoH + Ado + Urd) (MomnspHOE COOTHOIIEHWE
1:10:10), pacTBOPEHHBIX B TIOJSPHOM PACTBOPUTENIE METAHOJIE.

PesyabTatsl. [lanHbIe, MOTyYeHHBIE METOJJOM AWHAMHYECKOTO CBETOPACCESHUS, CBUICTENBCTBYIOT, UTO
B YCIIOBHSAX, NMPHONMKECHHBIX K (DPHU3UOJOTHYECKHM, BBeZeHHe TmiopoHa B pactBop PHK BrI3eiBano
dopMupoBaHHe B MOJEIBHOM cucTeMe arperatoB THIOpoH+SSRNA, koropeie Oonee yem B 10 pa3s
NpeBBIIAIM 1O  pa3Mepy  YacTHIbl, MPUCYTCTBOBaBIIME B  HcXonHoM  pactBope PHK.
OKCIepUMEHTANIbHBIE PEe3YyJIbTAThI, MOIY4YEHHBIE METOJIOM Macc-CIEKTPOMETPUH, JEeMOHCTPUPYIOT, YTO
Macc-CIIeKTPBl BCEX MCCIIEJOBAaHHBIX OWHAPHBIX CHCTEM (THIOPOHTHYKJICO3H]) COAEPXkAT MUKH HOHOB,
XapaKkTEepHBIX JUIS WHAWBHUIYalbHBIX KOMIIOHEHTOB CMECH, a B CHEKTpe cucrembl (TmiopoH + Urd),
Hapsily ¢ 3THM, OOHapyXeH JIOCTaTOYHO HMHTEHCHBHBIA CHIHAI CTaOMJIBHOTO HOH-MOJIEKYJISIPHOTO
xnacrepa UrdsTils2H?". Macc-CrieKTpOMeTpHYeCcKOoe HCCIIeOBAHHE TPEXKOMIIOHEHTHOH MOJEIbHOM
cucreMsl (TropoH + Ado + Urd) monTBepamino OdaHHBIE O BO3MOXKHOH CEJICKTHBHOCTH CBSI3BIBAHUS
TWIOPOHA C HYKJICO3WAAMH, IMOCKOJIBKY NP HAUYUU B CIEKTPE CHCTEMBI IHKA HEKOBAJICHTHOTO
xomrrekca UrdsTils2H?" muku knactepos Ado ¢ THIOPOHOM B CIIEKTpPE HE OOHAPYIKCHSI.

BbiBoabl. MeTomoM  IUHAMHUYECKOTO  CBETOPACCESHHS  MOKa3aHO (OPMHPOBAHME  KPYIHBIX
MOJIEKYJISIpHBIX arperatoB TmiiopoHa ¢ PHK B pactBope, 61m3koM mo hHU3NKO-XUMHYECKHM HapamMeTpam
K ¢usnomorndeckomy. B wHccrenoBaHMSX ~— METOIOM — MacC-CIIEKTPOMETPUM C  HOHHU3aLuel
AIIEKTPOPACIBUICHUEM TPOIEMOHCTPUPOBAHO 00pa30BaHHE CTAOMJIBHBIX HEKOBAJIECHTHBIX KOMILIEKCOB
UrdeTile2H*" B MozmenpHBIX cHcTeMax (THIOPOH + Hykieo3u). Kommnekcs: tunopona ¢ Ado u Thd B
CHEKTpaX HE 3aperucTpupoBaHbl. lloyydyeHHBIE JlaHHBIE CBHJETEJLCTBYIOT O BO3MOXKHOCTH
(opMupoBaHHs CTaOMIIEHBIX HEKOBAJIICHTHBIX KOMILUICKCOB THIIOpPOHA ¢ onHolenodeuyHsiMu PHK m ux
KOMIIOHEHTaMH B OHOJIOTHUYECKMX CHCTeMaxX M yka3bpiBaloT Ha Urd Kak Ha OOUH W3 MOTEHIMATHHBIX
HEHTPOB crenmduiaeckoro cesi3piBaHusd Mosekyn PHK ¢ tumoporom.

K/IFOYEBBIE CJIOBA: tunopon; PHK; Hyxmeo3uabpl; MexXMoyeKyJIsSpHBIE B3aUMOJACHCTBHUS; AWHAMUYECKOE
CBETOPACCEAHUE; MACC-CIIEKTPOMETPUSL.

Tilorone is known as an effective antiviral and interferon-inducing agent from the
seventies of the last century [1-3]. Tilorone is a reactant of the national pharmaceutical
preparation Amixin IC (InterChem SLC, Odessa, Ukraine) and some other preparations which
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are widely used in the treatment of a number of viral infections and some other diseases [4-8].
The interferon-inducing action of tilorone and, in particular, stimulation of synthesis of all
three types of interferon in a human body is considered as the basic mechanism of the
preparation activity [9].

However, in spite of active usage of tilorone in medical practice in Ukraine and some
others FSU countries, the discussions about its efficiency and investigations of its
pharmacological activity as well as toxicity are currently continued [10-12]. For example,
there is investigation testified to miscoordination of interferon-inducing and antiviral effects
of tilorone [13]. The problem of molecular mechanisms of antiviral tilorone activity is
remaining open since it is still not clear whether this activity is related just to interferon-
inducing activity or it is also connected with other intracellular cascade reactions and
intermolecular interactions. That is why the molecular level model studies of interactions of
tilorone with potential targeting biomolecules and their components are considered to be
helpful in understanding the molecular mechanisms of the agent biological activity, which is
necessary for development of more efficient and less toxic medicines. In particular, one of the
existing hypotheses about nucleic acids and their constituents as potential molecular targets
for tilorone binding requires experimental confirmation.

The current study is devoted to examining the mechanistic intermolecular interactions of
tilorone with its possible molecular targets in the viral and host cells, which are believed to be
RNA and nucleosides. An experimental investigation of biologically significant
intermolecular interactions of tilorone with sSRNA and a number of nucleosides (adenosine
(Ado), thymidine (Thd), and uridine (Urd)) has been performed by dynamic light scattering
(DLS) and electrospray (ESI) ionization mass spectrometry methods.

MATERIALS AND METHODS

Materials

Tilorone — 2,7-bis[2-(diethylamino)ethoxy]-9-fluorenone  dihydrochloride from the
Sigma-Aldrich company (Germany) was used in all experimental investigations. The
chemical structure of tilorone dihydrochloride (Tile2HCI) is presented in Scheme 1.

Single-stranded RNA (ssRNA) for DLS experiments was obtained from Saccharomyces
cerevisiae yeast as described in [14]. The following dilution buffer composition was used as a
solvent: RNA-free phosphate buffered saline solution (PBS, Sigma, USA) and 10% (volume
to volume) of fetal bovine serum (FBS, Sigma, USA), pH=7.4. After preparation of solutions
of tilorone (10 g-L™" or 2.07107 mol-L™") and ssRNA (8 g:.L™") in the above mentioned
solvent, they were ex tempore filtered through 0.2 um syringe filter Minisart® NML with
surfactant-free cellulose acetate (SFCA) (Sartorius AG, Germany). The samples of the model
system (tilorone + ssSRNA) were prepared just before DLS measurements by mixing of the
two solutions to obtain the final molar ratio of tilorone to sSRNA as 1:10.

Adenosine (Ado), thymidine (Thd), and uridine (Urd) nucleosides and methanol (MeOH)
for mass spectrometric experiments were purchased from the Sigma-Aldrich company
(Germany). Initial solutions of tilorone and nucleosides (5 mM) were prepared in methanol
(polar solvent which is commonly used in ESI mass spectrometry) and used for preparation of
binary (tilorone + nucleoside) (1:10 molar ratio) and triple (tilorone + Ado + Urd) (1:10:10
molar ratio) model systems. In our study we did not investigate the model systems including
guanosine, since from our previous experimental experience we know that guanine
derivatives have less solubility in polar solvents in comparison with other nucleosides. It
could result in distortion of mass spectrometric information about intermolecular interactions
in the multicomponent model systems containing guanosine.
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The mixtures were kept at the room temperature for at least 10 minutes before the ESI
mass spectrometric analysis. The spraying procedure required dilution of the solutions to be
studied to the final 250 uM concentration of the diluted components of the model systems in

each solution.
« 2HCI
H

SCW rCH3
HSCVN\’/\O OO O/\/N\/CHg
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Scheme 1. Tilorone dihydrochloride (Tils2HCI) chemical structure (adapted from the web site of the Sigma-
Aldrich supplier https://www.sigmaaldrich.com/catalog/product/aldrich/220957?1ang=en&region=UA).

Dynamic light scattering

Dynamic light scattering (DLS) method, which is also known as photon correlation
spectroscopy, is a powerful tool for studying the size distribution of molecular particles, and
in particular their aggregates, basing on their diffusion behavior in solution. The diffusion
coefficient, and hence the hydrodynamic radii calculated from it, depends on the size and
shape of the particles present in solutions.

The particles sizes and distribution as well as polydispersity indexes (PdI) of solutions of
ssSRNA and (tilorone + ssRNA) mixture in the dilution buffer are measured using Malvern
Zetasizer Nano-ZS instrument (Malvern Instruments Ltd., Malvern, UK) and analyzed by
Zetasizer software (Malvern Instruments). For each sample a separate disposable polystyrene
cuvette (Sarstedt AG & Co., Germany) is used. Water is used as a dispersant. All DSL
measurements are carried out at a standard temperature of +25°C, and three measurements
with at least 10 sub-runs are performed for each sample.

The Zetasizer software supplied with the instrument provides a number of analysis tools
to study aggregation by the DLS. “Size Distribution by Intensity” and “Size Distribution by
Volume” are the most widely used tools. The Size Distribution by Intensity method is suitable
for detection of high molecular weight particles including aggregates, which scatter light
disproportionately relative to smaller particles, enabling detection despite their relatively low
concentration in a sample [15]. The Size Distribution by Volume method is used in our study
with the aim to investigate of characteristics of the particles of ssSRNA and aggregates in
(tilorone + ssRNA) system in the dilution buffer.

ESI mass spectrometry

Electrospray ionization (ESI) mass spectra of the systems studied are obtained in the
positive ion mode using triple quadrupole (QqQ) Micromass Quattro Micro mass
spectrometer (Waters, Manchester, UK) equipped with the electrospray ion source. This
source is operated in the standard ESI mode. The ESI source temperature is set to 120°C and
the desolvation temperature is 200°C. The spraying capillary is operated at 3.5 kV. The cone
voltage (CV) value of 10 V is used. The analyzed solutions (20 pL) are injected into the mass
spectrometer at a constant flow rate of 0.2 mLemin™' of methanol solvent. The ESI spectra are
recorded in the mass range of m/z 100-2000. Data acquisition and processing are performed
using MassLynx 4.1 software (Waters, Manchester, UK).

RESULTS AND DISCUSSION
DSL experimental study

DLS method was applied to examine the size characteristics of the particles present in
solutions of ssSRNA and (tilorone + ssRNA) system (1:10 molar ratio) in the dilution
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buffer. The obtained (Pdl) and Size Distribution by Intensity values are summarized in
Table 1.

Table 1. Polydispersity Index (PdI), Size Distribution by Intensity and Z-Average data for solutions of
ssRNA and (tilorone + ssRNA) in dilution buffer *

(tilorone + ssRNA) system

Parameter ssRNA solution (1:10 molar ratio)
Pdl 0.192+0.009 0.330+0.062
Size Distribution by Intensity

Pk 1 Mean Int (d, nm) 152.6+1.99 1882+139.5
Area Int (%) 100 75+18

Pk 2 Mean Int (d, nm) - 5096+474.4
Area Int (%) — 25+18

Z-Ave nm 126.43£1.63 not applicable

"Notes: the results are presented as Mean and St Deviation; the Size Distribution by Intensity data are
represented as a certain number of peaks (Pk 1-2) corresponding to the populations of particles of certain size
(Mean Int — d, nm) and their input into the total scattering intensity (Area Int — %). Z-Average size (Z-Ave) is
harmonic intensity averaged particle diameter.

The summarized data on the particles Size Distribution by Volume are presented in
Table 2.

Table 2. Particles Size Distribution by Volume in solutions of ssRNA and (tilorone + ssRNA)

Solutions Particles Size Distribution (d, nm + St Dev) by Volume
ssRNA 132.1+£67.1
(tilorone + ssRNA) 1711.0£351.0

Statistic graphs of the particles size distributions in solutions of ssRNA and (tilorone +
ssRNA) system by volume are presented in Fig. 1.

The experimental results demonstrate that ssSRNA solution in the dilution buffer is quite
monodisperse system, since it contains particles of similar sizes. Indeed, the mean diameter of
these particles is between 150 and 154 nm and the size distribution is narrow, as is evidenced
by the polydispersity index values (ranging from 0.18 to 0.20) (Table 1). The data obtained
for PdI and Size Distribution by Intensity for the sSRNA solution most probably point to
creation of similar sizes molecules aggregates of ssSRNA with Bovine Serum Albumin (BSA)
and/or other molecules existing in the used buffer solution (Pkl in Table 1, peak in the
statistic graph, Fig. 1). Value of Z-average (also known as the “cumulants mean”) testifies to
the monodispersity of the ssSRNA solution sample too.

Introduction of tilorone solution into the solution of ssRNA in the buffer resulted in
almost twice reliable increase of Pdl values (range of PdI value is 0.27 — 0.39) comparing
with the values for the ssRNA solution itself. In the statistic graph of (tilorone + ssSRNA)
system (Fig. 1) there are two peaks showing the presence of two different size particles
populations in the system. The first peak (which input into the total scattering intensity is
75%) is most probably related to aggregates of tilorone with the initial particles of sSRNA,
and mean diameter of the aggregates is more than 10 times exceeds the mean diameter of the
particles in the ssSRNA solution itself. The second peak (with input into the total scattering
intensity of 25%) is related to bigger aggregates of the system components (obviously,
including BSA and other serum components) with the mean diameter ranging between 4.62
and 5.57 um.
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Statistic graph (5 measurements)
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Fig. 1. Particles size distribution in solutions of ssSRNA and (tilorone+ssRNA) system by volume.
The results are presented as Mean with Max-Min error bar.

It should be noted that in our investigation, with the purpose of obtaining reliable results
for sizes distribution and taking into account the ranges of the equipment sensitivity, we take
solutions which contained more high concentrations of tilorone and ssRNA than usually are
used for biological objects in vitro [16, 17].

Thus, the obtained DSL data demonstrate that under conditions similar to the
physiological ones, the introduction of tilorone into the system of ssSRNA solution in the
buffer results in active aggregation of tilorone with the ssSRNA particles and in enlargement of
the aggregates likely contained tilorone, ssSRNA and other components of the used dilution
buffer. Earlier it was showed that (tilorone + ssSRNA) complex with 1:10 components ratio
demonstrated significant antiviral activity [16], and also induced interferon formation in vitro
[17] as well as in vivo [18]. The data obtained in the current and earlier investigations are in a
good agreement with the modern ideas about the effect of double-stranded allogenic RNA of
different length on the formation of interferon-mediated or interferon independent antiviral
resistance of the cells [19, 20].

To confirm the (tilorone + ssRNA) noncovalent complexation at the monomer level and
with the purpose to find the possible RNA components which can be considered as centers of
tilorone binding to the nucleic acid molecules, the following ESI mass spectrometry study of
interactions of tilorone with nucleosides was performed.

ESI mass spectrometry investigations
At the first stage of the ESI mass spectrometric experimental study solution of tilorone in
methanol was investigated. The characteristic mass spectrum of tilorone is presented in Fig. 2.
It contains the abundant peak of the tilorone dication Tils2H*" (m/z 206.3) and set of clusters
of tilorone with various number of protons and chlorine anions.
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Fig. 2. Positive ion ESI mass spectrum of
tilorone solution in methanol.

Fig. 3. ESI mass spectrum of
(tilorone + Uridine) (1:10 molar ratio)
model system in methanol solvent.

Fig. 4. ESI mass spectrum of
(tilorone + Adenine + Uridine) (1:10:10)
model system

in methanol solvent.

At the next stage the intermolecular interactions of tilorone with selected nucleosides
Ado, Thd, and Urd were examined by the ESI mass spectrometry probing of methanol
solutions of (tilorone + nucleoside) mixtures in 1:10 molar ratio. In the current measurements,
we applied the ESI approach, which we developed and effectively harnessed in our previous
investigations [21-25] for the study of intermolecular interactions of biologically active
compounds, including drugs, with the targeting biological molecules.
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The mass spectra of all studied model systems (tilorone + nucleoside) contain ions
characteristic of the individual components of the mixtures. At the same time, the most
interesting result from the biophysical point of view relates to observation in the spectra of
(tilorone + Urd) system (Fig. 3) the ions of stable ion-molecular clusters of uridine with
tilorone dication. The presence of the peak of doubly charged ion UrdsTile2H*" (m/z 328.3)
with relative intensity about 10% in the ESI mass spectrum testifies to the formation of stable
noncovalent complexes of uridine with tilorone in solution. It is notable that in the other
model systems examined the formation of such complexes of tilorone with adenosine or
thymidine is not detected by the ESI method.

To check the idea about selectivity of tilorone interaction with uridine we examined a
three-component model system of (tilorone+Ado+Urd) (1:10:10 molar ration). The ESI mass
spectrum of the triple system (Fig. 4) contains characteristic peaks of tilorone, adenosine, and
uridine. The signal of the cluster of tilorone with uridine the peak of UrdeTils2H>" at
m/z328.3 has been detected too, while the peak of the complex AdosTils2H*" with expected
m/z 339.4 or other peaks of any noncovalent complexes of adenosine with tilorone have not
been found in the spectrum.

To determine the structural and energetic parameters of the registered in the mass
spectrometry experiments noncovalent complexes of tilorone with uridine we are planning to
perform quantum-mechanical calculations in our following study, similarly to approach
developed in [23-25]. However, right now we can suggest that registered UrdsTils2H*"
complexes can be stabilized by electrostatic interactions of partially negatively charged two
carbonyl groups of uridine and positively charged quaternary ammonium groups of tilorone.
The partially negatively charged carbonyl groups of thymidine may be less sterically
accessible, because of methylation of Cs of pyrimidine cycle in thymidine, that can cause less
stability of noncovalent complexes of tilorone with thymidine (the complexes are not
recorded in the mass spectrum). As for adenosine, in its structure there are no carbonyl groups
with significant partial negative charge, and therefore electrostatic interactions of adenosine
with positively charged protonated groups of tilorone will be weaker in comparison with the
ones for uridine.

Taking into account that uridine is affiliated just with RNA (but not DNA) the obtained
data testifies to the possible specificity of interactions of tilorone with the RNA (not DNA)
components, which can be important for revealing the mechanisms of the tilorone biological
activity.

CONCLUSIONS

The performed DLS investigations reveal the formation of large-scale molecular
aggregates of tilorone with ssSRNA in the buffer solution contained RNA-free phosphate
buffered saline solution and 10% of fetal bovine serum, which is similar to the physiological
solution in physical and chemical characteristics. The addition of tilorone into the ssSRNA
solution in the buffer in the molar ratio of 1:10 results in the formation of complexes of
ssSRNA particles with tilorone with the mean diameter of 10 times larger than the diameter of
the particles in the ssSRNA solution itself. We suggest that similar complexation of tilorone
with ssSRNA could take place in real biological systems and could provoke the tilorone
antiviral effect as well as induce activation of interferon-mediated or interferon independent
pathways of formation of antiviral resistance of the host cells.

The ESI mass spectrometric study of the model systems of (tilorone + nucleosides) (Ado,
Urd, or Thd) demonstrates the formation of stable noncovalent complexes UrdeTile2H*",
while the complexes of tilorone with Ado and Thd are not detected in the experiments. It
testifies to the possibility of formation of stable noncovalent complexes of tilorone with the
RNA and their components in biological systems and pointed at Urd as one of the potential
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centers of specific binding of tilorone to the RNA molecules. Such intermolecular interactions
of tilorone with viral RNA and/or with RNA in the host cells could be considered as the
molecular mechanism of antiviral activity of tilorone as well as the molecular basis of the
possible drug toxicity for the host cells.
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AKTyajbHOCTb. MoelbHbIE JIMMHUAHBIE MEMOpAaHbI B HACTOAIIEE BPEMs HIMPOKO HCIOIB3YIOTCS UL
uccieqoBaHusT MeMOpaHoTpornHoro aeictBust (M/) MHOTMX JieKapCTBEHHBIX BELIECTB, a TaKXKe s
CO3JIaHus JIMIIOCOMAIBHBIX (hopMm apmnpenaparoB. Bmecte ¢ TeM, M3BECTHO, YTO JIMIHUIHBIA COCTaB
MeMOpaH MOXET CYILIECTBEHHO BJIMSATh Ha B3aMMOJEHCTBUE JIEKAPCTBEHHBIX BEIIECTB C MEMOPAHOI.
Hear padorbl. CpaBHeHne MJ] HEKOTOPBIX JIEKAPCTBEHHBIX BEIIECTB B MOJIEIBHBIX MeMOpaHax
Pa3NMYHOIO JIMIHUIHOTO COCTABA.

Marepuansl u Metoasl. MetonoMm 1uddepenumansHol ckanupyromeid kagopumerpun  (JICK)
WCCIIEOBAHO BIIMSHHUE JIAYPUHOBON KHCIOTHI, (PCHCHHMpHIA M KAOJIMHA HA XaAPAKTEPUCTUKH (Ha30BBIX
MepexXoJjOB MOJEIBHBIX MEMOpaH Ha OCHOBE THAPATHPOBAaHHBIX ¢ocdomunuaos. Hapsamy co
«CTaHAApTHO» MeMmOpaHOi Ha ocHOBe L-o-munamsmuromndocharnamxomnaa (AIDX), Opura
ncrnonb3oBana memopana JIIIDX, conepsxamas nepamuas! (ATIDX-11), a Takxke MmemOpaHa, coepskanias
JAN®X, L-o-gumansmurowidocharuamidTanonamua 1 xonectepu  (JIIOX-ANDI-X). CoriacHo
nuTepaTypHbiM JaHHbIM, MeMOpanbl JI1OX u AIDX-1] ¢a3oBo ogHOpOAHBI, TOraa Kak B MeMOpaHe
JMNOX-JIMDD-X cocymecTBYIOT IBE JTUIHUIHBIC (ha3bl pa3IHYHOIO COCTABA.

Pesyabrarsl. [TokazaHo, yTo GeHcupua Bo Bcex TPEX THIIAX MEMOpaH UMEeT ITPaKTHYECKHU OJJMHAKOBOE
MJI. Inst naypuHOBOU KUCIOTE Ml OBIIO KauecTBeHHO cxomHO B MemOpanax ATIDX u AIIDX-1], Torna
kak B MemOpane AIIOX-AI®I-X nabmomanuck NpUHOMINAIGHO HHBIE 3QdekTsl. UTo Kacaercs
KaoJlimHa, TO pasnuuus B ero MJ] HaOmomamuchk yxke Mmexny memOpanamu JIIOX un ATIDX-I]
(noBbimenne Temmeparyp $hazoBsix mepexoqoB B JINNOX-11 u renaenys k ux cHikeHnro — B AI1D0X). B
MemoOpane JAIOX-ANDI-X kaonuH NPUBOIUT K 3aMETHOMY CHIDKCHHIO TeMmmepaTryp (a3oBBIX
NepexofoB B 00enx JIMOUAHBIX (azax Hapsay C B3aMMHO IPOTHUBOIOJIOXKHBIMH HM3MEHEHHSIMH B
KOOIEPaTUBHOCTH.

BeiBoabl. Ha npuMepax OTAENbHBIX BELECTB IOKA3aHO, YTO CUJIbHOE pasynopsiaounsaroiiee MJ[ moxer
OKa3aThCsl MPAKTHUECKH HE 3aBUCSIIUM OT JIMIMIHOTO cocTaBa MeMmOpaH. IlokazaHo, 4TO M3MEHEHHE
KOOIIEPaTUBHOCTU W IepepaclpelielieHie JHIUAO0B B MeMOpaHe MOXeT OBITh BBI3BAHO HE TOJIBKO
NpoleccaMy BCTpauBaHHWs CTPOHHHX KOMIIOHEHTOB B 0O0BEM OucCios, HO W HuX axcopOumedl Ha
MOBEPXHOCTH MeMOpaHbl. [lomyueHHbIE pe3yJabTaThl MOIYT OBITH IOJIE3HBI INPH IOJIOOpE CocTaBa
MOJIETIBHBIX MeMOpaH [uist ucciienoBanust M/] iekapcTBEHHBIX BEIIECTB.

KJIIOUEBBIE CJIOBA: JekapCTBEHHBIC BEIISCTBAa, MEMOpPAaHOTPOITHOE [eHCTBUE; MOJICIBHEIC
JUIUHBIE MEMOpPaHBI; IMMUAHBIN cocTaB; quddepeHnnansHas CKaHupyomas KalopuMeTpHsL.

MEMBPAHOTPOITHA JII51 IAYPUHOBOI KUCJIOTH, ®EHCITIIPUY TA KAOJIHY
Y MOJAEJBbHUX JIIIIIHUX MEMBPAHAX: POJIb JIIIIIHOI'O CKJIAY
0.B. Bamenko, JI.B. bByasncobka, H.A. Kacsn, JI.M. Jluceubkuii
ITnemumym cyunmunayitinux mamepianie HAHY, np. Hayxu, 60, Xapxis, 61072, Yxpaina

AKTyajbHicTe. MozenbHi JinigHi MeMOpaHu y TenepiliHiii 4Yac HIMPOKO 3aCTOCOBYIOTHCS JUIS
nociimkeHbs MeMOparoTporHoi fii (MJ1) 6araTboX JTiKapChKUX PEUOBHH, a TAKOXK UL CTBOPESHHS JIITOCO-
ManpHUX GopMm ¢apMmmpemnapatiB. Pazom i3 ThM, BimoMo, IO JNIMTHANA CKIAA MeMOpaH MOXXE CYTTEBO
BIUIMBATH HA B3a€MOJIIIO JIIKAPCHKUX PEYOBUH 3 MEMOPAHOIO.

Merta poodotu. [TopiBasiaEsST M/] AesikuX JTiKapChbKUX PEUYOBUH HA MOJIENIbHI MEMOPaHH Pi3HOTO JIIIMiTHOTO
CKJIazy.

Marepianu i metonu. Meronom nudepeHnianbHoi ckanytodoi kanopumerpii (JCK) nocnimkeHo BIUIMB
JIAypUHOBOI KUCIIOTH, (eHCIipuay Ta KaodiHy Ha XapaKTepUCTHKH (a30BHX MEpeXoiB MOAEIbHUX
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minigHuX MeMOpaH Ha OCHOBI TimparoBaHuX (ocdomminiB. Pasom i3 «cTaHmapTHOIO» MeMOpaHOKO Ha
ocHOBiI L-o-ninanmemutoindocparnmmxominy (AIIPX) Oyma Buxopucrana memOpana JIIDX, mo
mictina  nepebposumu  (ATIDX-I]), a Takok wMemOpana 1o wMictuina JAIIDX, L-a-
ninaigpMutoingocharnanmaTanoiaamid Ta xonecteput (AIDX-ITIDE-X). 3rigHo niTepaTypHUM AaHUM,
memOpann JAMDX Tta ANDX-I[ € dazoBo oanopimuumu, toxmi sik y memoOpani AIOX-JTIDE-X
CHIBICHYIOTH JB1 JIiMiqHi (a3 pi3HOTO CKiIamdy.

Pesyabratn. [okazaHo, mo ¢eHcnipua B yciX TppOX THUmax MeMOpaH MaB Maibke oxHakoBy M. Jlms
nayprHOBoi kucnoti M1 BusiBuiacst sikicHo roztioHoro B MemOpanax JAIdX ta ATIDX-1], Toxi sk y MmemOpaHi
JIOX-AMNDE-X cnocrepiramucs npuHImMIoBo iHmi epekrn. [llomo kaomiHy, TO BimMiHHOCTI y Horo MJ]
crioctepiraimcs Mk MemOparamu JIIIOX ta JIDX-1] (mimumenas temreparyp mepexoniB y AMNDX-11 ta
TeHAeHIis 0 ix 3HmkeHHI y AIN®X). YV memoOpani ANOX-AIDE-X kaomH MPU3BOIUTE 10 MOMITHOTO
3HIDKEHHS TeMIiepaTyp (a30BHX MEPEXOAIB Pa30M i3 B3aEMHO TPOTHIICKHIMHE 3MiHAMH ¥ KOOIIEPATUBHOCTI.
BucHoBkn. Ha mnpuxiagax OKpeMHX pEYOBMH [I0Ka3aHO, IO CHJIbHA pO3YNOPSAAKOBYBaJlbHA
MeMOPaHOTPOITHA i MOKE BHSBHTHUCS MalKe HE3aIeXKHOIO Bif JIiIiAHOTO ckiaxy memOpanu. [Tokaszano,
110 3MiHH KOOTIEPAaTUBHOCTI Ta ePepO3NOAUIEHH JIMiiB y MeMOpaHi Moke OyTH CIIPUYNHEHO HE TiNbKH
nporecaMu BOY/JIOBYBaHHSI CTOPOHHIX KOMIIOHEHTIB y 00’eM Oilmapy, ane W iXHbOIO ancopOuiero Ha
noBepxHi MeMOpanu. OTpuMaHi pe3yJbTaTd MOXKYTh CTaTH KOPUCHUMH IPH Mi00PI CKIIagy MOJEIBHUX
MeMOpaH JUIsl TOCHIPKEHHs] MEMOPaHOTPOITHOT /i JIIKapChbKUX PEYOBHH.

KJIFOYOBI CJIOBA: nikapcbki pe4OBHHH; MOJEIBHI JiMigHI MeMOpaHu; MeMOPaHOTPOIHA MHist; JIMiJHUN CKIIA;
nmudepeniianbHa CKaHyoda KalopUMeTpis.

MEMBRANOTROPIC ACTION OF LAURIC ACID, FENSPIRIDE AND KAOLINE
IN MODEL LIPID MEMBRANES: ROLE OF LIPID COMPOSITION
0.V. Vashchenko, L.V. Budianska, N.A. Kasian, L.N. Lisetski
Institute for Scintillation Materials NAS of Ukraine, 60 Nauky Ave., 61072 Kharkov, Ukraine

Background: Model lipid membranes are widely used nowadays to elucidate membranotropic action
(MA) of pharmaceuticals as well as for development of liposomal drugs. Meanwhile, membrane lipid
composition could substantially affect a drug-membrane interaction.

Objectives: Comparision of MA of certain pharmaceuticals on model membranes with various lipid
compositions.

Materials and methods: By means of differential scanning calorimetry (DSC) lauric acid, fenspiride and
kaolin were studied with respect of their effects on phase transitions of model membranes based on hydrated
phospholipids. Along with “standard” membrane based on L-a-dipalmitoylphosphatidylcholine (DPPC), a
membrane containing cerebrosides (DPPC-C) was used, as well as one composed of DPPC, L-a-dipalmitoyl-
phosphatidylethanolamine and cholesterol (DPPC-DPPE-Chol). According to literature, DPPC and DPPC-C
membranes are characterized by lipid phase homogeneity, as distinct from membrane DPPC-DPPE-Chol,
where two different lipid phases coexist both below and above phase transition region.

Results: It was shown that fenspiride manifested similar MA on membranes of all three types. MA of
lauric acid in DPPC and DPPC-C membranes were qualitatively similar, whereas, in DPPC-DPPE-Chol
membrane, different effects were observed. As to kaolin, distinctions in its MA were observed even
between DPPC and DPPC-C membranes, namely, elevation of phase transition temperatures in DPPC-C
membrane and a tendency to their reduction in DPPC one. In DPPC-DPPE-Chol membrane, kaolin
markedly lowered phase transition temperatures coupled with opposite changes in cooperativity.
Conclusions: By the examples of separated substances it was shown that strong disordering MA may be
practically independent on lipid composition of membrane. Lipid rearrangement and cooperativity
changes in membrane can be induced not only by incorporation of guest substances in the bulk, but also
by their adsorption on membrane surface.The obtained results could be useful in adjustment of model
membrane composition for MA studies of different pharmaceuticals.

KEY WORDS: pharmaceuticals; membranotropic action; model lipid membranes; lipid composition; differential
scanning calorimetry.

HccnenoBanne MeMOpaHOTPOITHOTO IEHCTBUS JIEKAPCTBEHHBIX BEIIECTB COCTABISET OJHY
U3 BOXHBIX 33/1a4 COBPEMECHHON Omodu3uku. J[71s MHOTHX KJIAaCCOB JICKAPCTBCHHBIX BEIIECTB
YCTaHOBJICHA HETMOCPEICTBEHHAs] CBsI3b MEXIy HX TepaneBTUYeCKUM dSddexkTtoMm u
CIOCOOHOCTBIO TPOHUKATh Yepe3 JUNUAHBIA Oucion [1-3]. YuuThiBas, 4TO JWMUTHBIN
OHCIOl OKa3pIBaeT CYIIECTBEHHOE BIUSHUE Ha CBsA3bIBaHWE U (PYHKIIMOHUPOBAHUE
MEMOpaHHBIX OCJKOB, BBIMONHSS B TOM 4YHCIEe M Karanurwdeckue Qynkomm [4, 5],
MPOHUKHOBEHUE JIEKApCTB uepe3 OMoMeMOpaHbI MPECTaBISIeTCS BAXKHBIM HE TOJBKO C TOUYKH
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3peHHs  TEpalmeBTMYECKOro Ipolecca, HO M ONOCPEJOBAHHOIO  BO3ACHCTBUS  Ha
KHU3HEeATeNbHOCTh KIeTKH. Kpome Toro, M3BeCTHO, 4YTO MOAOOp JIMIUAHOTO COCTaBa
JUTIOCOM BEChMa CYIIECTBEHEH MJI ONTUMHU3AIMU JOCTaBKU JekapcTB [6-9]. Tlostomy B
HacTosIlee BpeMs B KauecTBe Mojeneil Bcé Oosiee IMPOKO HCIMOJIB3YIOTCS JIMMUAHBIE
KOMIIO3UIIMM PAa3IMYHOTO COCTaBa, JUJIsl KOTOPBIX, HECMOTPSl Ha CIOXHOCTb, YXKe
YCTaHOBJIEHBI HEKOTOPBIE 00IIHe (PU3NKO-XUMUUECKHe 3aKkoHOMepHocTH [7, 10-12].

Wneeit Hactosimedt paboThl OBLIO CPAaBHUTEIBHOE HMCCIIEIOBAHUE NEUCTBUS CTOPOHHUX
KOMIIOHEHTOB B MeMOpaHax pasJIMYHOTo JMIUAHOTO cocTaBa. [[ng uccienoBaHuil Obuin
BbIOpaHbl JIEKAPCTBEHHbBIE BEIIECTBA C pPA3IMYHBIMM MEXaHHU3MAaMU B3aUMOJCHCTBUS C
MeMOpaHOW: Kak BCTpauBaHUE B O00BEM (JIaypuHOBas KuUcCIOoTa M (PeHCNUpHI), Tak U
azcopOLys Ha TOBEPXHOCTH (KAOJIHH).

B paGore uccnenoBansl ciaelyromuye TUITbI MOJAEIBHBIX JTUMHIHBIX MEMOpaH:

1) memOpana [II®X, mupoko wucnonb3dyemas s MOJAEIbHBIX MCCIEI0BaHUN U
paccMaTpuBaeMasi MHOTUMHU aBTOpamMu Kak «ctanpapt [10];

2) membpana IO X-11, cogepxamas AIIDX u 5 macc.% 11epeOpo3ua0B 11 UMUTAIIUN
JUIUIHOTO COCTaBa KOKHBIX MOKPOBOB [ 13];

3) memOpana AIOX-ANDI-X, conepxamas DX, D3 wu xomecrepuH B
cootHoteHuu 45 : 45 : 10 mo macce, mprOIMKEHHAS TIO COCTaBy K MeMOpaHaM SHTeporToB [ 14].

[Ton6op numuaHOTO cocTaBa MEMOpaH ObLT 00YCIIOBIIEH MPAKTUYECKUMU TeTsIMU. JIUmiIHbIe
OUCIION COCTaBIISIIOT OCHOBHOM Oapbep Ui 1u(dy3un CTOPOHHUX KOMIIOHEHTOB Yepe3 KOXKHbIE
nokposel [13, 15]. Kpome Toro, mepeOpo3uapl U (HOCOMUITUIBI HPOKO HCIIONB3YIOTCS B
HACTOSIIlEE BpeMs, KaK B JIGKAPCTBEHHBIX IIperaparax, Tak U B KOCMETHKE, MOITOMY HX
KOMITO3UIIMM MHTEHCUBHO M3YYalOTCSI C TIOMOIIBIO COBPEMEHHBIX (hn3ndeckux meroqoB [16]. C
Jpyroil CTOpPOHBI, (pa30BbIE COCTOSHHUS, MHAYLMPYEMble CTOPOHHHUMHU MOJIEKyJIaMu (K IpUMepy,
0JIenHOBOM KucioTol [17] u puiHoM [18]) B MemOpaHax, cofeprKallix LepaMubl, MOTYT ObITh
YpEe3BBIYANHO BAKHOW COCTABIIIOLLEN UX JEMCTBUS HA KOXKHBIE IIOKPOBBI.

TpéxxoMnoHeHTHbIE ~ MeMOpaHbl,  COJEp)KallME  «BBICOKOTEMIIEPATYpPHBIH» U
«HU3KOTEMIIEpaTypHBIH» JIMMUABI, a TAKXKE XOJIECTEPUH CUUTAIOTCS XOPOUIMMHU MOJENSIMHU
BHEIIIHET0 Tmosyciost memOpan wmiekonutatomux [19]. ATIOX u AIIDD otHOCcATCS K
IJIABHEHIIUM KJlaccaM JIMIUAOB KJIEeTOYHbIX MeMmOpan [20]. XonectepuH, B H300WIMU
NPUCYTCTBYIONINI B MEMOpaHaX MIIEKOTIMTAIOUINX, HIMEET BAKHYIO PETYSTOPHYIO (DYHKIIHIO,
Moaynupyst (pusndeckue cBorcTBa buomemoOpan [21].

B nurepatype umeercs psia padoT, NOCBAIIEHHBIX BIUSHHUIO OEIIKOB U JIPYTUX MOJIEKYJ Ha
MeMOpaHbl PA3IMYHOIO JIMITUIHOIO cocTaBa. Tak, B pabore [22] moka3aHo, YTO CTeNEHb
CBSI3bIBaHMSI MHTErpaibHOro Oenka cnekTpuHa c¢ MmemOpaHamMu OX-OD ¢ 0IMHAKOBBIMU
YIJIEBOAOPOJAHBIMU  paJMKajaMH CHIDKaJIach 10 Mepe YIUIMHEHUs paaukana, XoTd 3¢pdext
MIOBBILLICHNS JTaBJICHHS TIPY BBEACHUM CIIEKTPHUHA NPU 3TOM yBEIMUYUBaJICs. B To ke Bpems, /Uit
HEHACBIICHHBIX JIMIIUJIOB yKa3aHHbIM 3(¢eKkT OblT B HECKOJBKO pa3 MeHblle. BcrpamBanue
CIIEKTpUHA B MeMOpaHy O0JIerJaioch C TOBBIIICEHHEM KOHIIEHTPAIMH XOJECTEPHHA, KOTOPBIHA
U3MEHST KOHCTAHTY CBSI3bIBAHUSI C MEMOpaHOM, HO HE CPOACTBO K Heil. ABTOPBI OOBSICHSIOT
HaOIIo1aeMblid 3PQEKT TeM, YTO TPAHUIIBI JIUIHIHBIX (a3, KOTMIECTBO KOTOPHIX B IPHCYTCTBUH
XOJIECTEpUHA CYLIIECTBEHHO YBEIMYMBAETCS, CITy>KaT MECTaMH CBSI3bIBAHUSI CIIEKTPUHA.

B memOpanax gucroro AIIDPD mns ruapouIbHBIX KOCMOTPOITHBIX BEUIECTB, TAKUX KaK
caxapo3a M TJIMLEPHUH, YCTaHOBJIEHO CHMIXeHue Temneparypsl L, — Hp mnepexona u
NIOBBINIEHUE TEMIIEPaTyphl mepexona Lg — Ly, T. €. cy:keHHe TeMIepaTypHOro MHTepBalla
cymectBoBaHusa L,-a3pr [23]. VkazanHbI 3((eKT yMeHbIIAnCs ¢ MOBBIILIEHHEM JIMHBI
neneii ®O W CHWKEHHEM CTENEHM KOCMOTPONMHOCTH J00aBku. Jlis TuapoduiabHbIX
XAO0TPOIHBIX BEIIECTB, TAKUX Kak, K mpumMepy, NaSCN, sd ekt 6bu1 00paTHBIM: paclIupeHue
uHTEepBaja cymectBoBaHus L,-da3sl. B 1ol ke pabore uisi KOCMOTPOIHOW caxapo3bl
YCTaHOBJIEHO yMeHblIIeHUe napameTpa d1,/dc pis nepexona Lg — L, ¢ moBblIeHHEM JIHHBI
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nenu B ®D, a Takke MOBBIIICHHE YKAa3aHHOIO I[apaMmerpa Npu Mepexone oT Oosee
ruapatupoBanHoro [AIIPX k menee runpatupoBanHoMy JI1DI.

B o0miem ciryyae Ha CBsI3bIBaHHE CTOPOHHEH MOJIEKYJIBI ¢ MEMOpPAHOI OKa3bIBaeT BIMSHHE
KaK CTPYKTypa €€ MOBEpXHOCTHU (TIPHPOJIa TOJIOBOK), TaK M CTPYKTypa e€ ruapodoOHoi yacTh
(ImMHA XBOCTOB), YTO JETAJLHO IIOKa3aHO Ha mnpumepe aurutoHuHa [24]. [lonoxenwue
CTOpPOHHEH MoIeKynbl B Oucnoe, cornacHo [10] ompenensercss ruapo@uiabHO-TUAPOPOOHBIM
OanaHcoMm, KOH(pOpMAIMEed MOJEKYIIbI, MJIEKTPOCTATUYECKUM ITOTEHIIMAIOM W THIApaTaruen
noBepxHocTd. Ha »TOT OanmaHc, B CBOIO OdYepenb, BIUSET CTPYKTypa THAPOGUIBHON U
ruipooOHOI YacTel JMIMHIOB, a Takke (a3oBoe cocTostHUE Oucios. IMEHHO 3TH (akTOphI
ONPEAEIISAIOT JaTepaIbHOE B3aUMOJICHCTBUE JIMIUAOB U, B KOHEUHOM UTOre, — POHHUIIAEMOCTh
U COpOIIMOHHYI0 EMKOCTH OMCIIOS MO OTHOLIEHUIO K JJAHHOM MOJIEKYJIE.

BBuay Bcero BBINIECKA3aHHOTO CTAHOBUTCS SICHBIM, YTO JIMIHIHBIM COCTaB MeMOpaH
SIBIISIETCS CYIIECTBEHHBIM (DAKTOPOM B3aMMOJICHCTBHS MOJIEKYJ ¢ OucioeM U paboThl B 3TOM
HaIlpaBJICHUU SBIISIOTCS BECbMA aKTYaJIbHBIMHU.

MATEPHUAJIBI U METO/bI

JUnisi TpUTOTOBIICHHS JIMITUJHBIX MEMOpaH WCIOJB30BAaHbl  CIEAYIONNE XUMUYECKU
yucThie BemecTBa: L-a-munanbmutomndocharuaunxonua (AIIDX) (Avanti Polar Lipids),
L-o-punanmemutomwndocharuamndtanonamu  (AI1D3) (Fluka) m xomectrepun (Sigma), a
takoke Ceramides LS 3773 (Basf), cogepxamue 25% dochonununos u 75% uepedbpo3unnon
(mepaMuIOB, COJAEpXAIIMX B CBOEM MOJSApHOM yacTu caxapuna). B kadectBe m100aBOK
UCIIONB30BAIH X. 4. (DEHCIUPU] U JIAYPUHOBYIO KUCIOTY B KOHIIEHTpalusax 10 5 macc.%. B
pabote Takxke ObLT MCCIIEIOBAH KAOJIWH — TOHKOMCIIEPCHAS TIIMHHICTAs TIOPOa, COCTOSIIAs B
ocHoBHOM u3 KaonmuHUTa Al;S1,05(0OH)4 (Al,O3 39,5%; SiO, 46,54%; H,0O 13,96% mo macce
[25]). Konuentpamusi xkaonmuna cocraBmsmia 10 20 wmacc.% OT Maccel  JIMIHJIOB.
['eomeTpuyeckue pazMepsl MOJIEKYI (X >y > z) ObUTH TOTy4YeHbl MeTooM PM6 ¢ momoribio
cBoboHOro ITO MOPAC2016. Ha nx ocHOBe ObUT paccuuTaH KOA(GUIIMEHT aHU30METPHUU k
= (x —y)/(x + ) [26], uHPOPMATUBHBIN MapaMeTp, XapaKTePU3yOMuil (opMy MOJEKYIIbI: s
cdepsl k= 0, 115 TOHKOrO CTepXKHA k — 1.

Kparkast undopmarmss 00 HCHONB3yeMBIX BeIIeCTBaX IMpeacTaBieHa B Tabm. 1. Jlis
1epeOpO3HI0B, BBHIY HEOIAHOPOJHOCTH COCTaBa, OIpENENICHHE MOJICKYJSIPHBIX MapaMeTpoB HE
NPOBOJIMIIOCH, TPENCTaBleHa CTPYKTypa HauOojee pachpoCTPaHEHHOTO —MpPEICTaBUTEIS
nepedpo3nioB B MeMOpaHax Moszra. Jlns NpUroToBieHUs MYJIbTHOMCIOMHBIX MeMOpaH,
cogepxkaumx 60% BoOAbL, K JUOMAaM B KpUCTAJUIMUecKor (opme mobaBmsmu Tpedyemoe
KOJIMYECTBO BOABI JIMOO Takoe K€ KOJIMYECTBO pACTBOpA HCCIECAYEMBIX BOJOPACTBOPHMBIX
BemiecTB. HepacTBopumble B BOJE BEIIECTBA MPEABAPUTENIHHO PACTBOPSUIA B  OUHUILIEHHOM
STUJIOBOM CIIMPTE BMECTE C JIMIHUIAMH, 3aTEM YAASUTH PACTBOPUTEIH C TIOMOIIBIO KOHIIEHTpaTOpa
«Concentrator Plus» (Eppendorf) u nanee roToBuz Mo BBIIEONMMCAHHOM MPOLIETyPeE.

HccnenoBanust IpOBOIMIIN METOAOM TU(PepeHINaTbHON CKaHUPYIOIIEH KaJOpHUMETPUN
(ACK) ¢ momompto kamopumerpa «Mettler DSC 1» (Mettler-Toledo). Jns xaxmoit u3
MCCIICIOBAaHHBIX CHCTEM TPOBOJMIN 2 IHKIIA «OXJKICHHWE — HArpeBaHUE» CO CKOPOCTHIO
ckanupoBanus 2 K/mun B numamasone 20 + 70 °C. Ha ocHoBanuu mnosyueHHbix JICK-
TEpMOTpaMM  OBLTH  OTpEAEJTICHBl CIEAYIONMEe TapaMeTpsl (a30BBIX IEPEXOJI0B B
UccleqyeMbIX MOAENbHbIX MeMmOpaHax: temmneparypa (7, T, Tmb, T,'),a sutanenust (AH,,
AH,,, AH,", AH,',), nonymupusa (AT, ATy, AT, D AT, w ), THCTEpE3UC (M, My, Il h')
u acummerpus (am, a,). MHAEKC «m» OTHOCUTCSI K OCHOBHOMY Iepexony (IUIABJIECHHIO)
meMmOpanbl (Lg < L,), namexc «p»— k mpeanepexony (Lg <> Pp), mHmexkc «s» — k
BBICOKOTEMIIEPATypHOMY, Y3KOMy INuKy mnepexoga B mMeMmOpane ®X-d3-Xon (Lg <« L),
UHACKC «b» — K HNIMPOKOMY HHU3KOTEMIIEpaTypHOMY MHKY IE€pexoja B ATOH ke MeMOpaHe
(Lg < L,). Mnentuduxanus repmoauHamuueckux (a3 mposeaeHa Ha ocHose [21, 27, 28].
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Tabnuna 1. CTpyKTypa 1 HEKOTOPbIE MOJICKYJISIPHBIC TApaMETPhI UCIIOJIb3YEMbIX BEUIESCTB:
MostekyisipHast Macca (M), koaddunment munodpunsuoctu (XlogP3), koadduunent annzomerpun (k),
MaKCUMAaJIbHBIA JTMHEWHBIN pazMep (x).

Bemectso CrpykTypa M, Jla XlogP3 k x, A
o]
)k/\/\/\/\/\/\/\
DX H 5 734 13,5 0,62 | 31,9
he ___N+‘\/or_—] ~q \n/'\/'\./‘\./'\/'\./‘\/\./ s s s
3 :3“3 (o] o]
o]
NN NN
JIIDD s 692 10,8 0,59 | 31,9
iy Nor'lr-...,o/_-\/om/\/\/‘\/\/\/\/\/
N 0 o
ke s
XonectepuH \ 386,7 8,7 0,30 15,6

Ol 5 HW
Hepebpo3uast | Ho o — — _ _

NH
dencrnpH (}/ 260,3 2,1 044 | 135
N
JaypuHoBas /\/\/\/\/\)J\O 200,3 42 0,71 | 1638
KUCJIOTa H

Kaomun

Onpenenenne MoabpHOM dHTANTENNK B MeMOpanax JIIDX u JIIIDX-1] nmpoBommmm B pacuére
Ha kommuectBo [IIDX, a B memOpane AIIDOX-/IIIDPD-X — B pacuére Ha oOIIee KOIMYECTBO
DX n AIIDD. 3navyenune rucrepesnca sk BCeX MEMOpaH MoTydalid Kak Pa3HOCTh TEMITEpaTyp
MIEPEXOJIOB MPHU HATPEBAHUM U OXJIAXKICHUM; 3HAYEHHUE aCUMMETPUH — KaK pPa3HOCTb TEMIIEPATYPbI
MakCUMyMa M CEPEIVHbI MMOJYIIMPUHBI IMWKa Mnepexoda. /i NHMKOB, MONyYEHHBIX IyTEM
pacmerieanss B MemOpane JIIOX-/IIDI-X, ompeneneHne 3HAYCHUS] ACUMMETPUU HE
MPEACTABIUIOCH 1IEJIECO00pa3HbIM BBHY WX 3aJIaHHOM TayCCOBOM (CHMMETPUYHON) (HOPMBIL
DKCIepUMEHTATIBHBIC OTPEITHOCTH U3MEPEHHUI IPUBECHBI HA PHCYHKAX B TPaUueckoM BUIE.

PE3YJIBTATBI 1 OBCYXIEHHE

Xapaxkmepucmuxka memopan
CoctaB W TepMOAMHAMHUYECKHE TMapaMeTpbl HMCXOAHBIX MOJICNBHBIX MeMOpaH
npeacTaBieHsl B Ta0d. 2., a coorBercTBytomue JICK-tepmorpamMmmbl npuBeseHsl Ha puc. 1.
Kax mMoxxHo BuIeTh, ipu go0aBneHuun nepedbpo3uaos B AIIDX nabmrogaercs cHmkenue 71, 1
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ocobeHHo 7, (cMm. Tabn. 2), 4TO, MO BCEH BHAMMOCTH, OTPaXKaeT IOBBILICHHE CTEIECHU
THJIpaTalMi IOBEPXHOCTH MeMOpaHbl. Takoe NpeAroNoKeHHe XOpOLIO COINIacyercst ¢
naHHbIMU  [29, 30] o TOM, YTO B3HEpPrus MEXMOJEKYJISIPHOrO B3aUMOIECHCTBUS MEXIY
pasHeiMu TUnamMu JunuaoB B cMmecsax JAIIDX-I] okaspiBaeTcsi MEHbIIE CpPEAHEN JHEPTUU
B3aMMOJEMCTBUSI, @ CPEAHsIS IUIOUIalb Ha MOJIEKYTy — OoJbie. HeOonbloe yimmpenrue nuka
XapakTEepHO IJsl JUOUAHBIX cMeced [31] U oTpakaeT yMeHbIIEHHE KoomnepaTuBHOCTH [31,
34]. B yka3aHHbIX paboTax TakXe yCTaHOBJIEHO, YTO LIepeOpO3UIbl XOPOIIO CMEIIUBAIOTCS C
JAIOX u obpasyioT oaHo(da3HyI0 JHUMUIHYIO CHUCTEMY BO BCEM KOHIEHTPALMOHHOM
JarazoHe, IOTOMY JaHHYI0 MEMOpaHy MOKHO PacCMaTpUBaTh Kak OJHO(A3HYIO0 CUCTEMY.

g

Puc. 1. ICK-TepMorpaMMbl MOAEITBHBIX
munuaaeix memopan: 1 — ATOX, 2 — JITTDX-11,
3 — JIIOX-JIP3-X. Ha Bpe3ke: pa3noxeHue
nka (azoBoro nepexozaa memopanst JI1DX-
HAID3-X Ha 2 KOMIIOHEHTHI.

T Adj. R-Sq. = 0,9996

: 30 40 50 60 70

20 25 30 35 40 45 50 55 60 65
T,°C

Mewm6pana AIOX-AIIDI-X, B ornuume ot JAIIDX-II, nemoncTpupyeT aByxdazHoe
NOBEJICHUE, XapakTepHoe it cmeceld ¢pocharuamnxonunoB (PX) u docharuannsTanomi-
aMuHOB (DPD) mpu TaHHOM COOTHOIICHUH KOMIOHEHTOB [33, 36], n ga€T nBa KajlopuMeTpH-
YeCKHUX MuKa ¢ MakcumyMamu 51,4 u 53,2 °C, nmpakTuuecky paBHbIE 10 TUIOMIAAM (CM. Tab. 2).

Tabmuna 2. TepmoanHammdeckue mapameTpsl MeMOpas 1o ganHsM JICK mpu HarpeBanuu.
Hoist memOpan AIIOX u ATIOX-1] npuBeaeHs 3Ha4eHUS B POPMATe KOCHOBHOM MEepexo/ / Mpearepexomn,
quist memOpansl JJIIOX-TIDD-X — 3Hadenust B hopMaTe «IIMPOKUI MUK / Y3KUN TTHK

Temnepartypa OHTAIBINSA, IMoaymmpuna, | I'ucrepe3uc, | AcuMMeTpus,
Mewopana nepex«?uaT,y °pC kJk/MoJIb ' "Cp °Cp °C i
JIDdX 42,0/36,3 34,0/4,5 0,8/1,8 1,3/5,9 -0,1/0,3
JNOX-IT 41,7/33,4 36,5/3,6 0,9/3,0 1,4/53 0/-0,3
JTDOX-JITDD-X 51,4/53,2 25,0/33,6 11,8/3,3 0,7/0,6 —/-

®dazosbie quarpamMmbl JI1O3-/II1DX Obutu moapoOHO MccaenoBaHbl B [35], rae moka3aHo,
YTO TPH SKBUMOJISPHOM COOTHOLIEHMH KOMIIOHEHTOB KOOINEPAaTHBHOCTH (Da3oBOro mepexona
CHIKAETCsl Ha MOPSIIOK (YIIMPEHUE MUKa), a T, IPaKTHYECKU HE OTKJIOHAETCS OT aJTUTUBHOCTH.
Cmecu ©X u @D ¢ >KBUBAJICHTHBIMU HACBIIIEHHBIMU LIETIIMU O0Jiee TUIOTHO YMaKOBaHbI, YTO
OTpaykaeTcsl B IMOBBIIIEHUH MOBEPXHOCTHOIO JABJICHUS M YMEHBIIEHUU IUIOLIA/M CEYECHUS Ha
monekyiy [36]. Takum o6pazom, IIDPD oka3biBaeT KOHACHCHpYIOIIEe NEHCTBUE HA MEMOpaHy
JIIDX, yTo oTpaxaercsl B MOBBILIEHUH TEMIIEpaTypbl (asoBoro nepexona. Cuemyer 100aBUTH
Taioke, 4To PO OTHOCAT K JMIHUIAM, CTUMYJIUPYIOIUM oOpa3oBaHue papToB B MemOpane [37].
JeicTBUTENBHO, 1T0 JaHHBIM (uryopectieHTHON Mukpockonuu [38, 39], B cmecsx AIDX-I1DD
00pa3yloTcs JOMEHBI C XapaKTepHbIM pa3MepoM JecsTKu MUKpoH. B memOpane JAI1OX-ATIDD-
X MpU JaHHOM COOTHOUIEHHMH KOMIIOHEHTOB cocymecTBYIOT Lo u Lo-daser [19], npuuém
IeTepOreHHOCTh HAOJIIOAAeTCs] Ha MMKPOCKOIMYECKOM YpPOBHE BO BCEX TEPMOIMHAMUYECKHX
(azax, Kak HWKe, TaK U BBIIIE TEMITEpaTypsl (a30BOro rnepexosa (XoTs B MOCIETHEM CITydae OHa
cymectBeHHO MeHblle [40]).Takum o00pa3oMm, €CTb OCHOBaHMS AHAIU3UPOBATH IIOBEJCHHE
Ka)KJI0r0 HaOJIF0JJaeMOr0 MHUKA B OT/IEJILHOCTH.
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B pabGore [41] mpemioxeHa ymnpoméHHas TeoOMETpUYecKas MOJEIb Il OIMCAHMS
YIAaKOBKM JHUIMIOB B MeMOpaHax cloxHoro cocraBa. Momnekyna [AIIDD B nunuaHoi
MeMOpaHe MMeeT MOYTH HWIHHApUYeckyto (opmy, Ttorma kak JAIIPX — KOHYCOBHIHYIO
(ruapodunbHas yacTh Oonbliie). XoIeCTepuH Ke, HAPOTUB, UMEET KOHYCOBHAHYIO opMYy C
pacmmpeHHold THAPO(GOOHOW dYacThi0 H, B OTIWYHEe OT QochomumumoB ¢ OOIBIION
KOH(QOPMALIMOHHOW MOABMKHOCTBIO LI€NEH, MPaKTUUECKH HE W3MEHSET IUIOLAaAN CEYEeHUs
npu usMeHeHuM aasneHus. Ilpu nob6asnenun k JIIPX kak xonecrepun, Tak u IO
OKa3bIBAIOT KOHJEHCHpYolee JieiicTBue, Oosiee BbIpakeHHOE AJIs XoslecTepuHa. B pabote
BBbIIBUHYTa KOHUEMIUS B3aMMHO KOMIIEHCUPYIOLIEH yMaKOBKHU, KOTOpasi, IPUMEHUTENBHO K
JAHHOMY CJIy4aro, yKa3blBaeT Ha Oojbliee cpoiacTBo xonectepuHa Kk JAIDPX, yem k JI1D3,
YTO MOATBEPKAACTCA M IIMPUHOW BUCOKOTEMIIEPATYPHOIO IMHKa, OJM3KONW K TaKOBOM st
O6unapHoil cmecu [35]. Takasg TpakTOBKa COIJIACYETCS W C SMIUPUYECKUM IPABUIIOM,
COIIaCHO  KOTOpPOMY  XOJIECTEpUH IPEUMYIIECTBEHHO B3aMMOJEHcTByeT ¢  Oojee
HU3KOIUIaBKUM JMIHI0M, puuéM P X nmMeer cymecTBeHHoe mpeumyniectso nepen O3 [40].

JIByxxommnoHeHTHOe paszioxkeHue wucxognoro JCK-muka (cMm. Bpe3ky Ha puc. 1)
NpEeCTaBIsUIOCh Hambosee palMOHAIbHBIM, MOCKOJAbKY B uuctoM DX npu nanHHOM
conepxannu xojiecrepuHa (~ 20 momp %) «xonecTepuH-oOeqHEHHAs» (a3a MPaKTUIECKU
UCUEe3aeT U OCTAETCs TOJIBKO «XoJiecTepuH-oOoraménHasy [42]. [IpuauMas Bo BHUMaHHUE BCE
BBIILIECKA3aHHOE, MOXKHO OTHECTH IIMPOKUN MUK K JunugHou ¢aze «JIDP3+X B JIIDX», a
y3kuit — K ¢aze «AIIDX B JJI[1DI».

eiicmeue gpencnupuoa
@eHCIUPUIT BO BCEX HCCICIOBAHHBIX MEMOpaHaX BBI3BIBAJ MPUMEPHO OJMHAKOBOE
JMHEHHOEe CHIDKeHUE TemrepaTyp (a3oBOro mepexoja C TMOBBIILICHHEM €ro CoAep)KaHUs B
cucreme (puc. 2).

(=]
(o]

AT

5L

c, % wiw c, % wiw
Puc. 2. MemOpaHoTpoIHOE JelicTBHEe GeHCIMpUaa: K3MEHEHNE TeMITEpaTyphl IUIaBJIeHUs (2) U
npeanepexona (6) B Memopanax AIDX (o), AMNDX-I] (o) u AMNDOX-AIDI-X (A) npu HarpeBaHHH.

B »srom MemOpaHoTpomHoe jeiicTBHe (EeHCHMpHIA BecbMa CXOJHO C  BIMSHUEM
[MKJIMYECKUX COCAWHEHUH (B YacTHOCTH, OMeHMIa) B TEPMOTPONHBIX KUAKUX KpUCTAIIAX
[43], 00ycCIIOBJIEHHBIM HapyLIEHHEM CTETEHH YIOPSI0YEHHOCTH MOJIeKys Matpullbl. [Ipu sTom
THCTEPE3NC BO BCEX TUMAX MeMOpaH ocTaBasicsi HeOombImM (B mipenenax 1° C).

CunbHOe ecTpyKTypupyloliee aeicTBre heHcnupuaa o0ycaoBIeHO OCOOCHHOCTSIMU €ro
XUMHUYECKON CTPYKTYpbl. DeHCHUPHU — NOTYKECTKAsE MOJIEKyJa, YyTh MEHbIIAs MO JUIMHE,
yeM xoJecTepuH (cM. Tabin. 2). CtpoeHue noijsipHOW yacTu (eHcnHMpHaa NaéT OCHOBaHHE
MIPEANOJIOXKUTh, YTO OH, KaK U XoJiecTepuH [44], pacroioKeH HIKE MOBEPXHOCTH MEMOpaHHI,
HO He nocturaer e€¢ ueHtpa. [Ipm 3ToM KECTkMil OEH307BHBIA (parMEeHT MOJIEKYJbl Ha
ruOKOil aNKWIBHOHM IIeToYKe 00JafaeT TOBBIIICHHON CBOOOJOW BpamleHHs, KOTOpas, B
COYETaHUU C HEOOJBIIUM 3HAUYE€HUEM JUNO(WIBHOCTH, NPUBOAUT K 3HAYUTEIBHOMY
HapyLIEHUIO YIAKOBKU JIUIHJIOB.
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Jleiicmeue naypunosoii Kuciomul
Jlaypunosas kucnora (JIK) o6namaer nmpoTuBOMUKPOOHOI aKTHMBHOCTBIO, B YAaCTHOCTH,
MPOTUB ITHEBMOKOKKOB W CTPENTOKOKKOB, MPUYEM HAMOOJBIICH Cpear BCEX HACBHIICHHBIX
KK, uro pemaer e€ mepCHeKTUBHOM i KMCIOJIB30BAHMS B MEIMUMHCKUX MHenax [45].
VYcTaHOBIEHO, YTO AaHTUMHUKPOOHAsST aKTUBHOCTH JKUPHBIX KHUCJIOT OMpPEAeNsAeTCS JIMHON U
CTENEHbIO HACBIIIEHHOCTH UX LEMEW, YTO MO3BOJISIET MPEANOIOKUTh €€ HEMOCPEACTBEHHYIO
CBSI3b C MEMOPAHOTPOIHBIM JICHCTBHEM.

JeiictBue naypuHoBoi kuciaotel B MemOpanax DX u JIOX-1] tunuyHo 15a Beex
JUTMHHOIETIOYEYHBIX KXUPHBIX KHcIoT B DX [46, 47]: moBbllIeHHne TeMnepaTypsl (a3oBhIX
nepexonoB. M3 puc. 3 BUAHO, YTO OCOOCHHO CHUJIBHO YBEIMYMBAETCS TemIepaTypa
npeanepexoia, Toraa Kak MmojaylupruHa MUKa Mpeanepexoaa yMenbiaercs. HTepecHo, 4To
B MPUCYTCTBUU LiepeOpo3ua0oB Gopma MUKa MepexoAa CHIBHO Hapyllaercs, 4YTo, Mo Bcei
BUJIUMOCTH, CBA3aHO C H3MEHEHHEM KuHEeTUKH (opmupoBanusa Ppg-daser [48], a npu
N00aBICHUH JIAYPUHOBOW KHCIOTHI — BOCCTAHABIMBAETCA JI0 HCXOJIHOTO 3HAYeHUS (pHC. 3, B).
TakuMm 00pa3zom, 1epeOPO3UIBI U JIAYPUHOBAST KHCIOTA, SBIISSACH KOMIIOHEHTAMH KOXKHOTO
nokpoBa [13], B3aMMHO KOMIIEHCHUPYIOT IEWUCTBUE IPYT ApPYyra, 4TO BIOJHE OOBSCHUMO B
pamkax mojenu [41]. O moX0XuX B3aUMOJICHCTBUAX cooOIaeTcs u B padbote [44].

6~

c, % wiw
c, % wiw ’

a) 0) B)
Puc. 3. MemOpaHOTpOITHOE AEUCTBHE JayPUHOBOM KUCIOTHI: N3MEHEHNE TEMIIEpaTyp (pa30BhIX Mepexo/IoB (a),
noiymupuHE (0) 1 acummerpuH (B) mpeanepexona B memOpanax AI1OX (o) u AIIDX-11 (0) npu HarpeBaHUH.

JlaypunoBass kucnora B memOpane AIIDX-AIIDI-X no-pasHOMy BIMseT Ha Y3KMH H
HIMPOKUI MUKH (puc. 4).
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Puc. 4. BnusiHue naypHHOBOI KHCIIOTHI Ha TeMIeparypy (a), HonymupHuny (0) 1 SHTaIbIUIO (B)
muKOB (pa3oBeIX mepexoaoB B MemOpane JIIOX-/IIID3-X: A — mupokuii muK, A — y3KHid K.
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JUtst y3KOro THKa HAOMIOMAeTCs HEMOHOTOHHAs KOHIICHTPAIMOHHAS 3aBUCHMOCTH 1, C
MEHAMYMOM TipH 2 % JIK, a J71s IIMpOKOTo MHKa 3aBHCHMOCTD T}, (¢) TIPH TeX e KOHIICHTPALISIX
BBIXO/UT Ha HackleHue. C nosbliieHneM KoHueHTpaimu JIK nomymmpriHa y3koro nuka pacrer, a
IIMPOKOro — yMeHbIaeTcs. [Ipu 3TOM SHTaNBIUS IIMPOKOro IMUKa PacTéT 3a CYET CHUKEHUS
SHTAJIBIINM Y3KOI'0 MHMKa, TOra KaK CyMMapHasi SHTAIbIINS 000MX ITUKOB B MPE/IENax MOrPeHOCTH
He MeHserca. HaOmogaemble M3MEHEHUsT CBUIIETENBCTBYIOT 0 ToM, uto JIK BcTpanBaercs B 00e
mvnuaHble (a3pl, HO OKa3bIBaeT HA HUX KAYeCTBEHHO pasHoe BIHsHME. [10CKOIBKY HanOOMbIIHe
U3MEHEHHs1 TEPMOJMHAMUUYECKUX IapaMeTpoB HAOMIONAIOTCA JUIS LIMPOKOTO IHKA, MOXHO
npennonoxkure, uyro JIK mydimne BeTpauwBaercss B HM3KOTEMIIEpATypHYO (pazy JMIIUIOB,
oboraménnyo ®X. 1o cornacyercss ¢ JaHHBIMU [49] O TOM, YTO KUpHBIE KUCIOTHI UMEIOT
6osblriee cpoacTBo kK DX o cpapaenuio ¢ 3.

/eiicmeue xkaonuna

JleiictBue kaonuHa Ha MemOpanbsl JIIOX u AIIDX-I] kauecTBeHHO pasznuvHo. B
IPUCYTCTBUM KaoJIMHa HaOmonaercs cHuwxenue 7, u T, B MemOpane [IIDX u yBennueHne
stux mapametpoB B MeMOpane JIIDOX-II (puc. 5). Ilpu stom momymupuna B JIIOX He
mensiercsi, B IO X-1[ ymenbiaercss B CTOPOHY 3HaU€HUM 3TOr0 mapameTrpa Juisi MeEMOpaHbI
JAIIDX, a rucrepe3uc M acUMMETpHs HE MEHSAIOTCA B o0eux MeMOpaHax (JaHHbIE HE
npuseleHbl). bormee CymecTBEHHOE BIMSAHME KaolMHAa Ha [, yKasblBaeT Ha €ro
B3aUMO/ICIICTBHE C TMOJIAPHOM MOBEPXHOCThIO MEeMOpaH. M3BECTHO, YTO YaCTUYKU KaOJIMHA
xopomro ancopoupytot AIIDX Ha cBOEl MOBEPXHOCTH, B PE3yJIbTaTe Yero OWOIIOTHYECKOEe
JeicTBUE KaoJMHA CYyIIECTBEHHO u3MeHsierca [50-52]. HaOmromaemble pa3nuyus MOKHO
OOBSCHUTH HW3MEHEHHEM THJpaTallud MeMOpaH B pe3yibTare aJcopOIH, KOTopas
nosbiaetcs st meMmOpansl JAIIOX u camkaercs ans memopanst ATTDX-11.

15| SPEEE SR S

KON\

a) 0)
Puc. 5. MemOpaHOTpOITHOE JeHiCTBHE KaoJIMHA: CIIBUTH TEMIIEpaTyp IUIaBiieHus (a) u npeamnepexona (0) B
memOpanax AIOX (o) u AIDPX-1] (0): crutonrHas JIMHKS — HarpeBaHue, IyHKTUPHAs — OXJIAK/ICHHUE.

B mem6pane AIIOX-JITIDI-X kaoauH MHIYIUPOBAT HU3MEHEHHSI B OOCHX JIMITHIHBIX
dazax (puc. 6). Temmeparypa TmIaBIeHHS Yy3KOrO M IIHPOKOTO TIMKA CHHXKAlach B
MPUCYTCTBUM KaOJIMHA BO BCEM HKCCIICIOBAHHOM KOHIICHTPAIMOHHOM JHaIa3oHe, MPUYEM
ropaszio Gosblie, yeM s memopansl JAIIOX (AT, = —1,2 °C, AT, D= —1,6 °C, Torma xak
st AIIDX AT, =-0,2°C). B menoMm 5TH H3MEHEHHS COIJIACYIOTCS C JIaHHOM BBIIIE
TPAKTOBKOW M3MEHCHHSI TUAPATAIMA MEMOpaHBI MPU aJACOpPOIMK HA KAOJHMHE, OJHAKO, HAJI0
YUUTHIBaTh, YTO THApaTallusg JTUMHAHBIX KOMIO3UIMI BechbMa HeomgHopomgHa [53]. C
MOBBIIIICHAEM KOHIICHTPAIUY KA0JIMHA HAOIFOIAJICS POCT AHmb u ymenblnenne AH,'.
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Puc. 6. Bimsinne kaonuHa Ha TeMIieparypy (a), moaymupuHy (0) ¥ SHTaIBNHIO (B)
UKOB (a3oBbix nepexoioB B MemOpane JIIDX-II1DI-X: A — mupokuii nuk, A - y3KHil MHK.

W3meHeHus 3HaueHUWH MNONymMpUHBl (pUc. 6, 0) CBUAETEILCTBYET 00 H3MEHEHUSX
KoomepaTUBHOCTH (ha3oBoro mepexona [1], MMEOMMUX MPOTHBOIONOKHBIA XapakTep B
pasHBIX  JIMOUAHBIX ~ (a3ax: B HU3KOTEMIIEPATypHOW  TPEXKOMIIOHEHTHOW  (ase
KOOTIEPAaTUBHOCTh TMOBBIIIAETCS, TOTJAa KaK B BBICOKOTEMIIEPATYpHOM — CHIDKAeTCs.
COBOKYNHOCTh ~ HAOJIIOJJa€MBIX  W3MEHEHHH MOXKET TaKKe CBHUJETENbCTBOBATH O
nepepacnpeeieHny TUnuaoB Mexay ¢aszamu. [lo Bcelt BUIMMOCTH, XOJIECTEPUH YaCTUYHO
nepepacnpeensieTcss U3 HI3KOTeMIepaTypHOi B BRICOKOTEMIIepaTypHyto ¢a3zy. JlarepansHoe
nepepacnpesenenie (COpTUPOBKA) IJHUMUAOB XOPOILIO W3BECTHA TMPH BCTPAUBAHUU B
MeMOpaHy OenkoB [54, 55] W TPOMCXOAWT, B YACTHOCTH, MO MEXaHU3MYy THUIPO(HOOHOTO
cooTBeTCTBUS [56]. JlaTepanbHas HEOAHOPOIHOCTD JIMIUIOB B MeMOpaHe (oO0pasyromascs, B
TOM YHCJIE, U MOJA JCHCTBHEM CTOPOHHUX MOJIEKYJ) MNPUBOAMUT K IEpepaclpeaeIeHUI0
TUApATallid JIMMHIOB M CYMTAETCS OJHUM M3 KIIOUEBBIX (DAaKTOPOB, BIHAIOIIMX Ha
CcTa0WIbHOCTH MeMOpansl B 1enom [57]. M3BectHO u oOpaTHOe SBIEHWE: Tperanosa
(BBICOKOTUAPOGUIBHOE BEIIECTBO, JIOKANU3YyIOUIeecss Ha TOBEPXHOCTH MeMOpaHbI)
orpaHnunBaeT (pa3zoBoe pasleNcHHe B JIMIHIHBIX cMecsx ¢ xosiectepuHoM [20]. Takum
o0Opa3om, mepepacnpeaeneHie JUMUI0B B MeMOpaHe BO3MOXKHO KaK B Clyyae BCTpauBaHUS
CTOPOHHEH MOJIEKyJbl B OMCIION, Tak M B ciy4yae aAcopOLMU HAa MOBEPXHOCTH, YTO U
HaOII0JaeTCsl, 10 BCeil BUAUMOCTH, B IPUCYTCTBUU KAOJIHHA.

BbIBO/IbI

[lokazano, uro MeMOpaHoTpornHoe jeicTBue (MJl) pa3iaMuUHBIX BEIIECTB MOXKET
CYIIECTBEHHO pa3IU4aThCsi IMPH HCIOIB30BAaHUH MOJEIBHBIX MEMOpaH pa3Iu4YHOTO
munuaHoro  coctaBa  (AIDX, AIIDX-uepedposuapr, ANDOX-AI1DP3-xonecrepus).
YcraHoBneHo, 4To (heHCMUPHUI UMEET MPAKTUYECKH onuHakoBoe M/ Bo Bcex Tpéx THmax
memOpaH. Jlns naypuHoBod kucnmotel MJI B HAIIDX u JAIDX-I] Takke KadyecTBEHHO
aHaJoru4yHo; mpu 3ToM B MemOpane [IIDX mmeer mecto kommeHcaruss MJ| maypuHOBO#M
KUCIIOTH U 1epedpos3una. JlelictBue naypuHoBoil kucinotel B MemOpane AIIDX-JI1DD-X
OKa3bIBaeTCsl MPUHIMIIMAIBLHO WHBIM: TemmepaTyphl (ha30BbIX MEPEX0J0B HEMOHOTOHHO
cHKatoTcs. M/ kaonumHa pasnuyHO BO Bcex THmax MmemOpan. B memOpane JAIIDX-I]
HaOJIOAACTCs TOBBIIIICHUE TeMIlepaTyp nepexoaoB, Torna kak B JIIDX — TeHneHnus K ux
camwkennio. B memOpane JAIOX-JAIIDI-X KaoiuH NPUBOAUT K 3aMETHOMY CHHKCHHUIO
TeMriepatyp (a3oBBIX MEPEXO0JIOB M IMepepaclpeie]ICHUIO JIUMUI0B B NBYX(}a3HOM 00IacTy.
Takum o00pazoMm, MOKa3aHO, YTO M3MEHEHHE KOONEPAaTUBHOCTH M IepepacupeiesicHe
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JUIKAJOB B MEMOpaHe MOXKET ObITh BBI3BAHO HE TOJBKO MPOLECCAMU BCTPAaUBaHUsI CTOPOHHUX
KOMIIOHEHTOB B 00BEM OuCIOs, HO M MX aAcopOIMeld Ha IOBEPXHOCTH MEMOpPAaHBI.
[TomyueHHbIe pe3ynbTaThl MOTYT OBITH MOJIE3HBI PH MOIOOPE COCTaBa MOJEIBEHBIX MEMOpaH
Ui BccenoBanus M/I iekapCTBEHHBIX BELIECTB.
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AxTtyanbHocTh. CaxapHbBId uabeT 3aHUMAaeT OJHO W3 IEPBBIX MECT CPEeId MPHYHMH CMEPTHOCTH. DTO
00yCIIOBNICHO, TIPEKIE BCEro, WHAMBHAYAIBHBIM XapaKTepOM MPOTEKaHUS 3a00JIeBaHUS. AJTOPUTM
MIPOIEeNypHl TEeparuy (BBEACHHUS WHCYJIMHA) OIpEeisieT Bpad Ha OCHOBE MOAEIHHBIX MPEICTABICHUN O
TUHAMHKE TIpoliecca Peryisun riukeMun. CymecTBYIOME MOJENA UMEIOT OTPaHUYCHUS, CBSI3aHHBIC
CO CIOXHOCTBIO ydYeTa WHAWBHUAYAIBHBIX OCOOCHHOCTEH TMalMeHTa ¢ OTPAHWYEHHBIM YHCIIOM
KOHTPOJIMPYEMBIX TOKa3aTeled opraHu3Ma uenoBeka. [loaromy pa3zpaboTrka Gojee aeKBaTHBIX MOAETEH
TJIMKEMUU U aﬂFOpHTMOB BBCACHUSA I/IHCyJ'll/IHa, TTIO3BOJIAOIINUX y‘lI/lTI)IBaTI) TeKyluee COCTOSAHUC ITalMCHTA,
SIBJISIETCS aKTyaJIbHOM 3a7jaueil.

Hean padoTsl. lenbpio pabOTHI SBISETCS PAa3BUTHE TCOPUH MATEMATUICCKOTO MOJICITUPOBAHUS CIIOMKHBIX
cucTeM H pa3paboTKa aJanTUBHOTO alropuTMa padOThl MMIUTAHTHPYEMOTO J03aTOpa HWHCYJIWHA Ha
OCHOBE IpeIaraeMoil MOJICIIA JHHAMHUKH YPOBHS TIIFOKO3EI B KPOBH YEJIOBEKA.

Matepuanabl u MeTOAbL. 711 000CHOBaHUS MOIETH TIIMKEMUH HCIIONB30BAHBI METONBI CTPYKTYPHOH H
apaMeTPUIeCKON HACHTU(DUKAIINHA MOJEINIeil TOMEOCTaTHIECKIX CHCTEM B Kilacce AudpepeHInaNbHBIX H
WHTETPANIbHBIX YpaBHEHHWH, YTO IMO3BOJSAECT TIOJYYUTh MOJETb, BOCIPOU3BOMAIIYIO JTaHHEIC
9KCICPUMEHTAIBHBIX HcciIenoBanuit. s npoBepkun 3(G(GEKTHBHOCTH pa3pabOTaHHOIO ajJropuTMa
HCIIOJIb30BAHBI IKCIEPUMEHTAIbHBIE JaHHbIE NUHAMUKHA TJIMKEMHUH ITallMEHTOB OOJBHBIX CaxapHBIM
JnabeToM MEPBOTo TUTIA.

PesynbTaThl. YncieHHbIe SKCIIEPUMEHTHI MoKa3aiu 3 (HEKTUBHOCTh MPEUIOKEHHON MOJCITH TUHAMHUKH
ypOBHH TJIOKO3hbI B KpOBI/I YCJIOBCKA IJIsd pa3pa60TK1/1 anropI/lea HOpMaHI/l3aLIl/II/I TJIMKEMUHU C IMTOMOIIBKO
HMIUIAaHTHPYEMOTO J[03aTopa HMHCyJIuHA. [IperMyIecTBOM MpeajgaracMoro ajiroputrMa SIBJISETCS
BO3MO>KHOCTb ITOJICPKKH YPOBHSI TIIFOKO3EI B KPOBH MAIIMEHTA HE3aBUCHMO OT PEKHAMA IMUTAHHUS.
BeiBoabl. B pesynbraTe YHCICHHBIX 3KCIIEPHUMEHTOB ObUIA TIOKa3aHa 3(P(EeKTUBHOCTH UCIIOIB30BAHHUS
pa3paboTaHHON MO TUHAMUKUA YpPOBHSI TJIOKO3BI B KPOBH 4YENIOBEKA IS CO3JIAHHS alrOpUTMa
paboTHl UMILUIAHTHPYEMOTO 103aTOpa HHCYIHHA. [Ipy M3BECTHOHN AMHAMUKE YPOBHS TIFOKO3BI MTALMCHTA,
CO3/IaHNe UHINBUAYAIFHOTO aJTOPUTMa BBEICHUS WHCYJIHHA TO3BOJISECT HOPMAIN30BaTh KOHIICHTPAIIHIO
TIIFOKO3EI B KPOBH HE3aBUCHMO OT PEXMMa MATAHUSA, B OTIIMYHE OT CYIIECTBYIOIINX J03aTOPOB WHCYIIHHA,
paboTaronmX Mo )KeCTKOW MporpaMMe B TPEOYIOIINX MPUAEPKUBATHCS PEKIMOB ITUTAHHS.
KJIFOYEBBIE CJIOBA: anroputwm; nuabeT caxapHBIN; TIIOK03a; TIHUKEMHS;, WHCYJINH, CTPYKTypHAas
AASHTU(PUKAIUS; MATEMAaTHIECKOE MOJICIIUPOBAHHUE.

AI[AHTI/IBHI/Iﬂ AJITOPUTM POBOTH JO3ATOPY IHCYJIMHA, IO IMIIVIAHTYETBHCA
ML.IL Mycrenos’, C.C. Jlanra’
! Xapriscoruii nayionansmuii ynisepcumem iveni B.H. Kapasina, maiioan Ceo60du, 5, 61022, Xapxis, Yxpaina
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AxkTtyanbHicTh. LlykpoBuii nmiaber mocimae ogHe 3 MEPIIMX Miclb cepel NpHYMH cMmepTHocTi. Lle
00yMOBJIEHO, TepII 3a BCe, IHAMBIMyadbHUM XapaKTePOM IIPOTIKAHHS 3aXBOPIOBAHHS. AJTOPUTM
npoueaypy Tepamii (BBelleHHs 1HCYJIIHY) BHU3HA4a€ JIiKap Ha OCHOBI MOJICJIHUX YSIBJIEHb IPO JAWHAMIKY
MpOIEeCy peryJsiii riikemil. IcHyro4l Mozei MatoTh 0OOMEKEHHSI, MOB'SI3aHil 31 CKIAJHICTIO BPaxXyBaHHS
IHIMBITyaJbHUX OCOOJIMBOCTEH MallieHTaTa 0OMEKEHUM YHUCIIOM KOHTPOJHOBAHUX MOKA3HHUKIB OpPraHizmMy
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moauHd. ToMy po3poOka OuTbII aJeKBaTHUX MOJENel TIIKeMil 1 aJrOpuTMIB BBEIECHHS IHCYIIHY, LIO
JIO3BOJISIIOTH BPAXOBYBATH NMOTOYHUH CTaH MAII€HTA, € aKTyaJIbHUM 3aBIAHHSIM.

Meta po6oTn. MeToro poOOTH € PO3BHUTOK TEOpii MATEMaTHYHOTO MOJENIOBAHHS CKIAJHUX CHCTEM i
po3poOKka amanTHBHOTO AJTOPUTMYy poOOTH [103aTOpy IHCYJIiHY, IIO IMIUIAHTY€ThCS, Ha OCHOBI
3aMpOTIOHOBAHOI MO/IENTi JMHAMIKH PiBHS TIFOKO3W B KPOBI JIFOMHH.

Martepianun Ta mMeroau. [y oOrpyHTYBaHHS MOJEN TINIKeMii BHKOPHCTaHI METOIOM CTPYKTYpHOI Ta
mapaMeTpU4HOl iZACHTU(}IKAIT MoJenell TOMEOCTaTHYHMX CHUCTeM B Kiaci auepeHIliaibHuX 1
IHTETPaIbHUX PIBHIHB, IO O3BOJSIE OTPUMATH MOJEJb, SIKAa BIITBOPIOE JaHI EKCIEPUMEHTAIBHUX
JociipkeHb. s nepeBipki e)eKTUBHOCTI PO3POOJICHOr0 aIrOPUTMY BUKOPHCTaHI €KCIEPUMEHTAIbHI
JlaHi AMHAMIKHY TITIKeMil MalieHTiB XBOPUX Ha IyKPOBHH /1iabeT MepIIoro THILY.

Pe3yabTaTn. UncesnbHi eKCIIEPUMEHTH TOKa3aIH €)EKTUBHICTh 3aIIpONIOHOBAHOT MOJIEIi ANHAMIKN PiBHS
TJIIOKO3M B KPOBI JIIOAWHM ISl PO3POOKH alropuTMy HOpMaii3amlii TJIiKeMii 3a JOIOMOIrOI0 J03aTropa
IHCYITiHY, IO IMITTaHTYy€eThCs. [lepeBaroro 3amporoOHOBAHOTO ANTOPHTMY € MOXKJIMBICTD MIATPUMKH PiBHS
TIIFOKO3W B KPOBI MMAIli€HTa HE3AJICKHO BiJl peXKUMY XapIyBaHHS.

BucnoBkn. B pesynbraTi umcenpHHX EKCIIEpUMEHTIB Oyina ToOKa3aHa e(EeKTHBHICTh BHKOPHCTAHHS
po3po0bieHoi Moaeni MTUHAMIKH PIBHS TIIOKO3W B KPOBI JIIOOWMHH JUISI CTBOPEHHS aJTOPUTMY POOOTH
o3aTtopa IHCYNiHYy, IO IMIDIaHTyeThcs. [Ipwm Bimomiid QuHAMII PiBHSA TIIOKO3W MAI[iEHTa, CTBOPEHHS
IHAMBIqyaTbHOTO aJNTOPUTMY BBEICHHS IHCYJIHY IO3BOJISE€ HOPMAaJi3yBaTH KOHIIEHTPAIIO TIIOKO3U B
KPOBI HE3aJIEXKHO BiJl p&KMMY XapuyBaHH, Ha BIIMIHY BiJl ICHyIOUHX J103aTOPIB IHCYJIIHY, L0 IPALIOIOTh
3a )KOPCTKOIO MPOrpaMoI0 1 BUMArarTh JJOTPUMYBATHCS PEXKUMY XapuyBaHHSI.

KJIIOYOBI CJIOBA: anropurm; niaberT IyKpoBHil; INIIOKO3a; TJIKEMIs; IHCYJIH; CTPYKTypHa igeHTH(iKamis;
MaTC€MaTH4YHC MOACIIFOBAHHS.

ADAPTIVE ALGORITHM OF IMPLANTABLE INSULIN PUMP OPERATION
N.P. Mustetsov', S.S. Lapta®
'V N. Karazin Kharkiv National University, 4 Svobody Sq., 61022, Kharkiv, Ukraine
’National Technical University "Kharkiv Politechnical Institute”, 2 Kyrpychova St., 61002, Kharkiv, Ukraine

Relevance: Diabetes mellitus is one of the leading causes of death. Low survival rates are caused by
many individual complications during the time course of a disease. Usually, the therapeutic algorithm of
insulin administration is prescribed by a doctor on the basis of general model assumptions on the
dynamics of glycemic regulation process. Existing models have limitations, due to the complexity of
taking into account the individual characteristics of a patient and limited number of monitored indicators
of human body. Therefore the development of more adequate models of glycaemia and algorithms for the
introduction of insulin, which take into account the current state of a patient, is an actual task.

Objective: The purpose of work is the development of a mathematical model and an adaptive algorithm
for operation of implantable insulin administrating device on the basis of the offered model of dynamics
of glucose concentration in human blood.

Materials and methods: To substantiate suggested model of glycaemia we have used methods of
structural and parametric identification of homeostatic systems based on differential and integral
equations. This approach made it possible to achieve compliance of our proposed model with
experimental data obtained for the patients with type 1 diabetes.

Results: Numerical experiments have shown the effectiveness of supposed model of glucose level
dynamics in human blood for the development of an algorithm for normalizing glycaemia with the help of
implantable insulin dispenser. The advantage of proposed algorithm is the ability to maintain the glucose
level in patient's blood regardless of diet.

Conclusions: Adoption of the developed dynamic model of glucose level in human blood provides a
starting point for creation of operating algorithm for implanted insulin dosage device. For the known
dynamics of glucose in patient’s body, exploitation of our individual adaptive algorithm of insulin
administration allows to normalize the level of glucose in patient’s blood irrespective of diet, in contrast
to the existing insulin pumps, which work according to the set program and require patient to adhere to
the prescribed diet.

KEY WORDS: algorithm; diabetes; glucose; glycaemia; insulin; structural identification; mathematical modeling.

Caxapupiii auabetr (CI) 3aHMMaeT OJHO M3 MEPBBIX MECT MO PACIPOCTPAHEHHOCTH U
BO3MOXKHOM TSDKECTH NpoTeKaHusi B ocTtpoil ¢opme. B nHacrosmee Bpemst CJI sBusercs
MpakTHUYeCKH HeuziaeunMoil Oone3nbto. [lpu orcyrctBum nedenus CJI mpuBoauT K
OCJIOKHEHHSIM, B TOM YHCJE CMEPTEIbHO OMAacHBIM (MH(MApPKT MHOKapnaa, HHCYIbT). K
coxkanenuto, CJl nuarHocTUpyercss 4acTo B clyyae, KOrja YK€ HUMEIOTCS HapylIeHHs B
peryisiiud yriaeBoAHOro obmeHa B opraHu3me uenoBeka [1]. OcoOGeHHOCTH TedeHus
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3a00JIeBaHUsl U3yUEHBI JOCTATOYHO XOPOIIO, a €ro ocTpas ¢popMa YCHEIIHO KOMIIEHCUPYETCS
WHBCKIUSIMU UHCYJIMHA, HO Mpo0iieMa mpenoTBpaiieHus mo3aaux ocinoxxkuenuid CJI Bce emne
He pemeHa. bomee Toro, mo3gaue ocnoxHeHUss CJ] Hen3O0EKHBI Jake TpPH COOITIOACHUH
JYYIUX COBPEMEHHBIX METOJIUK €0 TePATHH.

[Tonnoctero BbuleunTh CJI HEBO3MOXKHO, HO €r0 MOXHO KOMIIEHCHPOBATh, MOHMXAs
YpOBEHb TJIOKO3bI B KPOBH MallME€HTa MEIMKaMeHTO3HO. [Ipu 3ToM Oomblioe 3HaYeHUE
MOMHMO CPETHHUX OMBITHBIX PEKOMEHIALUN MO BbIOOPY pexXuMa UHBEKUUNA MHCYJINHA UMEeT
OTIBIT Bpaua U aJICKBaTHBIN yUeT 0COOCHHOCTEH (PYHKIIMOHUPOBAHUS OpraHH3Ma KOHKPETHOTO
nanrenta. OJHaKO, TMPOTUBOPEUMBYIO B CBOEW TMOCTAHOBKE 3amady d(PGEeKTHBHOMN
komneHcaru CJ] 1 HelonmyIeHus: CMEpTENbHO OMACHBIX COCTOSHUN HE yaaeTcs 3((HEeKTUBHO
PEUIUTh METOJaMU KJIaCCUYECKOI MHCYIMHOTEpAIuy.

[lepcrieKTUBHBIM HamNpaBJICHHEM B PELICHUHU STOW 3aJaud SBJISIETCS HCIOJb30BaHUE
UMIUIAHTUPYEMBIX (HOCHMBIX) JI03aTOPOB HMHCYJIMHA, OOECTICUYMBAIONMIUX OJM3KYI0 K
€CTECTBCHHON KOHIIGHTpAIMIO TJIOKO3bI B KpoBU. Jlozatop mpencrammsier coboit
aJIbTEPHATUBHBIA CHOCOO [IOCTaBKM HWHCYJMHA C TOMOINBI0O MHBEKIHMH HE LIIPULIOM, a
MOCPEJICTBOM KaTeTepa, YCTAHOBJIEHHOI'O MOJKOXHO M COEIUHEHHOIO C PE3EpBYyapoM U
OJIOKOM TaMsTH, CcoJepKalmuM HWHGOPMAIUI0O O KOJUYECTBE MHCYJIMHA, KOTOPBI
HEO0OXO0IUMO BBECTH.

B ocHoBe paboOThl HMHCYJIMHOBOTO J03aTtopa (IOMIIbI) JIEKHUT O0a3uCHO-OOITFOCHBIH
MPHUHIAIT ToJa4i WHCynuHA. [lo3aTop obOecrneymBaeT MOCTOSHHOE IOJKOKHOE BBEICHUE
MHCYJMHA ManbIMU Jo3amMu. (Cxema BBEACHHMS MHCYJIMHA IOMIIOM MaKCHMAalbHO
COOTBETCTBYIOT PHUTMY pabOThI 30POBOM IMOKETYTOYHON IKele3bl, YTO O0ecleynBaeT
ONTUMAJIBHBIM KOHTPOJIb YPOBHS caxapa B TeueHue 24 yacos [2, 3]. [IpumeHenue n103atopoB
3¢ (}HEeKTUBHO TOJIBKO MJIsi XOPOIIO OOYYEeHHBIX U JUCHUTUTMHUPOBAHHBIX IMAIMEHTOB. JTO
00YCJIOBJICHO HEOOXOIUMOCTBIO KOHTPOJISI YPOBHS TJIMKEMHHM (Ha HA4YaJlbHOM JTare 0
JIeCSATU pa3 B CYTKH) M €XeIHEBHOM paboThl Bpaua c¢ mamueHToM [4]. IlporpamMmmupoBanue
WHCYJIMHOBOM TOMITBI — JUIMTEJIbHBIM TPOIECC, HAYMHAIOLIMKICS C MOMEHTa pacyera
HayaJbHBIX HACTPOEK, M [UIMTCS TMPAKTHUYECKH BCE BpeMs MPUMEHEHHUs J03aTopa.
OHJIOKPUHOJIOT pellaeT ABe 3aJauu, 3TO MOJ00p CTaPTOBBIX PEKUMOB PabOThl MHCYIHMHOBOM
MIOMITBI U Q/IANITAIIMIO0 UCXOJIHOM MPOrpaMMbI €€ padOoThI MOJI MHAUBHyaIbHbIE OCOOCHHOCTH
nanueHTa. PacueT cTapToBBIX HACTPOEK MHCYJIMHOBOM MOMIIBI MMPOU3BOJIUTCS MO OJHOMY M3
MHOTOYHCIICHHBIX aJrOpPUTMOB U Qopmyn [5-7], ¢ yuyeToM Beca MalMeHTa, HEOOXOIUMOU
CYTOYHOM /03Bl MHCYJHMHA, KOJMYECTBAa YIJeBOAOB B nume u Jp. CymiecTByroniue
porpamMMbl  yIpaBJi€HUS J103aTOpaMy MPEeIyCMaTpPUBAIOT MPUMUTUBHOE MOAJIEPKaHUE
YPOBHS TJIMKEMUHU B KPOBH, B JIYUIlIEM CIy4ae, B 3a/IaHHBIX IIpeenax.

Lenpto paboThl sBIsETCS pa3pabOTKa CHUCTEMBI YIPABICHUS HMILIAHTHPYEMBIM
J03aTOPOM ~ MHCYJIMHA, oOecneunBaomeld (U3MOIIOTUYECKH aJIeKBATHYIO PETYJISIHUIO
VIJIEBOJHOTO OOMEHa B OpraHU3ME MalMeHTa U MPEAOTBPAIICHUE THUMOTITHKEMHUYECKIX
COCTOSIHMH Y MTO3IHUX OCJIOKHEHUH auadera.

INOCTAHOBKA 3AJIAYN. MO/JIEJIb

Cy1iecTByole UMIUIAHTHPYEMbIE J03aTOPhl WHCYJIMHA, KaK TEXHUYECKas IMOJICUCTEMA
onorexundeckon cuctembl (BTC) «manmweHT — 103aTOop MHCYJWHA», TOCTPOCHBI HA OCHOBE
monenu camoperymsimun (puc. 1). Mx pabGora NpoucXOAWT MO NPUHIMIYY OOpaTHOU
OTPUIATEIBHOW CBA3M — M0 PACCOTJIACOBAHUIO PETYJIUPYEMOIl MEPEMEHHON OT 3aJaHHOMN
ycraBk. Hedu3nonoruyHocTs UX paboThl 00yCIIOBIIEHA, MPEXKAE BCErO, MCIOJIB30BAaHHEM B
KauecTBe JTOW YCTaBKH HEKOTOPOro (PUKCHPOBAHHOTO (KEITaeMOro) 3HAYCHUS YPOBHS
TJINKEMHH.

B neiictBUTETbHOCTH (PUKCHPOBAHHBIM yPOBEHH TIFOKO3bI HAOJIOIAETCS B OpraHU3ME
JuIe B 0a3ajJbHOM COCTOSHUM (IIOCJE€ HOYHOTO ToioaaHusi). B Hopme OH HaxomuTcs B
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npenenax: 60-100 mr% (mr rmoko3sl Ha 100 r kpoBu). Jlaxke KpaTKOBpPEMEHHOE €ro
noHwkeHnue 10 40 Mr% rpo3uT rojoJaHUEM LEHTPaIbHOW HEPBHOM CUCTEMBI, a IPHU €ro
MPOJIJIEHUN — THUIOTJIMKEMHYECKOW Komoi. CMBICT BEpXHEW T'paHMIlbl 0a3aabHON HOPMBI B
100 Mr% cocTouT B TOM, YTO IPU €€ XPOHUYECKOM, AK€ HE3HAUUTEIBHOM, NPEBBILLIEHUN
pa3BuUBaIOTCS TUNWYHBIE TMo3AHUE ocnoxkHeHuss CJI [1]. Ilpu 3TOM KpaTKOBpEMEHHOE
MOBBIIIICHUE YPOBHS TIIFOKO3bI B KPOBU YeIOBeKa mociie enbl 10 160 Mr%, Heodxoammoe 1ist
HOJYyYEHHUs SHEPIMU €ro >KU3HENESITEIbHOCTH, MPOMCXOIUT 0e3 KAKMX-IMOO HEeraTMBHBIX
IIOCJICICTBUM.

Bxon + - ~ Brixon -
Perynstop > O0nekT >
Sanatommii »
CHTrHal,
yCTaBka ObparHas cBA3b

Puc. 1. Cxema aBTOMaTH4ECKOr0 PETyIsSTOpa IO OTKIOHEHUIO MOAEIUPOBAHUS
TOMEOCTaTHYECKON perynsanuu B opranuizMe no Hosocensuesy [3].

Od4eBUAHO, YTO 00ECTeUUTh (PU3MOTOTUYHOCTH PAbOTHl MMILIAHTHUPYEMOTO J03aTopa
WHCYJIMHA HEBO3MOXKHO HH B CIIy4ae 3aIaHHOW YCTaBKH I10 JIOITyCTUMOMY YPOBHIO TUIFOKO3HI,
HU TpU 33JaHAH TOJIOCHl JIOMYCTUMBIX €ro 3HadeHuid. T.e. ycTaBka MJOKHA OBITh
JTUHAMHYHOM, 00€CIeunBaTh JKeJIaeMbIil CpeIHHN MPOodUIb YPOBHS TIIOKO3BI y 30pPOBOTO
YeNI0BEeKa, C YIeTOM MHIUBHYabHBIX OCOOCHHOCTEH U PeKMMa MUTAHUS MTAlMEHTA.

dopMHUpOBaHWE JTUHAMHUYECKOW YCTaBKM BO3MOXHO IyTEM  MaTeMaTHYeCKOTO
MOJICTTUPOBAHUSl JTMHAMUKUA TIIOKO3Bl WM CHCTEMBI PETYJSAIHUU YTJIEBOJHOIO OOMEHa
3I0pPOBOTO 4YEJOBEKA. TaKuX MOENEH, B TOCICTHUE ACCATHICTHS, OBLUIO MPEIIOKEHO
necatku [8]. OnHako, JIHIIb OJHA U3 HUX, TOUYHEE IEJI0€ CEMENUCTBO MOJIeIel, TOCTPOSHHBIX
0 €IWHOMY TMPUHIUIY W OTIMYAIOIIMXCS MEXKIy COO00W YpOBHEM CTPYKTypH3alluH,
OKazanach Hamboyiee (DU3MOJIOTHYECKH aJeKBaTHOM U paborocnocobnort [9]. Hmke
MpUBeJeHa CcUCTeMa JBYX AuddepeHIMaabHbIX YpaBHEHHH IEPBOrO0 TMOPSAKA C
3ama3/bIBAIONIMM  apryMEHTOM JWHAMHUKH TJIIOKO3bl W HHCYJIMHA [ HauOolee
JIETATM3UPOBAHHON MOJIEIIHN:

V(O =(1=0,) £y () +(1=ra,) £, (D=2, () -A Wy (B~ Es(n(t—1)+

+B* Es(—y(t—1))—y Es (y(t-1)) -3 Es(g(t—1)-g*), 120,
JO=0F O+7 5 0)+0, ()W 4 (6)+1Es(y(t—1)+E Es (y(t-1))- (1)
—Cj(t-1), >0,

YO=(), j(6)=0(?), —1<1<0,

rae ¢ — BpeMsi B MUHYTax; y(t) U j(t) — OTKIIOHEHHsI TEKYIEro 3HAa4YeHHs TIIOKO3BI g(7) U
UHCYJMHA i(1) OT uX Oa3ajbHbIX 3HAUYEHWUH gy, ip, fp(1) — CKOPOCTh BHYTPUBEHHOIO (WU
NEepOPAIbHOr0) MOCTYIUIEHHUS TJIIOKO3bl B KPOBb; @y 4(1) — CKOPOCTh BHYTPUBEHHOTO
(MTOAKOKHOT0) MOCTYIUIEHUs] B KPOBb MHCYJIMHA; Es(z)z Ze(z) — moporoBasi QyHKIHs, I71e

e(z) — enunnyHas QyHkuus XeBucaina; ¢(t) u w(t) — HayanbHble (YHKIUH, HEOOXOANMbIE
JUIS  OJHO3HAYHOCTH peuieHud Iud@epeHIranbHbIX ypaBHEHHHA C  3ara3IbIBalONIM
apryMeHToM. B Mozenu y4reHbl Bce OCHOBHBIC (DAKTOPBI PETYJISALUU YIJIEBOJAHOTO OOMEHA!
CeKpelusl HMHCYJIMHA W €ro THIONNIMKeMU3Hpylomiee (TJII0OKO30MOHIKAOIIEe) AeHCTBUE,
XapakTepu3yemMoe IapaMmerpamud  a,, [, /A; TUNCPIIUKEMHU3UpYIOIIee JICHCTBHE
KOHTPPETYJIATOPHBIX TOPMOHOB C TIAPAMETPOM f'; HATMYHE TIIFOKO3BI B MOUe (TIIFOKO3YPHS),
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OMHChIBaeMasi mapaMeTpamu o M g*, a TakKe MHCYJTMHHE3aBUCUMAs YTUIU3AIUS TIIOKO3BI C
apaMeTpoM y.

JIOCTOMHCTBOM MOJeNIU SIBJISIETCS YYeT 3amas[bIBaHusl 7, MPHUCYIIEro BTOpoil ¢aze
CEeKpeIy WHCYJIMHA TOJDKEIYAOYHON JKele30H, W 3ama3iblBaHue B OJHY MHHYTY,
00yCIOBIICHHOE BpeMEHEM 000pOTa KPOBU 10 KPOBEHOCHOMY PYyCiTy (Ha 3TOM 3ara3abIBaHUHN
MOCTPOEH YHWCIEHHBIM Meroa ananu3a ypaBHeHudd (1) [10]). Dra monmens anekBaTHO
BOCIPOM3BOANUT KIMHUYECKUE JIaHHBIE O JWHAMHUKE TJIIOKO3bl B KPOBU UEJIOBEKa B TEUECHUU
CYTOK IIPH BBIOPAHHOM peXHUME MUTaHUs (puc. 2).

AQ MDT

' '
________ O
' '

' '

' '
| |

[

£1010] SN, QO SR O S S S U S S S

50

i i i | i
0 700 400 500 500 1000 1200 1400

Puc. 2. CyTounslii mpoduib IMHAMUKH TITIOKO3bI B HOPME B COOTBETCTBUH € MOAEINbIO (1).

[TomydeHHYIO TIMKEMHUYECKYI0 KPHUBYIO 3J0pOBOTO YEIOBEKAa YXKE MOXKHO OBLIO OBl
UCTIOJIb30BaTh B KAa4eCTBE JAMHAMHYECKOM YCTaBKM HMMIUIAHTHPYEMOT'O /103aTOpa HMHCYJIHHA
NalMeHTa MPU YCIOBUH, YTO OH OyIeT NPUACPKHUBATHCS PEKUMa MUTAaHHS, BEIOPAaHHOTO TIPH
HacTpoiike Mozenu. YToObl He cO37aBaTh MAIMEHTY MPOOJIEMBI U 00ECIIEYUTh eMy CBOOOIY B
pEeKMME TMUTAHUS HEOOXOAMMO CHAOMUTh HMMIUIAHTUPYEMBIH [103aTOpP HHCYJIMHA OJIOKOM
yIpaBieHUs, padOTalOIIeM HAa OCHOBE MAaTEMaTHUECKOW MOJETH CHCTEMBbl pPeryJIsuu
YIJIEBOJHOTO OOMEHA 370pPOBOTO HYEJOBEKAa, AaJalTUPOBAHHOW K peambHON (QYyHKIHH
BCaChIBaHU IIIOKO3BI B KPOBb MAIMEHTA f(?) Mocie mpruemMa MHIIH.

[Ipemmaraemasi cTpykTypa OHOTEXHHUYECKOW CHCTEMBI IIAllMEHT — J103aTOP MHCYJINHAY,
o0ecrieunBaroIIeii  aBTOMATHYECKYI0 HOPMAIbHYIO KOPPEKLIHUIO CHUCTEMBl PETYJISINUU
yIJIEBOJHOTO OOMeHa ImpeicTaBieHa Ha puc. 3 a. Ilpomecc Koppekmum peryimpyeMoin
JUHAMUKA TTUKeMUH G TTallMeHTa ONMCHIBACTCS] YPaBHEHHEM:

dGg
—=f(t)-x(G-g), K=16>0. (2)
dt
G -
» TlamienT > > f(2) + I y . 8
gt al > Oy
d(r)=6G-g) c | gs
f() IZlos'all"op' Gg X a Lhet Byli—1) e
incyainy ry +
g
_|Baok AnHam g L Es (vt — 1))«
"| ycrasoexn
a 0

Puc. 3. CrpykrypHas cxema BTC «nanueHT-103aTop HHCYJIHHAY.

[TpuHIMNIHATBHOE OTJIMYKE MIPEIaraéMoro ajiroputMa padboThl 103aTOpa B CIEAYIOIIEM.
B cymiecTBytomux 103aropax BBOJ HWHCYJIHMHA MPOU3BOJUTCS MO KECTKOM Mporpamme Wiu
JUTsl oOecrieueHusl ypoBHS TJIMKEMUH B 33/IaHHBIX Ipesenax. B Hamewm citydae 3a1aya cOCTOUT
B 00ECTIICUeHUHU HE YPOBHSI TJIMKEMHH, a €€ TUHAMHKH, C YIETOM TEKYIIETO YPOBHS TITIOKO3bI
U peXXuMa MUTaHUs.

HemnocpencrBeHHoe UCTIONB30BaHUE MaTeMaTudeckoid moaenu (1) Juist UCIob30BaHus B
yOpaBIIsoNneM OJ0Ke UMILIAHTHPYEMOIO J03aTOpa MHCYJIWHA 3aTPyAHUTEIBHO. YTIPOIlEeHNe
MOJIETTM  BO3MOXHO, €CIM TMpeHeOpedb KadecTBOM OIMCAaHUS  KOHTPETYJSATOPHOMN
TUMEPIIIMKEeMUYECKON KOPPEKIMU YPOBHSI TJIIOKO3bI, MPHUMKCATh €€ MapaMeTrpaM 3HaueHus,
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NPUCYIINE WHCYJIUHOBOW THITOTIIMKEMHYECKON PEryJsiH, U TaKKe OOBEINHHUTH ONMCAHUE
TJIOKO3ypUH € WMHCYJIMH-HE3aBUCHUMOM  yTMJIM3allMed  TJIIOKO3bI, OCTAaBUB  JIUIIb
rnukeMudeckuii Beixox mozaenu (1). IMomydeHHyro TakuM 00pa3oM yNpOIIEHHYIO MOJIENb
O070Ka JAMHAMHYECKOM YCTAaHOBKM MOXHO TMPEJICTaBUTh B BHAE cXeMbl (puc. 3 0).
OcoOeHHOCThIO ~ MOJEnu  siBAseTcss TOT  ¢akr, 4Yro paboTa  aBTOMATHYECKOTO
UMIUIAHTHPYEMOT'0 1103aTOpa HMHCYJIMHA 3aBUCHT OT JAMHAMHUYECKOH YCTaBKH, T.€ perepa,
3HaYEHHE KOTOPOTO M3MEHSIETCS B 3aBUCHMOCTH OT COCTOSHHS NAllMeHTA U PEXKUMA MUTAHUS:

()= (= 0) f(e)=Byle =)=y Es(¥(e 1) 3

HuddepennnansHoe ypaBHeHue (2), MpeAcTaBIeHHOE B BUIE:

17(€;
— G: t ’
7 + K f()+1<g

JIerKO UHTEerpupyercs [S]:

t t
G(t)=e™'1G, + j e [f(s)+xg(s)|ds f = Gye ™ + e_'qj e®[f(s)+xg(s)]ds -
0 0

3neck Gy — HavalnbHOE 3HAUYEHUE YPOBHA INMkeMuu G NAIUEHTa, IUHAMUKY KOTOPOIO

HE0OXOAMMO KOPPEKTUPOBATH MO TMHAMHYECKOMY MOJICIIBHOMY penepy (yCcTaBke):
g(t)=gy +(t)

rae g, — ee 0asalbHOE 3HAUCHHE, PaBHOE CpeaHeMy O0a3allbHOMY YPOBHIO TJIHKEMUU
3mopoBoro 4enmoBeka B 80 wmr%; y(t) — pemenue ypaBHenus (3); f(t) — omnmcaHue
WHTEHCUBHOCTH JICWCTBUTEIHHOTO TOCTYIUICHHUS TIIOKO3bI B KPOBb MAIlMEHTA U3 KHUIICYHHUKA
B TEUCHHE MPOJAOIDKUTEIHLHOTO BPEMEHH.

Kaxk mokasano B pabore [1], B cimydae TUIIMYHOTO TPEXPa30BOTO MUTAHUS C 3aBTPAKOM B 8
4acoB yTpa, 00enoM B 14 yacoB u y>kuHOM B 20 4acoB, GYHKIHIO f{?) MOKHO IPEICTaBUTH B
BU/JIE TPANIEIIMEBUAHOIO UMITYJIbCA C SKCIIOHEHIIMAILHO CTIaJAI0NINM 3aJAHUM (PPOHTOM

0, <0,

L 0<t<d

fp)=H| d’ S
1, d<t<T,
_e_m(t_T), t>T,

rae H, d, T, m — yucnoBble mapaMeTpsl co 3HaueHusMu: d = 5 mun, m = 0,1 MI/IH’I,TZ 35 muH;
H=26,10 Mr% MI/IH-I; H=28,71 Mmr% MI/IH-I; H=31,32 mr% MUH .

MNPOBEJAEHUWE YUCJIEHHOI'O OKCIHEPUMEHTA

Jlns mpoBeneHUs YUCIEHHOTO 3KCIEPUMEHTa ObUIM BBIOPAHBI CIEAYIOIINE MapamMeTphl
MOBEJICHUS TTAlIMEHTa B TeueHUH CyToK (1440 MunyT):

- Hauano moaenuposanus — 6:00;

- 3aBTpaK B 8:00 (120 MmunyTa);

- 06en B 14:00 (480 MunyTa);

- yxxuH B 20:00 (840 munyTa).

CkopocTh CHIKEHUS! YPOBHA TukeMuu GF B Mr%/MUH onpeaenseTcs HHTEHCUBHOCTHIO
BHYTpUBEHHOM WH(Yy3uu nHCcyuHa i’ B MKE1/MuH 10 popmyiie:

GF=-01-i".

PesynpTatel MonenupoBaHus pabOThl aBTOMATUYECKOTO HMILIAHTHPYEMOTO J03aTopa
WHCYJIMHA, AaJallTHPOBAHHOTO K HOPMAIbHOW paboTe MOMKETYJOYHOW >Kele3bl MpHU
pPa3IMYHBIX 0a3aTbHBIX YPOBHAX KOHIICHTPAIMH TJIFOKO3bl B KPOBH IMAIIMEHTA, TPUBECHBI Ha
puc. 4, 5.
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UucneHHble SKCIIEPUMEHTHI POBOIUIKNCH MPH CIAEAYIONIUX MapaMeTpax MOAEIH:

- 0a3aybHBINA YPOBEHB TIIIOKO3BI B «HOpME» g5 — 80 Mr%;

- OazanpHBINA ypoBeHb runeprinkemMuu GGy, — nBa Bapuanrta (180 mr% u 280 mr);

- MOMEHT Hayasna koppekuuu (mapamerp T) B muuyrtax T200 (140) T400 (340) —
TEXHHYECKas CABUXKKa Ha 60 MUHYT;

- CKOPOCTh CHWKCHHSI YPOBHS THUIEPIIIMKEMHH O JOCTIKEHUS HOPMAIBHOTO
rmKemMudeckoro mnpoduis (mapamerp GF), koropeiii npuHuMaer 3HaueHus: GF0.2
(GF=0,2 mr%/mun); GF0.3; GF0.5; GF1.0; GF'1.5; GF3.0; — npakTH4eCK1 MIHOBEHHO.

| Puc. 4. Moaens HOpMaIH3anuu

0 200 400 600 800 1000 1200 t/mmH CYTOYHOTO IIIMKEMHYECKOr0 NPOhHIL
nanuenTa ¢ CJl cpenneit TsSHKeCTH IpH
— | | ‘ TIOMOILLY BHYTPUBEHHOI'O J103aTOpa

I S R S N

MKER El_,u / 6 MHCYINHA (2 — TIIMKEMHYECKUE,
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A R v A e e i

|
t / wuH

I I
01 0 200 400 GO0 B00 1000 1200

1-e cyTku
0 I I \ I \ I I
0 200 400 GO0 BOO 1000 1200
3 I S RS B IV A A
0 ' ' ' ' ' ' '
W% \'\J/—“:n f\\i./\’: J \i/“\_ix—H—:m 2-e cyTkn Puc. 5. MHorocytouHas
L 3 --------- e HOPMAaJIM3AIUH YPOBHSI TITAKEMHH &
AN ANEEE D AN RN B MI'% C OMOIIBIO BHYTPHUBEHHOTO
0 L i L i i ' 7103aTOpa MHCYIIMHA.
I 20 400 GO0 BOO 1000 1200
£ NN
I EYA W2 WA VTR VAN ) R P
P R SN AC S O S B N
VA G WA\ FNVAG S T R
0 I I \ I \ I

] ]
0 20 400 B0 GO0 1000 1200 b/ v

Ha pucyHkax npuHATHI cieayonme 0003HaueHus:

1 — HOpMaNbHBIA TIMKEMHYECKHH Tpodmib g B Mr%, K KOTOPOMY IIPOW3BOAMTCS
KOPPEKTHPOBKA ¢ OMOIIBIO 103aTOpa UHCYJIMHA;

2 — peanbHBI THIEPIIIMKEeMAYECKH CyTO4HbIM mpoduns mammenta ¢ CJI cpenneit
TSAKECTH;

3 — u3MEHEeHue CyTOYHOro rimkemuuyeckoro npoduis mauuenra ¢ CJ Gg B mr% B
npoliecce KOppeKLny;
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4 — WHTEHCHBHOCTh BHYTPMBEHHOW MH(Y3MM HHCyIMHa B MKEI/MUH (paBHOMEPHO
BO3pacTamollas Ha NPSIMOJIMHEWHOM Yy4YacTKE M COOTBETCTBYMoLIass HeBsiske (G — g) B
JaTbHEHIIIEM);

5 — KpuBasi MOJIHOTO KOJINYECTBA BBEACHHOIO MHCYJIMHA OT Hayayla KOPPEKIHH.

BBIBO/IbI

B pesynbraTe UMCIEHHBIX OKCHEPUMEHTOB ObUIa TMOKa3aHa 3((HEKTUBHOCTH
pa3paboTaHHON MOJENM TUHAMUKHA YpPOBHS TJIIOKO3bI B KpOBH 4YenoBeka. [loka3aHo, 49TO
HOpMaJM3alysl YpPOBHs TJIFOKO3bI BO3MOJKHA B CIIy4ae W3BECTHOM JMHAMHUKH €€ B KPOBU
ManueHTa.

BBenenue uHCynMHAa B COOTBETCTBUM C HHAWMBUAYAIbHBIM QJIrOpUTMOM (KpuBas 4)
MO3BOJIIET HOPMAJIM30BaTh KOHLEHTPALMIO TIJIIOKO3bI B KPOBU HE3aBHUCHUMO OT pEXKUMa
IOUTAHUS TalKMeHTa, B OTJIMYME OT CYIIECTBYIOLUIMX QJITOPUTMOB pabOThl J103aTOPOB
MHCYJIMHA, paboTaONMX MO KECTKOH MporpaMme U TPeOYIOMINX MPHUAEPKUBATHCS PEKUMOB
MIUTaHUS.

Paborta nuMmianTUpyeMoro A03aTopa WHCYJIMHA J0JKHA OCYIIECTBISATHCS B CIENyIOLIEH
IIOCJIEI0BATEIbHOCTH:

- U3MEPEHNE AUHAMUKH YPOBHS INIFOKO3bl B TEUEHUHE CYTOK;

- BBEICHUE  HHCYJHMHAa 110  WHIMBUAYAIBHOMY  QITOPUTMY,  IO3BOJISIOLIEMY
CTaOMIM3UPOBATH YPOBEHBb KOHIIEHTPAIIMH TJIFOKO3bI Ha JUTHTEIBHBIA MEPUOI.

[lpakTuueckas peanuzanus pa3paOOTAHHOTO aIropuTMa padoThl HMMIUIAHTHPYEMOTO
J103aTOpa BO3MOYKHA, YUYMTHIBAsS COBPEMEHHBIE TEXHOJOIMH M3MEPEHHUS TEKYIIEro YpPOBHS
TJIIOKO3BI B KPOBH UEJIOBEKA.
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Background: Drying of biological fluids and saline biopolymer solutions is an actively researched topic,
since the textures of the films remaining on the substrate after evaporation carry information about the
state of the organism or biopolymer. Earlier, we have shown that the texture area and the amount of
zigzag crystallization patterns depend on the structural state of the biopolymer. Models of flows and
particle redistribution in a round sessile drop have been described by multiple authors, but in our
experiments the solution completely fills a square cell to its walls, which results in different drying
conditions and dynamics.

Objectives: Conducting a numerical simulation of liquid evaporation and the corresponding
redistribution of BSA and NaCl particles for a square 20x1x20 mm” cell.

Materials and methods: Liquid evaporation was simulated in the OpenFOAM continuous media
modeling package using the interThermalPhaseChangeFoam module, and the redistribution of the particle
concentrations (BSA, Na" and CI") in the solution was simulated using the method of biased random walk
on a discrete Cartesian lattice.

Results: According to the obtained results, for most of the drying time, the flows in the liquid are from
the corners to the center of the cell and from the diagonals to the walls of the cell, which leads to the
accumulation of a significant fraction of the particles near the walls. When the liquid-air interface in the
central part of the cell reaches the bottom, the surface tension forces quickly withdraw the solution to the
cell walls, although a small amount of liquid can remain as a drop in the center. After complete drying,
the majority of BSA and NaCl particles that did not settle at the cell walls were found to be concentrated
at a distance of 1-3 mm from the cell walls, in the form of a rounded band. A small amount of BSA is also
present in the central part of the cell, while the remainder of the salt is uniformly distributed over the
entire area of the cell due to its greater diffusivity.

Conclusions: Taking into account the experimental distributions of textures, these results support the
hypotheses that textures are not formed in the absence of a biopolymer, and that zigzag patterns are
formed in locations with high drying rate.

KEY WORDS: evaporation; modeling; protein; salt; square cell.

MOJAEJIOBAHHSA ITEPEPO3IOALTY BIJIKA I COJII
IPH BUCYIIYBAHHI PO3UMHY 3 KBAJIPATHOI KIOBETHU
J.M. I'nuonubKuii
Incmumym paoioghizuxu ma enexmponixu im. O. A. Ycuxosa HAH Yrpainu,
eyn. Ax. Ilpockypu 12, m. Xapxis, 61085, Yrpaina

AxTyanabHicTh. BucuxaHHs OioOriuHMX pIIUH Ta COJbOBHX PO3YMHIB OIOMOJIMEPIB € aKTUBHO
JOCTI/DKYBAHOIO TEMOI, OCKIJIBKHM TEKCTYpH IUTIBOK, IO 3aJHIIAIOThCS HA IMUIOKIN  ITICHS
BUIIAPOBYBaHHS, HECYTh iH(OpMaIilo PO CTaH opraHizMy abo Oiomoiimepa. B Hammx monepeaHix
poborax Oyio MmokazaHo, IO IUIOMIA TEKCTYpP Ta 3/JaTHICTh 10 ()OPMYBaHHS 3MI3arornofiOHMX MaTepHiB
KpHCTaJi3alii 3ajexars Bil CTPYKTypHOro cTaHy OiononiMepa. MozentoBaHHS TeUiil Ta Mepepo3noainy
YacTOK JUIs CTAHJApTHOTO BHIMAJAKY KPYIJIOl CHISMYOl Kparuli MPOBOAMIOCS OaraTbMa aBTOpamH, aje B
HAIIMX EKCIIEPUMEHTaX PO3YHH ITOBHICTIO 3alIOBHIOE KBAJIPAaTHY KIOBETY JI0 PiBHA ii CTIHOK, III0 CTBOPIOE
IHIII YMOBY BUIIAPOBYBAHHS Ta XiJI MPOIIECY BUCUXAHHSI.

Meta podoru. [IpoBecTr urcenbHe MOJENIOBAaHHS BUIIAPOBYBAHHS PIAMHH Ta BUKIUKAHOI'O HUM PYyXY
gacturok BCA i NaCl s kBaapaTHoi kioBeT 20% 120 My’

Marepianu i MmeTogn. MojientoBaHHSI BUNAPOBYBAHHS PiJMHHU 31HCHIOBAJIOCS Y TAaKeTI MOJIEITIOBAHHS
cyninpHEX cepemoBuil OpenFOAM i3 3acrocyBanHsM monyito interThermalPhaseChangeFoam, a

© Glibitskiy D.M., 2018
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nepeposnonin konuentpauii acrok (BCA, Na“ i Cl) y po3umHi MOIETIOBABCA METOIOM 3MilllEHOTrO
BHUIIaJIKOBOTO OJyKaHHS Ha AUCKpeTHIN J{exapToBiil penmiTii.

PesyabraTu. 3rigHO 3 OTPUMaHMMHU PE3yJbTaTaMHM, BIIPOJOBX OCHOBHOTO 4Yacy CyIIKH Tedii y pimuHi
HalpaBJieHI BiJ KyTiB J0 IIEHTpa KIOBETH Ta Bij JiaroHajel /J0 CTIHOK KIOBETH, IO NPU3BOJMTH /10
HAKOIMYEHHS 3HAYHOI JOJI YacTUHOK Oinst criHok. Konu moBepXHs piIMHM y IEHTpPaJIBHIA YacTHHI
KIOBETH TOPKA€ETHCS JIHA, CHJIM IMOBEPXHEBOI'O HATATY LIBHJKO BiITATYIOTh PO3YMH JIO CTIHOK KIOBETH,
X0ua HEBENWKA KIJIbKICTh PIIMHU MOXE 3aJHIIMTHCSA y LEHTpi y Burisial kparm. [licms moBHOro
BHCHXaHHs, OCHOBHA KilbKicTh yacTMHOK BCA i NaCl, mo He ocima Oiis CTIHOK KIOBETH, BUSBUJIACS
30CEpEePKEHOI0 Ha BiJcTaHl 1-3 MM BiJ KpaiB KIOBETH Y BUIJISIL 3aKpyriieHOI cMyrd. HeBennka KinbKicTh
BCA Ttakox npHucyTHs y LEHTpaIbHIi 4acTHHI KIOBETH, TO/I SIK PEIITa COJli pIBHOMIPHO PO3IOJIiIeHa 110
BCil IIIOMII KIOBETH 3aB/SIKH OUTBIIIH M y3MBHOCTI.

BucnoBku. bepyun 10 yBarm eKCHepUMEHTANbHI DPO3IOAIIM TEKCTYp, I Pe3yJabTaTH CBiA4aTh Ha
KOPHUCTH TIMOTE3, 10 TEKCTYPU HE YTBOPIOIOTHCS 3a BIACYTHOCTI OiommosiiMepa, a 3ur3aroo/IioHi maTepHu
(OpPMYIOTBCS Y JUISTHKAX 3 BUCOKOIO MIBUAKICTIO BUCYIIYBaHHSI.

KJIIOYOBI CJIOBA: BrniapoByBaHHS; MOJEIIIOBaHHS; O1I0K; ClJIb; KBa/IpaTHA KIOBETA.

MOJAEJIUPOBAHUE INEPEPACITPEAEJEHUS BEJIKA U COJIU
ITPU BLICYILIMBAHUU PACTBOPA W3 KBAJIPATHOM KIOBETHI
J.M. I'nuonukui
Hnemumym paouoguzuxu u snexkmponuxu um. A. A. Ycuxosa HAH Yxpaunei,
ya. Ak. Ipockypu 12, 2. Xapvkos, 61085, Vkpauna

AKTyaJbHOCTh. BrIChIXaHHe OHMOJOTHYECKHX MKHMIKOCTEH M COJIEBBIX PAacTBOPOB OHOMOIMMEPOB —
aKTHBHO UCCIIeAyeMasi 00J1acTh, TaK KaK TEKCTYpPHI IDIEHOK, OCTAIOUIMECS Ha MOJI0KKE MOCIIe HCIIapEeHNs,
HecyT MH(pOPMAIMIO O COCTOSHHU OpraHu3Ma WiM Ouonoiumepa. Panee Hamu ObUIO ITOKAa3aHO, YTO
IUIOLIAb TEKCTYp U CIIOCOOHOCTh K (DOPMHPOBAHMIO 3Ur3arorno00HBIX MAaTTEPHOB KPUCTAIUTU3AIMU
3aBHCAT OT CTPYKTYpPHOT'O COCTOSIHHSI OMomnonumepa. MojenrpoBaHue TEUEHHH W TepepacipeieieHus
YacTHIl JJIsl CTAaHIAPTHOTO CiIydas KPYIJIOH CHASYeH KaIuld HPOBOIMIOCH MHOTHMHU aBTOpaMH, HO B
HAIIMX JKCIIEPUMEHTaX PacTBOP IMOJHOCTHIO 3aIONIHSET KBAJIPAaTHYIO KIOBETY /IO YPOBHS €€ CTEHOK, YTO
CO3J1aeT ApyTUe YCIOBUS UCHApeHHs U X0/ poliecca BBICBIXaHHUS.

Heas pa6orbl. [IpoBecTn wyKcIeHHOE MOJEIMPOBAHHME HCHAPEHUS JKUIKOCTH M BBI3BAHHOTO UM
newxenus yactuil BCA u NaCl mis kBagpaTHo# kKroBeThl 20% 1x20 MM,

Matepnansl u MeToabl. MonenupoBaHHe HCIAPEHHs JKUIKOCTH  BBINOJIHAJIOCH B IaKeTe
MojenupoBaHus cruonHbX cpen OpenFOAM c npumenennem monysst interThermalPhaseChangeFoam,
a mepepacnpenenenne konnenTpammii yactun (BCA, Na® u Cl7) B pacTBope MOJIeIMPOBANOCh METOIOM
CMEIIEHHOTO CIy4YaifHOro OJIYy)KIaHUs Ha TUCKPETHOH J[ekapToBoli pereTke.

PesyabraTbl. COrizacHoO MONyYeHHBIM pe3yJbTaTaM, B TEYEHHE OCHOBHOTO BPEMEHH CYIIKH TEYEHHs B
JKUJIKOCTH HAIIPABJICHBI OT YIJIOB K IIEHTPY KIOBETHI U OT TUATOHAJICH K CTCHKAaM KIOBETBI, UTO ITPUBOIUT
K HaKOIUICHHIO 3HAYUTENBHOM JOJIM YacTHIl Y CTeHOK. Korjga moBepXHOCTh JKMAKOCTH B IIEHTPAJIBHOM
YaCTH KIOBETHI KacaeTcsl IHa, CHJIbI IIOBEPXHOCTHOI'O HATSHKEHHS OBICTPO OTTSATUBAIOT PACTBOP K CTEHKaM
KIOBETHI, XOTsl HEOOJbIIOE KOJMYECTBO JKUAKOCTH MOXKET OCTaThCsi B LIEHTPEe B Bujae Karmu. Ilocie
TMIOJTHOT'O BBICKIXaHus, ocHOBHOe KoimdecTBo yacTull BCA u NaCl, koTopoe He 0Ceno y CTeHOK KIOBETHI,
0Ka3aJ10Ch COCPEIOTOUYEHHBIM Ha PACCTOSHUM 1-3 MM OT KpaeB KIOBETHI B BUJE 3aKPYIJICHHOH MOJIOCHL.
HeGonpmioe konmnuectBo BCA Tarxke NmpUCYyTCTBYET B IIEHTPaJIbHON YacTH KIOBETHI, TOTAA KaK OCTaTOK
COJIM PAaBHOMEPHO pacIipe/ieiicH MO BCeH IUIONIA TN KIOBETHI U3-3a 00MbIeii Tud G y3uBHOCTH.

BoiBoapl. [IpuHMMas BO BHHUMAaHHE SKCIICPUMEHTANIBHBIC PACIPEICICHUS TEKCTYp, OTH PE3YJIbTATHI
CBUJIETENBCTBYIOT B MOJIB3Y THIIOTE3, YTO TEKCTYpHl HE 00pa3yroTCs NPU OTCYTCTBHM OWoIoiInMepa, a
3WUI3aronogo0HbIe MATTEPHBI POPMHUPYIOTCS Ha Y4acTKaX C BHICOKOH CKOPOCTBIO CYIIKH.

KJIIOUYEBBIE CJIOBA: ncnapenyne; MOeIMpOBaHUe; OEIOK; COJIb; KBaJpaTHasl KIOBETa.

Evaporation of colloidal solutions has promising applications in a number of industries,
such as medicine [1-3], agriculture [4, 5] and microelectronics [6, 7]. Films obtained as a
result of the evaporation of biological fluids or saline solutions of biopolymers were
investigated by various authors [8-14]; in particular, our experiments have shown that the
structural state of the biopolymer affects the area of visible textures [15] and the number of
zigzag crystallization patterns on the film [16-18].

Mechanisms of drying of colloid-salt solution droplets, as well as mechanisms of pattern
formation on the resulting films, are an actively studied subject [19-24]. However, instead of
the standard method of sessile droplet evaporation, we use a flat cell filled with solution to
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improve reproducibility of the contours and the areas of the obtained films. This changes the
evaporation conditions and the course of drying compared to the free drop, which does not let
us draw direct analogies with the existing models of particle redistribution in the drying
droplet. Due to the fact that the geometry of our cell (square 20x20 mm” cell with 1 mm high
walls) cannot be reduced to an axially symmetric 2D case, the theoretical analysis of the
problem is considerably complicated; therefore, in this study we conducted a numerical
simulation of fluid evaporation and of the corresponding particle motion for a square cell.

MODEL

As a first approximation, the following assumptions were made during the simulation:

1. Available concentrations of protein and salt do not affect the overall course of
hydrodynamics and evaporation: for most of the drying time, the mass fraction of BSA
(bovine serum albumin) and NaCl in the solution is very low (about 0.2-2%), so their effect
on viscosity, thermal conductivity, surface tension, and other physical and chemical properties
of the solvent can be considered negligible; accordingly, liquid evaporation can be simulated
separately from particle redistribution.

2. Inhibition of the Marangoni effect: although in theory the contribution of the
Marangoni flows must be noticeable in evaporating droplets of pure water, in practice their
effect is very weak due to residual contamination by surface-active substances [25].

3. The effect of contact line pinning is ignored (due to the complexity of modeling this
phenomenon in the OpenFOAM package).

4. Absence of particle aggregation: the present concentration of NaCl salt is not large
enough to completely compensate the charge of BSA, so during the simulation it was
assumed that protein molecules effectively do not aggregate.

Simulation of fluid evaporation in a square cell

The simulation of fluid evaporation was performed in the OpenFOAM continuous media
finite element modeling package. For hydrodynamic problems with two phases this package
uses a volume-of-fluid method, where the amount of liquid in each spatial element of the
computational domain is represented by the "volume-of-fluid" quantity ¢ . To model the
phenomena of mass and heat transport, surface tension and phase transition, the
interThermalPhaseChangeFoam module [26, 27] was used, which solves the conservation
equations for mass (using the Poisson equation), momentum (taking into account viscous
forces, pressure, surface tension and gravity), thermal energy (taking into account the
convection and heat conduction phenomena) and volume-of-fluid (with corrections to
compress the interface and counteract numerical diffusion).
The cells we use for obtaining films have a volume of 20x1x20 mm”. Since the initial volume
of the solution is 0.5 ml, the height of the liquid can reach 1.3 mm, so an additional 1 mm of
air above the cell was included in the computational domain. To accelerate the simulation, the
domain was limited to a rectangular volume of 10x2x10 mm’ along the axes X, Y and Z,
respectively (Fig. 1), which corresponds to a quarter of the cell. This volume was divided into
cubic 0.1x0.1x0.1 mm” finite elements in the form of a three-dimensional grid (100x20x100
elements along the corresponding axes).

To assign the boundary conditions, the surface of the computational domain was divided
into 4 areas: the XY side, the YZ side, the surface below 1 mm ("cell") and the surface above
I mm ("air"). The boundary conditions for these areas are given in the Table 1.
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Fig. 1. The computational domain and the coordinate system used in the calculations.

Table 1. Boundary conditions for the values used in modeling of evaporation. V v denotes the gradient in

the direction normal to the boundary surface. The value of the wetting angle was taken from [28], the
temperature corresponds to the experimental values [16, 17], and the rest of the boundary conditions were
chosen in accordance with the conventional practices [29]

"Cell" area "Air" area XY and YZ sides
Volume-of-fluid & Wetting angle = 36.7° Outside: VNOC = 0; Symmetry planes
inside: ¢ =0

Enthalpy H V.H =0 V. H =0 Symmetry planes
Difference l?etween static | v/ o ( p— pgh) -0 p—pgh =0 Symmetry planes
and hydraulic pressure

p—pgh

Velocity U U =(0,0,0) V.U =0 Symmetry planes
Temperature 7' T =40°C T =40°C Symmetry planes

Initial values for the fields H, p— pgh, U and T for the whole domain were initialized
as 0J, 0 Pa, 0 m/s and 40 °C, respectively.

In our experiments, it was observed that after 7., = 20 min in the drying chamber,
0.060+0.003 g of a solution evaporates from the cell, and 0.22440.003 g after ¢, = 80 min.
Correspondingly, 0.5 ml of a solution completely evaporates in 3 hours on average.

Due to the simulation taking a lot of time to compute, it was decided to start with
0.333 ml of water (which corresponds to 7., =1 hour). Assuming that the nature of the
currents within the liquid stays the same for most of the drying time, this shouldn't
significantly affect the final deposition distributions. To account for the liquid meniscus,
which forms near the cell walls due to surface tension, the field a was initialized using the
formula (1)

oc(x,y,z): min(max((h(x,z)—y)/LE +0.5, 0), 1) ,
, P (1)
h(x,2) = he —(he = by, )-min (w,, —max((x,|2[))/ w,, 1),

where L, = 0.1 mm is the size of the finite element, 4. = 1 mm is the height of the cell walls,

2

We,, = 10 mm 1s the half-width of the cell; the rest of the parameters were chosen empirically
to approximate the surface of 0.333 ml of liquid: 4, = 0.75 mm (height of the liquid at the

cell center), w,, = 3.5 mm (width of the meniscus), P = 1/3 (empirical coefficient

determining the shape of the meniscus). The min() and max() denote the minimum and
maximum of a set of values, respectively (the same notation is used throughout the paper).
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The simulation was performed using the incompressible Newtonian fluid and laminar
flow approximations, the Brackbill surface tension model [30] and the "Interface Equilibrium
— No Dilatation" phase change model [26]. The properties of the liquid and gaseous phases
that were used in the simulation are given in the Table 2.

Table 2. Physical properties of water and its vapor at 40 °C

Kinematic viscosity of water, m?/s 0.658-10°° [31]
Density of water, kg/m’ 992 [31]
Thermal conductivity of water, W/(m-K) 0.631 [31]
Specific heat of water, J/(kg-K) 4178 [31]
Kinematic viscosity of water vapor, m*/s 20.5-10°° [31]
Density of water vapor, kg/m’ 0.598 [31]
Thermal conductivity of water vapor, W/(m-K) 0.025 [31]
Specific heat of water vapor, J/(kg-K) 2077 [31]
Surface tension, kg/s’ 0.0695 [32]
Phase change enthalpy, J/kg 2264705 [33]

Since the direction of the phase change (i.e., whether evaporation or condensation takes
place) in interThermalPhaseChangeFoam [26, 27] is determined by the difference between the
temperature of the finite element 7 and the saturation temperature 7. of the liquid, we had

sat
to set the saturation temperature lower than the temperature of the cell (7., = 10 °C to reduce

yat
the computational time) and to use a model which did not incorporate formation of vapor
bubbles. As a result, the rate of evaporation in the simulation was 2-3 orders of magnitude
higher than in the experiment; however, the qualitative nature of the obtained currents can
still be useful as a first approximation in particle redistribution modeling. In order to correlate

the simulation results with the experiment, simulation time ¢, ~was matched to the

"experimental time" 7 based on the volume of water remaining in the cell (2):

texp = ttotal(l_ 4VVvE za(la]’k)] 4 (2)

0 ij.k

-12 3

where the total drying time ¢, , = 10800 s, the volume of the finite element V, = 10" m’,

total

the initial volume of the solution V, = 5107 m’, (i, j,k) is the three-dimensional index of
the corresponding finite element. In the simulation of particle redistribution, velocity values
U were also scaled accordingly.

Modeling of redistribution of colloidal particles and dissolved salt

To simulate the particle redistribution in the solution, biased random walk on a discrete
Cartesian lattice (with cubical elements) was used, where the probability of particle
movement between adjacent lattice cells depends on the vector of fluid velocity (the details
are laid out in the "Calculation of the probability of particle motion" section). The same
number of elements (100x20x100) was used as the size of the discrete lattice. BSA and salt
concentrations were initialized as evenly distributed over the volume of the liquid; assuming
that the nature of the currents within the liquid stays the same for most of the drying time, this
shouldn't significantly affect the final deposition distributions.
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The algorithm for simulating particle motion was based on the ideas described in [34,
35]. The overall structure of the algorithm is depicted in Fig. 2.

( Initialization of particle concentration distribution >

At time ¢

Interpolation of the U, A, o fields at time ¢

v

Calculation of the simulation step At

v

Calculation of volume fraction and
diffusion coefficient of the particles

v

Calculation of the probability of particle motion

v

Redistribution of particle concentrations

v

Next simulation step ¢ = ¢ + At

If t < toq

If > toa

>l
)l

( Plotting particle concentration distributions )

Fig. 2. Block diagram of the algorithm for simulation of particle redistribution.

During the simulation, BSA molecules and dissolved salt ions (Na', C1") were considered
separate types of particles. Initial concentrations and physical parameters of these particles are
shown in Table. 3

Table 3. Parameters of particles used in calculations. For BSA, r, was taken from [36], Vp from [37],
m, from [38]. For Na' and CI', r, was taken from [39], Vp was calculated as the volume of spheres of Van

der Waals radius [40], and 7, was taken from [41]

Parameter BSA Na* Ccr
Concentration C,,, mol/m’ 75107 20 20
Stokes radius 7, m 4107 1.8410™ 12110
Volume V,, m* 8.09-10° 4.90-10 % 224107
Mass m,,, kg 1.10-10°7 3.82:10°° 5.89-10%°

Interpolation of the U, h, a fields at time ¢
The fields of velocities U, and volume-of-fluid @, at a time ¢ were obtained by linear

interpolation of snapshots (3-5), which were recorded at regular intervals during the
simulation of fluid evaporation. Since water-air interface can move more than one lattice cell
per snapshot, interpolation of the field o was not performed directly. Instead, a height-map
h, was constructed for each ¢, snapshot, and the field ¢, at time t was calculated from the

interpolated height-map 7, (5):
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U,(5.2,2)=(1=7)-U,(x.2,2)+7-U,.,(x.3.2), 3)
hy(x,2)=(1=7)-h, (x,2) + 7By, (x,2), 4)
a,(x,y,z)=min (max((%, (x,z)-y)/ L, +0.5,0),1), ®)

where Un, h, are snapshots of the velocity field and the height-map at the time ¢, , the

interpolation coefficient 7 =(¢—¢,)/(¢,,, —t,), the size of the finite element L, = 0.1 mm.

n+l

Calculation of the simulation step A¢
The simulation of motion of colloidal particles was performed using the 7., time scale

(ie. it started at 7, = 1 hour and ended at 7., = 3 hours) and a variable time step.

To ensure the correctness of the calculations, the duration of the simulation step Ar must
be such that the distance traveled by any particle during the step is not larger than the linear
size of the lattice element L, :

AU <L, (©6)
where U, 1s the maximum projection of velocity in this simulation step
U i) = max (U i, KU, Gk LU G ),

Upee = 0ax (U (6, 6) i =1, N3 j = 1oy Nk = 1,0, N, ).

It was decided to limit the maximal particle distance per step to 1/3 of lattice element
size, as a compromise between the simulation fidelity and the time spent on computation.
Correspondingly,

(7

LE

1
At =— .
3U, . ®)

Calculation of volume fraction and diffusion coefficient of the particles
Each element of the lattice may contain colloidal particles (BSA) and ions of dissolved
salt (Na", CI). In contrast to the papers [34, 35], the number of particles in this case is too
large for them to be modeled individually. Thus particle movement was simulated as the
redistribution of the amount of substance between the adjacent lattice elements.
If we consider colloidal (BSA) and dissolved (Na', CI") particles to be solid spheres, their
amount in the lattice element is limited by the condition

¢t0tal (l’ j’k)< ¢max : (9)
where ¢,,,(i, j,k) is the total volume fraction in the lattice element (i, /,k), ¢, is the

maximum packing fraction. When ¢,,, approaches ¢, , the particles within the element

(BSA, Na’, CI') are packed so densely that their movement becomes virtually impossible.
The total volume fraction is the sum of volume fractions ¢p(z', j,k) of each type of

particle p
Bura(-1.5) = 29, 1. F). (10)
P

¢p (z', 7 k), n turn, is calculated as
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¢, j.k)=n,i, j,k) N, -V, IV, (11)
where n, (z', j,k) is the amount of substance of particles of type p in the corresponding lattice
element, N, is the Avogadro number, V, is the volume of a particle of type p, V. is the
volume of the lattice element.

The value of ¢, is determined by the packing geometry, which depends on the shape

and size distribution of the particles, but not on the particle size. For solid spheres, the
theoretical value is usually taken ¢, = 0.64 [42], which corresponds to random close

packing. However, according to the experimental studies of solid sphere dispersions [43, 44],
molecular mobility disappears when the volume fraction reaches the value of colloidal glass
transition ¢, [43, 44]. For monodisperse solid spheres ¢, = 0.58 [45, 46].

Our system is polydisperse (BSA, Na" and CI particles have different size), so ¢, of
each lattice element will depend on its content. Since ¢, estimation formula appears to only

exist for the bi-disperse case in the published literature [47], here we use it under the
assumption that Na" and CI” can be reasonably treated as one species (compared to BSA):

. ¢max mono ¢max mono
= min , , 12
¢max [1 -w (1 - ¢max mono ) w ( )
w= ¢large /(¢large + small) > (13)

where ¢,

max mono

is the maximum packing fraction of a monodisperse system (¢, in this case),

Diarge 18 the volume fraction of large particles, ¢

sma

, 15 the volume fraction of small particles.

Freedom of particle movement in a lattice element (i, j,k) can be characterized as

CD(i,j,k)Zl—(bmm;s(i’j’k). (14)

This value modulates the number of particles that can move between the lattice elements
in a single simulation step, and is also used in the Krieger and Dougherty's semi-empirical
formula [48] for calculating local viscosity of the dispersion:

.. _¢max
uli, j.k)= .(1——¢’0’“’¢(Z’J’k)] : (13)

where . 1s the dynamic viscosity of the liquid.

In addition to fluid advection, the particles can also move between lattice elements due to
diffusion. The diffusion coefficient D, for a spherical particle p can be estimated from the
Stokes-Einstein equation:

ky-T
67T-u(i,j,k)-rp ’ (16)

where k, is the Boltzmann constant, 7' is the temperature, r, is the Stokes particle radius.

D, (i, j.k)=

Calculation of the probability of particle motion
When simulating random walk on a grid, during one simulation step a single particle
may, with a certain probability P, move into one of the neighboring lattice elements or stay
in place (mutually exclusive events). In the case of a large number of particles, these
probabilities can be considered proportional to the amount of substance An that has moved in
the corresponding direction:
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An(i, j,k,Ai, Aj, Ak)
ni, j, k)
where n(i, j,k) is the amount of substance in a lattice element with a three-dimensional index
(i, j,k),and Ai,Aj,Ak € {-1,0,1} denote the direction of particle movement.

For biased random walk, particle movement along the direction of the flow should be
more likely than the movement in the opposite direction. Three methods for calculating the
corresponding probabilities were considered.

~ P(i, j,k,Ai, Aj,Ak), (17)

Particle motion probability calculation: method 1
The first method was described in [34], where the probabilities of particle movement
depended only on the velocity field:

JRLE L
=Nl TU,,
U
L PP
oaNl U, (18)
e,
2N

P =1-(P +P +P +P +P_+P_),
P,
corresponding axes, P, is the probability of the particle staying in place, N = 3 is the

where P, P _, P _ are the probabilities of movement in the direction of the

+x 2 +y?2

dimensionality of space, U, U,, U_ are the components of the velocity field vector at a

given point, U 1s the maximum projection of velocity in this simulation step.

To take into account the duration of the simulation step, the probabilities of transitions
were calculated in the following way:

b At-lU, G, k) | lJ_ar(i,j,k)/Umax]
= L, 6 ’
. AU ) | (12U, k) U
a L, 6 ’
AU G, k) (12U, j k)/U ]
P+ = ° ’
= L, 6 (19)

P,.=P +P. +P_y +P+y +P_+P

P(i, j,k+1,0,0)= P, /max(P,,,1),

P(i, j,k,0,£1,0)= P, /max(P,,.1),

P(i, j,k,0,0,£1)= P, /max(P,,,1),
P(i, j,k,0,0,0)=1-min(2,,,1),

where At is the simulation step duration, L, is the size of the lattice element.

Particle motion probability calculation: method 2
The idea of the second method was taken from the paper [35], according to which the
probability of particle movement between lattice elements is proportional to the Boltzmann
distribution:
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P, cexp(— Eg /k,T), (20)

where P is the probability of finding a particle in the state S, E is the energy of state S,
kj 1s the Boltzmann constant, 7" is the temperature, exp() is the exponential function.

In this case, the E; corresponds to the work that a particle must perform against the
Stokes' drag to move to a certain distance in a given direction:

Ey(V)=—6m-p-r,-(U-V), 1)
where U is the vector of liquid velocity at a given point, v is the direction vector along
which the particle may move during the simulation step At

ﬁszk-(At-‘U), (22)

where Aijk is the unit vector in the direction of the neighboring lattice element (or a zero

vector in the case of the particle remaining in place).
Combining the equations (20-22), we obtain

6rur -U_-\At-lU U _-\At-\U
P, =C-exp| £ add Bt ( X) =C-exp iL") ,
- k,T D,
6rur U -\At-lU U, -\At-lU
P+y=C-exp 4 KTyt ( ‘ y‘) —C-exp| + y ( ‘ y‘) ’
- k,T D,
(23)
6z ur,-U,-(Ar-|U.)) U.-(ac{u))
P_=C-exp| £ =C-exp| t———=|,
- k,T D,
6 ur -U-0
P =C-exp add =C-1,
k,T
where P, P_, P, P, P_, P, are the probabilities of movement in the direction of the

corresponding axes, P, is the probability of the particle staying in place, U, U, U are the
components of the velocity field vector at a given point, D, is the diffusion coefficient at a

given point, C is an arbitrary constant. Accordingly,
P,=P . +P . +P +P +P +P_+P

P(i, j,k+1,0,0)=P, /P

P(i, j,k,0,£1,0)=P. /P, (24)
P(i, ,k,0,0x1)=P, /P

P(i, },k,0,0,0)=P, /P

sum 2

+
tz sum 2
w sum *

Particle motion probability calculation: method 3
In the third method of probability calculation, a simplified geometric interpretation of
particle motion was used (Fig. 3). Assuming that at a time ¢ the particles uniformly fill the

volume V. = LE3 of the (i, j,k) element, and during the simulation step A¢ their movement
consists of translation along the fluid velocity vector (Af-U) and random Brownian
displacement (up to a distance /6D ,At), then at the moment ¢+ As these particles will

approximately occupy the cubic volume V"
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pix (L, + 260,61, (25)

which will partially intersect with several lattice elements.

(i, i+1, k) (i+1,j+1, k)

i ___T_-..'_—_::# JOD At

(1, j, k) (i+1,j, k)

Fig. 3. Schematic illustration of particle motion in the third method of probability calculation.

Accordingly, the probability of particles to remain in the element (i, j,k) or to move to a
neighboring lattice element will be proportional to the volume of the intersection of the cube
J' with the volume of the corresponding cubic element:

B, =max(L, -(Ai+0.5), Ar-U, + .J6D A7),
B., =max(L, -(A/£0.5), At-U, + J6D Ar),
B.. =max(L, -(Ak+£0.5), At-U_ + [6D At),

L, =max(B,,-B_.,0), (26)
L,= max(B+y -B , 0),
L. =max(B,.-B_,0),

L -
P(i, j,k,Ai, Aj, Ak )= T}

Additional rules for calculating probabilities and redistribution of concentrations

The following additional rules were also used in the modeling of particle redistribution.

In the case when a lattice element contains no water (« (i, j,k) = 0), the particles of this
element are only allowed to move vertically down (or remain in place, if j = 0). It simulates
the effect of gravity and prevents the movement of particles in completely dried regions.

On the boundaries of the computational domain, particle motion is limited by the
corresponding boundary conditions (motion beyond the cell walls and the cell bottom is
prohibited, and is reflected at the symmetry planes). Other types of particle interaction with
the cell walls and bottom (e.g. sticking to the surface) were not modeled in this study.

Since particles can not move beyond the liquid-air boundary and should be less likely to
move to densely packed lattice elements, the motion in the direction of the neighboring
elements is also limited as follows:

P'(i, j, ke, Ai, A, Ak )= D(i + Ai, j+ Aj, b + Ak ) x
xmin(P(i, j,k, Ai, Aj, Ak ), a(i + Ai, j + Aj, k + Ak))’
where «a is the amount of fluid in the element, @ is the degree of mobility (14).

27)
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After applying these rules, the probability sum can be less than one, so the probability of

particles remaining in the element (i, j,k) is recalculated as
P'(i,j.k,0,0,0)=1=->"3">"P'(i, j,k,Ai,Aj, Ak), (i, A, Ak)=(0,0,0). (28)
Al N Ak

In the absence of an external electric field, the concentrations of Na™ and CI ions,
averaged over the volume of the cubic lattice element, can always be considered the same, so
during the simulation, the redistribution of Na" and CI particles between the lattice elements
was synchronized.

To prevent accumulation of rounding errors, at the end of each simulation step the
amount of substance of BSA, Na' and CI in the lattice elements was normalized to maintain
the total number of the corresponding particles.

RESULTS AND DISCUSSION
The course of liquid evaporation, obtained as a result of numerical simulation, is shown
in Fig. 4-7. Until the surface of the liquid reached the bottom of the cell, the convective flows
in the solution exhibit the character illustrated in Fig. 4: a diagonal flow from the corner to the
center of the cell, as well as the circulation between the diagonal and the cell walls (spiraling
toward the cell corner).

Fig. 4. Flow directions at the time 7, =1 hour 13 min. Solid arrows denote the currents along the cell bottom,

and dotted arrows denote the currents along the surface of the liquid.

As the evaporation progresses, the flow becomes more chaotic (Fig. 5a), but its general
character is maintained almost up to 2/3 of the total drying time (Fig. 5b).

(b)

Fig. 5. Flow directions at the time (a) £, =1 hour 36 min, (b) £, = 1 hour 53 min.
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When the liquid-air interface at a certain point reaches the cell bottom (Fig. 6a), the
surface tension forces quickly withdraw the solution to the cell walls, although a small
amount of liquid can remain as a drop in the center (Fig. 6b).

(b)

Fig. 6. Formation of a "hole" in the liquid surface (a), #,,. =1 hour 54 min;

exp

the central part of the cell is left without liquid, except for a drop in the middle (b), Z.,, = 1 hour 56 min.

After this, the flows stabilize, resulting in a circulation between the cell bottom, the cell
walls and the surface of the liquid (Fig. 7a), and the rest of the time the liquid dries toward the
cell walls (Fig. 7b).

(b)

=2 hours 19 min, (b) ¢_ . =2 hours 42 min.

exp

Fig. 7. Flow directions and fluid profile at the time (a)

exp

The distribution of protein and salt concentrations for the first method of probability
calculation is shown in Fig. 8 (a, b), respectively. Since the probability of particle movement
in this method depends only on the fluid velocity field, the resulting BSA and NaCl
distributions are the same. At distances < 1 mm from the cell walls, there is an increased
concentration of particles; at a distance of 1-3 mm from the walls (where the solution recedes
after the "hole" is formed in the liquid surface), the distribution is slightly smaller and uneven;
at a distance of 3-7 mm (the central part that quickly lost all the liquid) the distribution is
relatively homogenous; finally, there is a diagonal strip of slightly lower concentration, which
likely reflects the nature of the diagonal currents.
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4.0e-12 M 10 1.1e-08 M
3.2e-12 M 8.6e-09 M
2.5e-12 M 6.8e-09 M
2.0e-12 M 5.2e-09 M
l.4e-12 M 3.8e-09 M
1.0e-12 M 2.7e-09 M
6.4e-13 M 1.7e-09 M
3.7e-13 M 9.8e-10 M
1.7e-13 M 4.5e-10 M
5.1e-14 M 1.4e-10 M
l.1e-14 M 3.0e-11 M

0 2 4 6 8 10
(b)

Fig. 8. Distribution of BSA (a) and NaCl (b) for the 1st method of probability calculation.
Cell center is in the bottom left corner of the image.

The second (Fig. 9) and the third (Fig. 10) probability calculation methods take into
account particle diffusivity, therefore they give slightly different and substantially less
uniform distributions for protein and salt. Except for a few points at the cell walls with
excessive concentration of particles, BSA and NaCl are mainly concentrated in a rounded
band that is located at a distance of 1-3 mm from the cell walls. Unlike protein (Fig. 9a, 10a),
a notable amount of salt is also uniformly present outside of this band (Fig. 9b, 10b), due to
greater diffusivity of NaCl particles.

10 2.3e-09 M 10 8.1e-06 M
8.0e-10 M 2.8e-06 M

8 2.5e-10 M 8 8.7e-07 M
6.5e-11 M 2.3e-07 M

6 l.4e-11 M 6 4.9e-08 M
2.2e-12 M 7.9e-09 M

4 2.4e-13 M 4 8.5e-10 M
1l.4e-14 M 4.8e-11 M

2 2.3e-16 M 2 8.3e-13 M
2.3e-19M 8.1le-16 M

0 m 6 8 10 0.0e+00 M O0 2 m 6 10 0.0e+00 M

(a) (b)

Fig. 9. Distribution of BSA (a) and NaCl (b) for the 2nd method of probability calculation.
Cell center is in the bottom left corner of the image.

10 1.5e-09 M 10 2.8e-06 M
5.1e-10 M 9.8e-07 M

8 1.6e-10 M 8 3.0e-07 M
4.1e-11 M 7.9e-08 M

6 8.8e-12 M 6 1.7e-08 M
l.4e-12 M 2.7e-09 M

4 1.5e-13 M 4 2.9e-10 M
8.6e-15 M 1.7e-11 M

2 1.5e-16 M 2 2.9e-13 M
1.5e-19 M 2.8e-16 M

0 8 10 0.0e+00 M 00 2 ) 6 8 10 0.0e+00 M

@ =~ 1-3 mm band b)

Fig. 10. Distribution of BSA (a) and NaCl (b) for the 3rd method of probability calculation.
Cell center is in the bottom left corner of the image.
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These results indicate that the weakness of method 1 (not accounting for particle
diffusivity) is much more severe than the weakness of method 2 (exponential dependence of
particle motion probability on the fluid velocity). Since method 3 lacks these disadvantages,
we expect the results obtained with it to be the most accurate among the three.

Finally, comparing the results of the simulation with the experimental distributions of
textures on films (Fig. 11a, 11b), and zigzag patterns (Z-patterns) in particular (Fig. 12b), the
following observations can be made:

1. Textures stop forming at a distance of 1-1.5 mm from the cell edges, which
approximately corresponds to the boundary of the 1-3 mm band in Fig. 9 and Fig. 10. Since
pure salt solutions (without biopolymer) do not create textures [16], the simulation results
suggest that very low BSA concentration between the 1-3 mm band and the cell walls is a
likely reason for why textures do not cover the whole area of the cell.

2. Z-patterns (Fig. 12a) are concentrated approximately at the same distance from the cell
edges as the distance to which the simulated liquid retreats after the "hole in water" is formed.
Z-patterns are also practically absent in a small central part of the cell, which approximately
corresponds to the droplet that separated from the main body of liquid (Fig. 12c). This
suggests that rapid drying is one of the main prerequisites for the formation of Z-patterns.

Fig. 11. Texture density distribution on the films of (a) BSA + NaCl and (b) HSA + NacCl.
Cell center is in the bottom left corner of the image.

é 1 10 Imm
0.8 0.8 mm
0.6 0.6 mm
0.4 0.4 mm
0.2 0.2 mm
0 0mm

:() (be) 8 10 2 4 e(sc) 8 10

Fig. 12. (a) An example of zigzag patterns; (b) normalized interpolated distribution of zigzag pattern density on
BSA + NaCl films (symmetric averaging of 19 films [16-18]); (c) height-map of the liquid surface at the time

lop =1 hour 56 min 35 s. Cell center in (b) and (¢) is in the bottom left corner of the image.

10

N |
¢~ | 100 pm
0 2 4

€

CONCLUSIONS
Thus, the distributions of BSA and NaCl, obtained via a simulation of solution drying in
a square cell, approximately correspond to the experimental texture distributions on the cell
surface. The results support the hypotheses that the area of the textures depends on the local
biopolymer concentration, and that zigzag patterns are formed in locations with high drying
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rate. In the future, we intend to combine fluid dynamics and particle motion and account for
additional phenomena to improve the accuracy of the model.
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AKTyaJIbHOCTb. MuKpocdepbl, OJIly4eHHbIE U3 MOJMMEPOB, KaK MPUPOIHOT0, TaK ¥ CHHTETHYECKOTO
NPOMCXOXKACHHS, HAlLUIM NPUMEHEHWE B  XUMHKO-(DapMalleBTHYECKOH  OTpaciii, MNHIICBOM
NPOMBIIICHHOCTH W B CEJIbCKOM Xo3aicTBe. HecMoTps Ha 3TO B HacTosiiee BpeMs aKTHBHO
Pa3BHBAIOTCS pa3jIMuHble METOAbI MX ToiydeHUs. OCHOBHBIMH TpPEOOBAaHUSAMH, NPEIBSBIIEMBIMH K
croco0y Tmojy4eHus MHKpocdep, SBIsEeTCS: HHU3Kas ce0eCTOMMOCTh, TOMOTCHHOCTH IOJIYy4aeMOro
MPOJYKTa, MSTKHE yCIOBHs HoiydeHus. OIXHUM U3 NMEPCIEKTUBHBIX METOAOB MOJYyYeHHs MUKpocdep,
KOTOPBIH COOTBETCTBYET 3asIBIICHHBIM TPEOOBAaHMSM, SIBIISIETCS] METOA JIEKTpOpacHbuleHHs. B HacTosmee
BpEMs TPOBEICHO OOJNBIIOE KOJMYECTBO HCCIENOBAaHMM, CBS3aHHBIX C M3YYCHHWEM BIMSHHA
HEOJHOPOAHOTO JIEKTPHUYECKOTO IOJIST Ha pa3Mepbl MUKpoc(hep 13 MOIMMEPHBIX MAaTE€pPUalIOB, B TO XKe
BpEMsl IPAKTUYECKH OTCYTCTBYIOT palOThI, IOCBSINEHHBIE M3YYEHHIO BIUSHHUA OIHOPOIHOTO
3JIEKTPUUECKOTO MOJIS Ha UX pPa3MepBhl.

Heas paGorbl. llenplo MaHHOTO HCCIENOBAaHUS SBIAJIOCH U3YyYCHHE BIMSHUSA OJHOPOIHOCTH
AIIEKTPOCTATUUECKOTO IOJIs, Ha pa3Mep MUKpocdep W3 ajbrMHaTa HATpHs, IMOJYYEHHBIX METOI0M
3IIEKTPOPACTIBIICHHS.

Marepuansl 1 MeToaAbl. MUKpoceps! allbruHaTa HaTpHsl MOIyYaJId METOAOM JIEKTPOPACHBUICHHS, TIPH
YCIIOBUH OJHOPOJHOCTHU 3JIEKTPOCTATHYECKOTO I0JIs, 00pa30BaHHOIO MEXy KOHTaKTaMH yCTaHOBKH. B
paboTe UCIIONB30BAIN ANBIHHAT HATPHS HU3KO#H Baskoct (15:10°—25:107 I1a-c). B kauecTBe HCTOUHHKA
JBYXBaJIEHTHBIX KaToHOB Ca’ wmcmomp3oBamn Bommbiii 2% pactBop CaCl,. Pasmep mumkpocdep
OIIEHMBANIX Ha KOH(POKaIHHOM MHKpockone AxioObzerver Z1 (Carl Zeiss, ['epmanns).

PesyabraTrel. B Xome NpOBEIEHHOrO WCCIENOBAaHHS OBUIM BBIBICHBI OCHOBHBIE IApaMETpPHI
9KCIIEPUMEHTAIbHOM YCTaHOBKH, BIMSIOIINE HA pa3Mep MoiydaeMbix Mukpochep. K HUM oTHOcsATCA
BEJIMYMHA HANPSDKEHUs, NMPUIOKEHHOTO K IUIACTHHAM, 3aJaroluM (OpMYy IOJs, PACCTOSHHE MEXIY
IJIaCTUHAaMU M CKOPOCTb NoAadyu IoJIMMeEpa. K Han60ﬂee 3HAaYMMbIM MHapaMe€TpaM MOXHO OTHECTU
BCJIMYMHY MNPUJIIOKCHHOI'O HAIIPAKCHHA, TaK KaK MMCHHO HU3MCHCHHUEC 3TON BEJIMYHHBI IMPUBOJUIIO K
HauOOJbIIEMY H3MEHEHHUIO pa3Mepa allbTHHATHBIX MUKpocdep.

BoiBoapl. [lpy HCHOJNIB30BaHUM  OJHOPOJIHOTO  3JIEKTPOCTATHYECKOTO TIOJII  MOXKHO — TOJYYHUTb
MHUKpoc(epsl anbruHata Hartpus amamerpoM oT 90045 wmxm nmo 2071£15 mkm ¢ coxpaHeHHMEM
ceprueckoii GopMbI HaCTHLI.

KJIIOYEBBIE CJIOBA: anpruHar HaTpus; MHKpOc(hEphl; METOH DJICKTPOPACIBUICHHS, METOJ
TOJTy4YeHUST MUKpochep.

PRODUCTION OF ALGINATE MICROSPHERES OF VARIOUS SIZES UNDER THE INFLUENCE
OF AN ELECTROSTATIC FIELD WITH THE HELP OF ELECTROSPRAY METHOD
S.V. Narozhnyi, I.F. Kovalenko, D.A. Mangasarov, M.1. Schetinsky, O.A. Nardid

Institute for Problems of Cryobiology and Cryomedicine of the National Academy of Sciences of Ukraine,
23, Pereyaslavskaya str., Kharkiv, 61016, Ukraine

Background: Microspheres obtained from polymers, both natural and synthetic origin, have found
application in chemical-pharmaceutical, food industries and in agriculture. Despite this, various methods
of obtaining them are actively developing. The main requirements for the preparation of microspheres are
low cost, homogeneity of the end product, mild conditions of their obtaining. One of the promising
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methods to produce the microspheres, which meets the stated requirements, is the electrospray method.
At the present time, a large number of studies have been carried out to study the effect of an
inhomogeneous electric field on the dimensions of microspheres from polymeric materials, while at the
same time there are practically no published reports devoted to the investigation of the influence of a
homogeneous electric field on their dimensions.

Objectives: The purpose of this study was the investigation of the influence of the electrostatic field
uniformity on the size of the sodium alginate microspheres obtained by means of electrospray.

Materials and methods: The sodium alginate microspheres were prepared by the electrospray method,
on the condition of homogeneity of electrostatic field formed between the contacts of the device. Sodium
alginate of low viscosity (15:10°-25-107 Pa-s) was used in the work. As a gel solution, a 2% solution of
CaCl, was used. The sizes of the microspheres were evaluated with a confocal microscope AxioObzerver
Z1 (Carl Zeiss, Germany).

Results: During the study, there were revealed the main parameters of the experimental setup, which
affected the sizes of the obtained microspheres. These include the magnitude of the voltage applied to the
plates determining the shape of the field, the distance between the plates, and the rate of the polymer
supplying. The most important parameters comprise the magnitude of the applied voltage since it was the
change in this value that led to the largest change in the sizes of the alginate microspheres.

Conclusions: Upon using the uniform electrostatic field it is possible to obtain the sodium alginate
microspheres with a diameter from 900+5 wm to 2071+15 pm, on the condition of maintaining the
spherical shape of the particles.

KEY WORDS: sodium alginate; microspheres; electrospray method; method of obtaining microspheres.

OTPUMAHHSA AJIBI'THATHHUX MIKPOC®EP PI3HOT'O PO3MIPY IIIJI BIINIMBOM
EJEKTPOCTATHYHOI'O MOJISA METOAOM EJIEKTPOPO3IINJIFOBAHHSA
C.B. Hapo:xuuii, I.®. KoBanenko, /.0. Manracapos, M.I. llleruncobkuii, O.A. Hapain
Incmumym npobaem kpiobionoeii i kpiomeouyunu HAH Vkpainu,
eyn. Ilepesacnascoka, 23, Xapxis, 61016, Yxpaina

AKkTyajibHicTh. Mikpochepu, oTpuMaHi 3 MoJIiMepiB, K MPUPOIHOTO, TaK 1 CHHTETHYHOT'O TIOXOKEHHS,
3HAMIUIN 3aCTOCYBaHHS Y XiMiKO-(hapMaleBTUUHIN ranxy3i, XapuoBili MPOMHCIOBOCTI Ta Y CUILCHKOMY
rocrioapcTBi. He3Baxkaroun Ha 1e B AaHMH Yac aKTMBHO PO3BHBAIOTHCS Pi3HI METOAM X OTpHMaHHS.
OCHOBHHMMH BUMOT'aMH, 1110 IPEA'SBISAIOTHCS 10 CII0co0y OTpUMaHHs MiKpocdep, €: HU3bKa co0iBapTicTh,
TOMOTEHHICTh OZIEP’KYBAaHOT'O NPOAYKTY, M'iKi yMOBH OTpuMaHHs. OJHUM 3 HEPCIEKTHMBHUX METOJIB
OTpUMaHHs Mikpocdep, SIKMH BIJIIOBia€E 3asBIEHUM BHMOI'aM, € METOJ €JeKTpopo3muminoBaHHsi. Huni
MPOBEACHO BENHUKY KINBKICTh MJOCHIIKEHb, IIOB'I3aHMX 3 BHBUCHHSIM BIUTUBY HEOTHOPIIHOTO
€JIEKTPUYHOTO TIOJIA Ha po3Mip Mikpocdep 3 HOTIMEepHHX MaTepialliB, B TOW K€ Yac MPaKTUYHO BiACYTHI
poOOTH, IPUCBAYCHI BUBYCHHIO BIUTHBY OTHOPITHOTO EIEKTPUIHOTO OIS HA IX PO3MIpH.

Meta po60oTH. MeTOI0 AAaHOTO AOCHTIIKEHHS OyJI0 BHBUEHHS BIUIMBY OIHOPIZHOCTI €EKTPOCTaTUIHOTO
TOJIsl HA PO3MIp MiKpocdep anbriHaTy HaTpito, OTPUMAHUX METOJIOM €JIeKTPOPO3NUITIOBAHHSI.

Marepianu Ta meroan. Mikpocdepu anbriHaty HaTpito OTPUMYBAaId METOJIOM €JIEKTPOPO3MUITIOBAHHS
32 YMOBH OJTHOPIZHOCTI €JIEKTPOCTaTHYHOTO IOJIsl, YTBOPEHOTO MiXK KOHTAaKTaMH E€KCIIEPUMEHTaJIbHOT
ycTaHoBKH. Y poGOTi BUKOPHCTOBYBAIIH aNbriHAT HATPiIO HU3BbKOK B's3kocTi (15:10°-25-107 ITa-c). Sk
rejrounii po3unH O0yB Bukopucranuii pozunH CaCl, 2% konueHrtpauii. Po3mip Mikpocdep ouiHoBamm
Ha KoH(poxampHOMY Mikpockoni AxioObzerver Z1 (CarlZeiss, Himeuunna).

PesyabTaTi. B X011 npoBenieHOTo J0OCIiKEHHs OYyiIH BUSIBJIEHI OCHOBHI ITapaMeTpy eKCIIepUMEHTAIbHOT
YCTAQHOBKH, 10 BIUIMBAIOTh Ha PO3MIp OTpUMYyBaHHMX Mikpocdep. Jlo HHMX BIZHOCATHCS: BEIMYMHA
MPUKIIAICHO] HANIPYTH IO IUTACTHH, IO 33aJaf0Th (OPMY MO, BiICTaHP MIX IUIAaCTHHAMH 1 IIBUAKICTH
mojmadi momiMepy. Jlo HaWOUIBII 3HAYMMHX TapaMeTpiB MOXHA BiHECTH BEIHYHHY NpPUKIAIEHOI
HApyTH, TaK sSK caMe 3MiHa Mi€l BEJIWYMHM BUKIHKAJa HAWOUIBIIy 3MiHY pO3MIpYy albriHATHUX
Mikpocdep.

BucnoBku. [Ipy BUKOPUCTaHHI OJHOPIAHOTO €JIEKTPOCTATHYHOTO OIS MOXKIMBO OTPUMATH MiKpochepu
anpriHatry Hatpito giamerpoM Bix 900£5 mxm no 2071£15 mxm 3a ymoBu 30epexenHs chepudnoi Gpopmu
YaCTHHOK.

KJIIOYOBI CJIOBA: anprinar Harpilo; Mikpocepd; METOJ eJIEeKTPOPO3NWIIOBAHHS, METOJ OTPHMaHHS
Mikpocdep.

Ha cerogusmnuii neHp pa3paboTaHO MHOXKECTBO METOJOB IIOJIyUYEHUS MHKpPO- U
HAHOYACTHUI] HA OCHOBE TOJMMEPOB KUBOTHOro [1-7] w pactutenbHOro [8-9]
IMPOUCXOKACHU. OI[HI/IM U3 TaKuX MCTOJAO0B SABJIACTCA MCTOJ JJICKTPOPACHBUICHUA, WA
dbopmupoBanre MUKpochep 1moa BO3IEHCTBHEM 3JIEKTpOCTaTHUecKoro moreHmuana [10-11].
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OCHOBHBIMU JOCTOMHCTBAMU JAHHOTO METO/A, IO CPABHEHUIO C OCTAJbHBIMHU, SIBJISETCS
BO3MOXHOCTb MOJYYEHHUsI OJHOPOAHBIX 10 pa3Mepy MHUKpocdep B IMIMPOKOM JHana3oHe — OT
50 mxm o 1 mm [8].

3a cyeT BapbUpPOBaHMS TaKUX MapaMEeTPOB, KaK KOHLIEHTPALUS MOJIMMEpPa, CKOPOCTh €ro
1I0/JJa9H, BEJIMYMHA TIPUIIOKEHHOTO HAMPSKEHUST MOYKHO PETYJIHPOBATH Pa3MeEPhI MOTydaeMbIX
Mukpocdep. [ToMumMo 3TOro B JTaHHOM METOZE HE UCTOIb3YIOTCSI TOKCUYECKHE PACTBOPUTENN
WM BEILLECTBA, CIIOCOOHBIE MOBPEAUTH ONOIOrHYECKHE OOBEKTHI.

bnaronapst mepedyMciaeHHBIM BBINIE JTOCTOMHCTBAM JIaHHBIN METOJ MOJIy4WsI LIMPOKOE
pacrpocTpaHeHUEe B MUIIEBOM MPOMBITIIEHHOCTH [12], 6uotexnonoruu [13], menunune [14]
u ¢apmakomnoruu [15].

OpHMM U3 MOJUMEPOB, KOTOPbIE MPUMEHSIOT JJIS CO3/1aHUs MUKPO- U HAaHOHOCHUTENEH
sBnsieTcs anbruHat Hatpus [8, 16]. OH mpezacraBiser coOoi JTUHEHHBIH OTPHULIATENBHO-
3apsOKEHHBIM  [OJIMCaxapujl, COCTOSIIMNA W3 TOCIEAOBAaTENbHBIX WIH YeperyoIINXCcs
GG/GM/MM-6110Kk0B 1-4-CBsSI3aHHBIX OCTaTKOB f-D-MaHHYpOHOBOW (M) U a-L-ryiaypoHOBOM
(G) xucnot [17]. Anbrunar HaTpus MOJIy4dalOT U3 OypbIX Bojopocneit (Phaeophyceae),
BKItouasi Laminaria hyperborea, Laminari adigitata, Laminaria japonica, Ascophyllum
nodosum, Macrocystis pyrifera [18] u Oakrepuii poma Azotobacter n Pseudomonas [19].
AJIIHHAT HATPHS MOXKET 0OOPA30BBIBATH CBSI3U C ABYXBATCHTHBIMU KaTHoHamu Ca’', Br*™ mmn
Sr**, opMEpYs IPH 3TOM TIOPHCTBII THAPOreNb 3a CUCT OOPA3OBAHUS MOIEPEUHBIX CBA3EHT
GG/GM-6nokoB  (GG-GG; GM-GG; GM-GM) wmexny cob6oit [20]. IlomoOubrit THI
c(OpPMHUPOBAHHBIX CTPYKTYP B JTUTEpAType MOTYUWIT Ha3BaHue «egg-box model» [21].

Taxke anpruHaT HaTpHUs ABISETCS OHMOCOBMECTHUMBIM, HETOKCHYHBIM IOJIHMEPOM
IPUPOIHOTO MPOUCXOKIEHUS C HU3KOM CTOMMOCTBIO MpOou3BOACTBa [22]. bnaronaps uemy
MHUKpOC(Eephl, IMOJyYEHHbIE M3 3TOTO MOJIMMEpa, HAIIM CBOE HpPUMEHEHHE B 00JacTu
Ouocenapanyy, KJIETOYHOH M MOJIEKYJSIPHOM OMOJOTMH, MMMYHOJIOTHH, SH3UMOJIOTMH U
nuarHoctuke. OHHM yCHENIHO NMPHMEHSIOTCS B KadecTBe OuopeakTopoB [23], MaTpui Juis
WHKAMCYJSUNA PA3IUYHBIX THUIOB KIETOK [24], s HampaBJICHHOW JOCTAaBKU JIEKAPCTB C
KOHTPOJIUPYEMBIM BBICBOOOXKACHHUEM [25].

[lenpto J1aHHOTO UCCIENOBAHMS  SABIAJIOCH M3YyYEHUE BIMSAHUSA OJHOPOJIHOCTH
JIEKTPOCTATUYECKOTO MOJI Ha pasMep MUKpocep W3 albrMHaTa HATpuUs, IMOJIyYaeMbIX
METOJIOM 3JIEKTPOPACTIBUICHUS.

MATEPHUAJIBI U METO/bI

J1J1 9KCTIEpUMEHTAILHOTO UCCIEOBAHMSI BIMSHUS OJTHOPOJIHOCTH 3JIEKTPOCTATHIECKOTO
HoJIsl Ha pasMep MHKpocdep moammepa, MOTydaeMbIX METOJOM 3JICKTPOPACTIBUICHUS, OblLIa
U3TOTOBJICHA OIMCAaHHAs HU)XE YCTAaHOBKA. OKCIIEPUMEHTANbHAsS YCTAaHOBKA COCTOHUT W3
CJICAYIOIIUX OCHOBHBIX CHCTEM (pHuC. 1): cucTeMbl TO3UPOBAHUS MOJTUMEPA, CUCTEMBI TTpHEMa
MuKpocdep, cucTeMbl (OPMUPOBAHUS BBICOKOTO HAMPSDKEHUS M CUCTEMBl PACHBLICHHS
HOJIMeEpa.

Cucrema m03UpOBaHUs MOJMMEpa MPEACTaBIseT COOON HIMPUIIEBON HACOC, COCTOSIIINN
U3 KaMepbl HarHeTaHWs (B KayecTBE KOTOPOH HCIIOJIB3YETCS OJHOPA30BbIE MHBEKIIMOHHBIC
HIMPUIBl pa3TUIHOro 006béMa: oT 1 mn 1o 20 mx); maroBoro neuratens Mitsumi M49SP-1
(SImoHMs) M y371a BHHTOBOM TepeIavyy TOJIKAIOMIETO YCHIIHS K MOPIIHIO MITPHIIA.

Cucrema mo3upoBaHHMs  OOecliedyMBAacT pAaBHOMEpPHYIO Tojgady  ToJduMepa ¢
buKcHpoBaHHOM cKOpOCThIO B Anamna3one ot 0,1 ar/u no 150 ma/y.

Cucrema npuema Mukpocdep BKIIOYAET B c€0sl EMKOCTh C TEIHUPYIOIIUM PacTBOPOM U
MarHUTHYIO MEIIAJIKY .

Cucrema ¢GoOpMUPOBaHUS BBICOKOTO HAIpsDKEHUsS coOpaHa M3 HMCTOYHHKA BBICOKOTO
HanpsDKeHus, peryiaupyemoro Omnoxka nutanus b5-44 (YkpauHa) u  BOJIbTMETpa
yHuBepcanbHoro B7-16A (Ykpauna).
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VIcTOYHMK BBICOKOTO HampsKEeHUs OOecledMBAaeT HA BBIXOJE MOCTOSHHOE HANpsKEHHE
oT 4 no 12 kB u npezacraBiser coOOi OJOKUHI-TEHEpaTop, B CXeMe KoToporo (puc. 2)
UCTIONIB30BaH  CIENHAIBHO  HM3TOTOBJICHHBIA  BBICOKOBOJBTHBIM  TpaHchopMaTop Ha
(beppUTOBOM CepACUHHKE.

D
]
Y
\

J_ «K+»
11

L=»

D

s

Puc. 1. Biiok cxema ycraHOBKH. | — KaMepa HarHeTaHUS MIIPUIICBOIO HACOCA;
2 — BUHTOBAs mepenava; 3 — maroBeli qeuratens Mitsumi M49SP-1 (Smonns);
4 — MeTanInYecKHe MIIACTHHBL; 5 — KanmuUIApHas MeTajutndeckas TpYOKa (dyyyrm, =260 MKM);
6 — eMKOCTb C TeJIUPYIOLIMM PACTBOPOM; 7 —MAarHUTHASI MEIIAJIKA; 8 — UANIEKTPUIECKAst CTOMKA;
9 — perynupyemsrii 610k nmutanus b5-44 (Ykpanna); 10 — HCTOYHHK BBICOKOTO HAIIPSDKEHHUS,
11 — BompT™MeTp yHHBEpCabHBIM B7-16A (Ykpanna).

HyxHas BenuumHa BBICOKOTO HAINpPSHKEHHUS YCTAHABIMBACTCS IIYTEM M3MEHEHHS
HaNpsDKEHUs. Ha BbIXOJE perynupyeMoro Oioka nutanus b5-44 (Ykpauna), B mpenenax ot 2
1o 12 B. MakcuMaibHBII BEIXOIHOW TOK OJI0Ka NUTaHUS BhIcTaBisierca 1 A.

JI1st n3MepeHnsl BBIXOTHOTO HANPSKEHUsI UCITONIB3YETCSl BOJIBTMETP YHUBEpCaAIbHBI B7-
16A (Yxpauna). KoHTponb BBIXOJHOTO HANpPSDKEHUS OCYIIECTBISIETCS IyTEM H3MEpPEHUS
HAINpsHKEHUST Ha JIOTIOHUTEEHOW 0OMOTKE BBICOKOBOJIETHOTO TpaHc(opmaTopa, mociae 4ero
U3MEpPEHHOE 3HAUYCHHE HaINpsHDKeHHS YMHOXKAETCS Ha TOMPaBOYHBIA  KOI(PPUIMEHT,
3aBUCAIIMNA OT OTHOIIEHUS KOJUYECTBA BUTKOB BBICOKOBOJIBTHOM OOMOTKH K KOJHYECTBY
BUTKOB JOTIOJHUTENbHON 00MOTKH (400) m1st moydeHus 3HaUCHUSI HANPsHKEHUST Ha BBIXOJIE
HMCTOYHHMKA BBHICOKOTO HAIPSHKCHUSI.

OTO TMO3BOJSET KOHTPOJIMPOBATH BBIXOJHOE HAMpsDKeHHWE 03  MCIOoJIb30BaHUs
KWJIOBOJIbTMETPA.

Cucrema pacnbUICHHS] COCTOUT U3 JABYX TFOPU30HTAIBHBIX METAJUIMYECKUX IJIACTHUH, Ha
KOTOpBIC TOJAEeTCSl BBICOKOE HAINPSHKCHHME, KaMWUIAPHOW  METaJUIMYECKOW  TpyOKu
(dauyrp. =260 mxm), Tomaromied MOCTYMAOMIMNA M3 CHCTEMbI JO3MPOBAHMSA PACTBOP B 30HY
pacIbUICHHS], U CHEIUAIbHONU AUAIEKTPUUYECKON CTOUKH (pHC. 3, @), HA KOTOPOM 3aKpEIICHBI
o0e TMJIaCTHHBI: HWXKHSSI — HENOJBWXKHO, a BEpXHss YKpelsieHa Ha 1uatdopme,
nepeMeniaeMo Mo BEpPTUKAIU MOABEMHBIM MEXaHU3MOM, TMO3BOJISIIOIIUM PEryJIupoBaTh
paccTOsIHUE MEX/Ty TJIACTUHAMHU C BHICOKOWH TOYHOCTBIO.

[Mnardpopma mist KperuieHUss OMHOM M3 METAUTMYECKUX IUTACTUH OCHAIICHA 32)KUMOM
TUNA «Iyep-JIOK», 4YTO TIO3BOJSET HCIOJIb30BaTh CTaHIAPTHBIE MIJIBI OT OJHOPA30BBIX
WHBEKIMOHHBIX LITPUIOB.

dopma 3NEKTPOCTATUYECKOTO TOJIA 3a7aeTcs MpU TMOMOIIM JBYX METATTHYECKUX
TUTACTHH, PACTOJIOKEHHBIX MapalIeIbHO JPYTr OTHOCUTENBHO Apyra (puc. 3, 6). Jluneitnbie
pasmepsl U (HOopMy TUIACTUH MOAOMPATN TakK, YTOOBI HA MPAKTUKE MOXKHO OBLIO TOJYYHTH
OJTHOPOJIHOE DJIEKTPUUECKOE T0JIe B paboyeii oonacTu.
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Puc. 3. /lmdnexTpudeckas CToMKa:
a— 3D mopens croiiku: 1 — mnatdopma Ui KperuieH!sl MeTaJUINYeCKO TIACTHHBL U UIJIBI;
2 — MOABEMHBINA MEXaHU3M; 3 — 32KHUM THUTIA «ITyep-JIOK».
0 — cUJIOBBIE JIMHUH 10151, 00Pa30BaHHOTO MEX/Ty ABYMsI METALIMYECKUMH TUIACTUHAMU:
1,2 — BepXHsisl M HIKHSISL METAJUIMYECKHE TUIACTUHBI, 3a/1ato1nue (GopmMy IoJIst.
C — MarHuTHas Mellajika: | — HeOAUMOBbIE MAarHUTHI; 2 — HAcaJKa Ha BaJl IIarOBOTO ABUraTes;
3 — maroBslit agurarens Mitsumi M49SP-1 (SInonns).

Hcxonst U3 HaAmMX pacueroB, C JIOCTATOUYHOM CTENEHBIO MPUOIIKEHUS MBI MOXXEM
CUMTATh AJIEKTPUYECKOE ToJie, 00pa3oBaHHOE B cerMeHTe (J, OJHOPOIHBIM. TeM caMbIM
UCKJTIOYHNTh BIUSHUE KpaeBbIX A((HEKTOB MO, 0Opa30BaHHBIX Ha Kpasx (OpMO3aJTaroIInx
IUTACTHH.

Bce wactu ycTaHOBKHM CiyKaT Jyisi ONTUMHU3AIMHU TPOIECCa MOTYUYECHUS TMOJTMMEPHBIX
mukpocdep. IlpumeHeHrne MaHHONW YCTAaHOBKM MHUHUMHU3UPYET BIHUSHHUE oOIlepaTopa Ha
MIPOIIECC MOYICHHUSI MUKpOCchep U 00ECIIeUYUBALCT MOYICHHE BOCTIPON3BOANMOIO U TOYHOTO
pe3ylbTaTa, a Takke IMO3BOJISIET MOJyd4aTh MUKpocdepsl pa3iauuHoro nuametpa. [lpu stom
MPOIECC MOTYUYCHHSI MEKPOC(HEp MOXKET OBITh PEaTU30BaH B CTCPUIIHHBIX YCIIOBHSX.

B kagectBe monmumepa B pa®oTe HUCHOIB30BAIM albIUHAT HATPUs HHU3KOH BA3KOCTH
(15-10° —25-10° [Ta:c) ~ mpomsBoxcta  Sigma-Aldrich  (BemmkoGpuramms).  Jlis
COTONMMEepHU3allii OJIOKOB ajbI'MHATa HATPUs HCMOIb30Basics BogHBIA pacTBop CaCl, 2%
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koHueHtparuu [20]. Mukpokancynsl Haxoawmuch B pactBope CaCl, B Teyenue 1-ro yaca,
[I0CJI€ YEero MPOBOIMINCH MUKPOCKOITMYECKHE UCCIIeI0OBaHMUS.

Onenky ¢opMbl U pacrpeneneHuss MUKpocep M3 anbruHaTa HaTpus IO pa3Mepy
OPOBOJWIN TpH TOMOLM KOH(oKaiabHOro Mmukpockona AxioObzerver Z1 (Carl Zeiss,
I'epmanns). OOpabOTKy MOMYYEHHBIX HW300pakeHUH NPOBOIMIN B mporpamme Zeiss LSM
Image Examiner Bepcuu 4.2.0.121.

Pe3ynbTarhl npuBeneHb! KaKk cpeHee 3HaUeHUe + cTaHjapTHas OLIMOKa.

PE3YJIBTATHI U OBCYXJIEHUE

Bbbu10 ycTaHoBieHO, 4TO pazmep U Gpopma MoyyaeMbIX albIMHATHBIX HOCUTEIECH 3aBUCAT
OT HECKOJIbKMX MapaMeTpoB, TAaKUX KaK: PAcCTOSHUE MEXIy IUIAaCTHHAMM, 3aJal0LIMHU
JIEKTPOCTATUYECKOE TOJIe — A; TUaMeTp KanWUIApHON MeTalJIMuecKod TpyOKH; BeIHMYMHA
HanpsbkeHuss U W Kak CleICTBUE, HANPsKEHHOCTb 3JIEKTpOCTaTHYecKoro rmons E,
CO3/1aBa€MOTI0 MEXIy KOHTAaKTaMH; CKOpPOCTb IIOJa4M Iojumepa V, a Takke ero
KOHIeHTpauus. B nanHol pabote Obu1a MpOBeAEHA CEpPUs SKCIIEPUMEHTOB JJIsl ONPENETICHUS
BIIMSIHUS KQXJO0TO U3 MapaMeTpoB Ha pasmep U ¢popMy noiaydaeMblx Muxkpocdep. s atoro
MOCJIEZI0BATENbHO M3MEHSUIM TOJIBKO OJMH W3 HCCIEAYEMBIX MapaMeTpoB, B TO BpeMs Kak
OCTaJIbHbIE OCTABAINCh HEU3MEHHBIMU.

[Ipyn cBOOGOIHOM MaJeHUM Kamenlb ajbl'MHAaTa B €MKOCTh C TeJIMPYIOIIMM PacTBOPOM
dbopMupyroTcs KpymnHble cepbl, AMaMeTp KOTOpbiX gocturaer 2199+7 mxm (puc. 4, 5.).
[IpuioxkeHne HE3HAUUTENBHOIO HAIPSDKEHUS NPUBOAMT K OOJIETYEHUIO0 OTpbIBA Kareib
aJbI'MHATa OT KOHYMKA WIJIbl U MO3BOJIAET YMEHbIIUTh UX pazMep A0 2015+£18 mxm. Ilpu
3TOM HE HaOmIOAaIoch (HOPMHUPOBAHUS KOHyCa PACHBIICHUS, a TOJNBKO YBEIMIMBAIACh
4acToTa OTpbIBa Kameslb OT KOHYMKA UIJIbl. JlaHHBIN 3¢ (eKT BbI3BaH U3MEHEHHEM BEJIMYHMHBI
k03 uImeHTa TOBEPXHOCTHOTO HATSHKCHUS albIMHATa HATPUS T1OJ BO3JCHCTBHEM
3JIEKTpUYECKOro HanpspkeHus [10].

/

" s S
T 500 pexcwe 500 swn 500 micm

Puc. 4.®ororpadun Mukpochep U3 allbruHata HaTpHsL.
[Mapametper yeranoBku: A=30 mm: V=10 ma/u, C,,.=2%. a — U=2,25 kB; 6 — U=4,24 kB; ¢ — U=6,33 kB.

[Tocnenytomee yBenu4eHHE HANPSDKEHUS, [10JaBAEMOT0 HAa METAIIMYECKHUE IUIACTHHBI
(puc. 3 6), He mpuBeNO0 K (POPMHUPOBAHUIO KOHYCAa PpACIBUICHHS, a TOJBKO BBI3BAJIO
YMEHBILICHHE pazMepa MUKpocdep. DTO KOCBEHHO MOATBEPKAAET HAIlle IPEANOoIoKeHHe 00
OJIHOPOJHOCTH MOJIst B paboyeit obnactu Q (puc. 3 6).

B xome okcmepuMeHTa HaOmo#amach TpsMas KOPPENSALUS MEXIYy BEITHUYUHON
NPUIOKCHHOTO HANIPSDKEHUS H pa3MepoM MUKpocdep.

Kak BumHO U3 npuBenEHHBIX TPaHKOB, CHI)KEHHE KOHIICHTPAIIMH aIbIHHATA HATPUS Ha
0,2% npakTHYECKH HE BIMSAET HA pa3Mep MoiydaeMblx MUKpochep. UTO CBUAETENBCTBYET O
TOM, YTO HeOOINbIIHNE KOJICOaHUsI KOHLUEHTPAIMH NMPAKTUYECKH HE MPHUBOAAT K U3MEHEHHUIO
pa3Mepa MoIy4aeMbIX MUKpOCchep.
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Puc. 5. BiusiHre nprI0KeHHOTO HAPSDKEHUS Ha pa3Mep MUKpocdep U3 albIrMHATa HATPHSL.
[Mapamerpsr ycranoBku: £=30 mm: V=10 ma/u. a — KOHUEHTpalKs abruHata HaTpust — 1,8%6;
6 — KOHIIEHTpanus aJbruHaTa HATpus — 2 %.

LT

Puc. 6. Biiusinne napamMeTpoB yCTaHOBKH Ha pa3mep MUKpochep.
IMapamerpsr ycranoBku: a — U=6,33 kB, h=25 mm; 6 — U=6,33 kB, V=10 mn/u.

Eme oqHMM 13 BaXXHBIX MapaMeTPOB, BIUSIOIINX HA pa3Mep 0O0pa3oBaHHBIX MUKpocdep,
SIBIISIETCS PACCTOSIHUE MEXIY TUIACTUHAMH, 33Jaf0IIUMH (POpMY 3JIEKTPOCTATHUECKOTO TOJIS.
Kak BumHO u3 (puc. 6 6), IpU YBEIMYEHHH PACCTOSHUS HAa 5 MM MEXKAY IUIAaCTUHAMHU
HaOJroaeTcst M yBEIMUEHHE auameTrpa MHUKpocdep u3 anbruHara Hatpus Ha 10%, B TO ke
BpeMsl YMEHBUICHHE pPAacCTOSHHUA Ha 5 MM TPUBOIUT K MPOTHUBONOJIOKHOMY 3(ddekty,
yMEHbIlasg JuameTp Mukpochep Ha 24%.

[Ipm >ToM Kak yBeTWUYCHHE, TaK M YMEHBIICHHE DPACCTOSIHUS MEXAY IUIACTHHAMU HE
NPUBOIUT K (POPMUPOBAHHMIO KOHYCa PACIBUICHHUS, @ TOJBKO JIMIIb K M3MEHEHUIO YacCTOTHI
OTpPBIBaHUS KaIUTH aJlbTUHATA HATPUS OT KOHYMKA UTJIBI.

Taxke OTHMUM W3 pETYIUPYEMBIX IMapaMeTpOB, BIUSIOMIMX HA pa3Mep MHUKpocdep,
SIBJISIETCSI CKOPOCTh Toa4M monumepa (puc. 6 a). Kak BUIHO U3 TPUBEICHHBIX PE3YJIbTATOB,
YMEHBIICHWE CKOPOCTH TOAAYM albIMHATa HATpUs A0 5 Mji/4 TPUBOAMIO K YMEHBUICHUIO
nuaMerpa chep Ha 5%, mpu 3TOM yBeIMYEHHE CKOPOCTH mojaadu 10 20 mi/y NpPUBOAMIO K
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0oJiee 3HAUUTEIBHOMY CHIKEHUIO pa3mepa Mukpocdep (Ha 11%), B TO ke BpeMs yBeIHUEeHUE
CKOPOCTH moAauu A0 15 mi/u mpakTHUECKH HE OTpakajiach Ha UX T€OMETPHUH.

BbIBO/IbI

bruta paspaborana, coOpaHa U MPOTECTUPOBAHA YCTAHOBKA ISl TIOJTYUYCHUS TTOJTUMEPHBIX
MUKpoc(ep METOIOM 3IEKTPOPACIILLICHUSI.

beimo wuccnenoBaHo BIMSIHUE OJHOPOJHOCTH SJEKTPOCTATHYECKOTO TIOJNs Ha pa3Mep
MUKpocdep U3 anbruHaTa HaTpus, MOIy4aeMbIX METOJOM dJeKTpopacnbuieHnus. K 0oCHOBHBIM
napameTpam, BIUSIOINIMM Ha UX pa3Mep, OTHOCATCS BEJIMYMHA MPUIIOKEHHOTO HANIPSHKEHUS K
IUTACTHHAM, 3a/1aloluM (OopMy TOJsl, PACCTOSHUE MEXIY IUIACTUHAMHU U CKOPOCTh MOJa4yu
nosmMepa. M3meHsis 3TU mapaMeTpbl, MOXHO TMOJYyYUTh MHUKpPOC(EpHl ajJbruHaTa HaTPUS
nuametpoMm ot 900+5 mrxm 1o 207115 mxm.
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HAM’ATI IIPO®ECOPA IOPIA IIABJIOBHYA BIIATOI'O

24 xsitHa 2018 p. Ha 89 poui mimoB 3 xurts KOpiit
(s ™ [asnoBua Bnaroii (1. 1. 29.07.1929) — Bigomuit hi3uk-
: eKCIIEpUMEHTATOP, AOKTOp (Pi3MKO-MaTeMaTYHUX HAyK,
npodecop, Kl 3pOOWB BEIMKHI BHECOK Y PO3BHUTOK

7 MOJIEKYJISIpHOT 010(i3uKH B YKpaiHi.
“_.‘ﬁ - IOpiii  IlaBnoBuuY poO3MOYaB CBOIO  HAyKOBO-
» ; MeJaroriyHy MJisSUTbHICTh Ha (Pi3UYHOMY (paKyIbTeTi
‘ XapKiBCHKOTO JIEPKABHOTO YHIBEPCHUTETY TIiCIs HOTO
_ o 3akiHueHHA y 1952 p., ne BiH 4yuTaB Kypc JEKIiit
' «®i3uka piakoro craHy», y 1960 p 3axucrus
KaHIMIATChKy aucepraiio Ta 'y 1975-1980 pp. 3aiimaB
nmocagy 3aBigyBaya Kadenpu  eKCIepUMEHTAJIbHOI
dbisuku (3a cymichunrBom). Moro momambina HayKOBa
nonst Oyna 6e3nepepBHO MoB's3aHa 3 Di3UKO-TEXHIYHUM
iHCTUTYTOM HH3bKkHX Temneparyp HAH Vkpaiaum 3
NepuMx THIB 3acHyBaHHA 3aknaay B 1960 poui. ITowyaBmm 3 mocajay rojoBHOTO iH)XXeHEpa
nabopatopii, y 1962 p. BiH gocsr piBHsS KepiBHUKA (i3UYHOTO Biaaury. Y meu mepion FOpii
[TaBnoBuY 3aiiMaBcsi BUBYECHHSAM (PI3MUHUX BIACTMBOCTEW KpioreHHUX piauH i B 1971 pomi
3aXHUCTUB  JOKTOPCHKY JHUCEpTamito 3a TeMmMow  «JlocHmimKeHHS  TepMOIMHAMIYHUX
BJIACTUBOCTEH CKpaIuleHUX rasiB Ta ix po3uuHiB». Y 1970 poui FOpiit [1aBnoBuu nepeiinion
JI0 HOBOi TEPCHEKTUBHOI TEMAaTUKH — MOJICKYJISIPHOI O10(i3MKH HYKJICTHOBHX KHCIIOT,
BKIItoUaroun (i3uky OiOMOIIEKyJl 3a YyMOB HHU3BKHX Temmepatyp. B mepiox 3 1972 p. mo
nmodatky 2000 p. BiH 04OIOBAB BiI1IT MOJIEKYJIApHOI Olodizuku, a 3 2000 poky mpairoBaB
rojoBHUM HaykoBuM criBpoOiTHukoM DTIHT im. b. I. Bepkina HAH Vkpainu. ¥V 1974 p.

OTpHMaB HayKOBE 3BaHHsI Npogecopa.

[TiaTpuMyioun 3B'S30K MK (QYyHIAMEHTATbHOIO HAyKOIO Ta BHIIOK OCBiTOO, FOpii
[TaBioBMY 3a CyMICHUIITBOM IpalOBaB 3aBiyBaueM Kadeapu MOJIEKYJIIpHOI Ta MPUKIATHOI
6io¢izuku (1980-1985 pp.) 1 mani mpodecopom Kadeapu 6i070riyHOI 1 MeIUUHOI (i3UKU
XapKiBCHKOTO HAIlIOHAJIBHOTO yHIBepCUTETy. BiH CcTaB OJHUM 13 3aCHOBHHUKIB IOTY>KHOI
IIKOJIM MOJEKYJsIpHOi Oiodizuku y XapkoBi Ta BHIC BaroMuil BKJIaJ Yy CTAaHOBJICHHS
JeKiTBKOX IOKOMiHb MONOIMX HAYKOBLiB y Iiif ramysi. Moro kypcu Iexmiii 3 Gisuku
6iononimepiB npociayxanu 0mmu3pko 600 ctyaenTiB 3 Outbm Hix 20 kpain cBiTy. Cepen ioro
y4HIB — noHaa 20 kaHAWAATIB Ta 2 JOKTOPH HaykK, AKI aKTMBHO IPALIOIOTh K B HAYKOBUX
opraHizauisx YKpaiHH, TaK i B IPOBIIHUX CBITOBHUX JIAOOPATOPIsX.

[Mupoke xkomo HaykoBux iHTepeciB IOpis [laBmoBuua BKJIIOYAIO pi3HI aCMEKTH
MOJIeKYJIsipHOT i3ukn Ta O10(i3UKU: CTPYKTYpHI Ta CIEKTpajbHI XapaKTePHUCTUKU
HYKJICTHOBUX KHCJIOT Ta iX KOMIIOHEHTIB y PO3YMHAX Ta HU3bKOTEMIIEPATypHUX MATPHLSX,
MDKMOJIEKYJIIPHI B3aeMOJi1 G10MOJIEKyJ1, KOOIIEpaTUBHI mpoliecu, KoHpopmauiiiHi i (a3oBi
nepexoau B OlomoiiMepax Ta iX KOMIUIEKCax 3 OIl0JIOTIYHO aKTHUBHUMHU CIOJIYKaMH
(OapBHUKaMH, JIIKAPCBKUMH PpPEYOBMHAMHM, 10OHAMH METAJIB), 3aCTOCYBaHHS KpPiOT€HHHX
METOMAIB KpiomoApiOHeHHsT Ta cyOaiMariitHoi cymku (apmamneBTHYHOI cupoBuHH. [lif
kepiBHULITBOM lOpis IlaBmoBuua Oysio CTBOPEHO KOMILIEKC amapatypu Uit OiodizmuHMX
JIOCJTIJDKEHb, BKJIIOUAIOYM HU3BKOTEMIIEPATYpHI, Ta BHUKOHYBAJIUCA pPOOOTH 3a TeMaMu
(dyHIaMEHTaIbHUX JOCHIUKeHb, MPUKIAJHUX HPOCKTIB Y pPaMKax Jep>KaBHUX HayKOBO-
TeXHIYHUX TMpOorpaM Ta TOCHOAAPYO-AOTOBIPHUX TEM, HHU3KH MIKHAPOIHUX TpPaHTIB.
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PesynbraTty nux mociimkeHb omyomikoBaHo Maibke B 300 cTaTTax y NMpeCTHKHUX HAYKOBUX
BUAAHHAX, ornggax [1] 1 moHorpadisx «MeTaJoKOMIUIEKCH HYKJICTHOBUX KHCIOT Yy
pozumHax», 1991 p. [2], Ta «Di3uyHI NPUHIUON MOJIEKYJISIPHOI OpraHizamii i CTPYKTypHOI
nuHaMiku Oiomosimepi», 2012 p [3]. MixHapoaHe BU3HAHHS HAyKOBUX AOCSTHEHb lOpis
[TaBnoBu4a BimOMIIOCS y TMPHCBOEHHI oMy 3BaHHA COpOCOBCHKOTO Impogecopa Ta ydacTi B
HU3L1 MDKHApOJAHUX HAYKOBUX MPOEKTIB.

VY 2008 pomui FOpiii [TaBnoBuY, y ckiai KOJIEKTUBY KOJIET, OTpUMaB JlepkaBHY Ipemito
VYkpaiHu B ramy3i HayKHM 1 TeXHIKM 3a IMKJI poOiT «DyHaaMeHTanbHI (i3UYHI BIACTUBOCTI
OiororiMepiB, M0 BU3HAYAIOTH 1X (DYHKITIOHYBAHHSD.

Brpogosx Oarateox pokiB FOpiit [1aBioBud OyB 3aCTyNHHUKOM TOJIOBU CHELiai30BaHOT
BYCHOI paau XapKiBCHKOTO YHIBEPCHUTETY 3 3aXHUCTY JOKTOPCHKUX Ta KaHIHIATCHKHX
mucepraniii 3a cnoemianeHicTIO 03.00.02 — «biodizuka», ne, 3aBASKA OMOHYBaHHIO
KBaJiQikamiiHux poOiT, BiH JaB MyTIBKY y BEJIWKY HAayKy 0ararboM YKpaiHCHKHM
6io¢izukam. FOpiit [1aBaoBHY BXOIMB A0 CKIAQy pelakLiifHOI KoJserii HayKoBOro (paxoBoro
BumanHs «biogiznynmii BicHUK» a Takox xypHarmy «lIpobGiemu kpiobGionoriiy (mo 1991 —
«KpiobGionoris»), OyB OpraHizaTopoM HHU3KH KT 3 (I3UKM HYKIETHOBHX KHCJIOT Ta
CHiBOpraHizaTopoM KoH(epeHIild Mo creKkTpocKomii OiomojimMepiB 1 3acTOCYBaHHIO Mac-
crekTpoMeTpii B Oiojorii Ta MeauuuHi. BiH € OJZHMM 3 3aCHOBHHKIB YKpaiHCHKOTO
6io¢iznunoro ToBapuctsa (YB®T) Ta inimiatopiB nmpoBeaeHns 3’13118 YBDT.

Kouneru ta yuni FOpis [TaBnoBuua 3anam'siTatoTh HOTo SIK TaJaHOBUTOI'O Ta €pyA0BaHOTIO
HAYKOBIIS, MYJIPOTO KEpiBHHKAa Ta MeAarora, JIOAWHY BEIHKOi JOOPOTH i CIPaBKHBOTO
OnmaropojcTBa.

[1] bnaroit IO.II., Ilemna I'I'., HMBanoB A.}JO. u gap. HwuskoremneparypHsble
OKCTIEPUMEHTAIbHBIE MCCIIEIOBAaHNS B MOJIEKYJISIpHON Onoduznke (0030p) // Pusnka HU3KUX
temneparyp. 1999. T. 25 (10). C. 1003-1020.

[2] MeTaJmoKOMITIIEKCHl HYKJICHHOBBIX KUCIOT B pactBopax / [FO. Il. bumaroii, B. JI.
[ankun, I'. O. I'naguenko u ap.]: otB. pen. Manees B.S. Kues : Hayk. nymka, 1991. 272 c.
ISBN 5-12-002499-0
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ManeeBa B. S. Xapkis : XHY imeni B. H. Kapaszina, 2012. 352 c.
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IIPABUJIA JTVIA ABTOPIB

B pemakmiro monaerscs enekTpoHHHH BapiaHT cratti (MS Word 2007 i Bumie) ykpaiHCBKOIO, POCIHCBEKOI0 abo
AHTITIMCHKOI0 MOBOIO depe3 calT KypHaiy http://periodicals.karazin.ua/biophysvisnyk 3 HampaBiIeHHAM YCTaHOBH 1
€KCIIePTHIUM BHCHOBKOM Yy BUTJISIII BiJICKAHOBAHUX (haidiB.

Texcr HaOupaeThes Ha apkyiiax ¢opmary A4 yepe3 oauH iHTepBan. BukopucrtoByerbes mpudt Times New Roman
12 pt, BUpiBHIOBaHHs TeKcTy 1o mmpuHi. [lons cripasa i 3:miBa 1o 2,5 cM, 3Bepxy — 3,5 cM, 3HM3Y — 2 cM. MaTemarnyHi
Ta XIMI4HI CHMBOJHM BBOJATHCS JIO TEKCTY CTATTi 3a gomomoror pemaktopa MathType ab6o Microsoft Equation.
Pucynku, npunathi 1o penpoaykuii, y dopmati *.emf, *.wmf, * jpg, *.jpeg, *.png BCTaBISIOTHCS A0 TEKCTY B MEXax
VIO CTOPIHKH, BKa3aHOi BuIE. PHCYHKH po3MillyBaTH B MeXax TaOJMIi 3 NMPO30PHMHU 30BHILIHIMH TPaHHUISIMH Y
MIEPIIOMY PSIIKY, MIANUC Ta KOMEHTapi A0 PUCYHKY — Y APYroMmy psaky Tadnuumi. I'padiku OymyroTecst y IporpaMHUX
MakeTax, MpU3HAYeHUX I 00poOKw 1 Bizyaumizanii HaykoBux maHux: Origin, Mathcad tomo. Bukopucranns ogicHOro
makety MS Excel gns noOynosu rpadikiB He momyckaerbes. Ludpu i mianmucu Ha ocsX Ta HAAMUCAX NMOBHHHI MaTd
mpudt 9 pt. [lignuen min pucyHkaMu OpykyroThes mpudtom 10 pt. @opmynu, Tabnwmi # pUCYHKH HyMEpPYROTHCS
TOCITiIOBHO apabchkumu nudpamu, Hanpukian, (1); Tabxa. 1; Puc. 1.

Ha mepimiii cTopiHIli 3BepXy Ha MEPIIOMY PAAKY B JTiBOMY BepxHbOMY KyTi HaBoauThcs YK (kypcus, 11 pt). Ilicna
NPOIYCKY OIHOTO psIJIKa, PO3MILLYEThCS Ha3Ba CTATTI (BENWKI JiTepW, NPsIMUN HamiBXUpHUA wmpudr, 12 pt,
BUPIBHIOBAaHHS 110 1eHTpY). [licisi mpomycky oaHOro psiaka HaOWparoThCs iHILIaJM, NMPi3BHINA aBTOPIB (TPSAMHUI
HamniBXupHUi wpudT, 12 pt, BUpiBHIOBaHHA 10 LeHTPY). Ha HacTynmHOMY psiIKy pO3MIILyIOTECSI TOBHI Ha3BH i aJpecu
YCTaHOB, J€ BHKOHyBaJlachb po0oTa, ajapeca €JIEKTPOHHOI IOIITH aBTOpa — KOHTAaKTHOiI ocobu (kypcus, 10 pt,
BUPIBHIOBaHHS 1O 1IEHTPY). [ToTiM BMilyeTbCcs ata HaAXOMKEHHS CTATTi A0 pelakiii: 4ucio — uudpamu, Micaus —
IponucoM, pik — uudpamu (1pudT npsimuii, 10 pt, BUpiBHIOBaHHS 1O IIeHTPY). Ha HacTynmHOMY psaKy BMIIyeThCs
JaTa IPUAHATTS CTAaTTi 10 OPYKY (3aTIOBHIOETHCS PEIKOIIETIEI0).

[Micns mpomycKy OIHOTO psIKa BMIIIYIOTBCS Tpu pedepatn (YKpalHCBKOIO, aHTTIHCHKOIO, POCIHCHKOI0 MOBAaMH).
Pedepar moBo cTarTi po3miinryerbes mepuuM. [lepen apyrum Ta TperiM pedeparamu 3 HOBHX PSJIKIB MHUIIYThCS
Ha3BU CTarell (BeJIMKUMHM Jitepamu, wpudrt npsmuit, 10 pt, HamiBKUPHUN, BUPIBHIOBAHHS 10 LEHTPY), iHILianu Ta
npi3Buiia apropis (mwpudT npsmuii 10 pt, HamiBXUPHUN, BUPIBHIOBAHHS 10 IIEHTPY), HA3BM OpraHizaliii Ta X agpecu
(xypcuB 9 pt., BUpiBHIOBaHHS 10 LEeHTpPY). Pedepar moBuHeH OyTH CTPYKTYpOBaHUM Ta MICTUTH HACTYIHI YaCTHHU 3
3arojioBKaMu: AKTyalibHicTh, MeTa pooorn, Matepianu i meroau, Pesyabratn, BUCHOBKH, sKi MOYHMHAIOTHCA 3
HoBoro psnka. Ciosa “Pedepar” i “Abstract” He muIIyThCS. 3aroJ0BKM CTPYKTYPHHUX YaCTHUH MHUIIYTHCS HAIIBKUPHUM
mpudToM, Micas 3arojoBKa CTaBUTHCS Kpamka. Tekct pedepary ckiagae He meHme 1800 ta ne Oimbime 2000
(POHETHYHUX CHUMBOJIIB, TOOTO 0€3 MPOMIXKKIB MK cioBamu; npsmuid mpudt 10 pt. Pedeparn nBoma iHmmmu MoBaMu
TaKOXX IMOBMHHI MaTH oOcsar He MeHme 1800 Ha He Oimpmre 2000 donermuHmMX cuMBoNiB. Ha HacTymHOMY psaKy
BMIITYIOTECS 5-8 KITFOYOBHX CIiB, SIKI PO3AUISIOTHCS MK cO00r0 Kpamkoro 3 komoro (10 pt — mepmmit pedepar, 9 pt —
IpyTuil Ta TpeTiii pedeparn). 3 MOYATKY psIKa BETUKAMH JIITEpaMd, MPUPT HAMIBKUPHUH, TUIIETHCS 3aTOJIOBOK 3
neokpankor “KJIFOYOBI CJIOBA:”. Tekctu pedepaTiB i KIOUOBI cI0Ba MAarOTh HIMPUHY Ha | cM MeHITy, HiX
ocHOBHHH TeKcT (110 0,5 cM 3 KOKHOTO 00KY). PedepaT po3nuIsIFOTECS OTHUM ITyCTUM PSIIKOM.

OCHOBHHUI1 TEKCT CTATTI HABOIUTHCS MICNs MPomycky ofHoro psaka mpudrom Times New Roman, 12 pt. A63aumu
MMOYMHAIOTECA 3 4epBOHOTO paaka (0,75 cm). PekoMenayeTscst po30OMTTSA CTATTI HAa Taki pO3AUIN: BCTyM (Ha3Ba PO3ALTY
ne numerscs), MATEPIAJIM I METOJIM (060B’s3k0B0O [uisi eKcrepuMeHTanbHuX pobit), PE3YJIBTATH M
OBI'OBOPEHHS, BUCHOBKM. /Iy TeopeTHUHUX POOIT mependadaeThest OUIBIIN BUIbHE PO3TAllyBaHHS MaTepiaiy,
Hanpukian, 3amicte po3aity MATEPIAJIM I METOAU pexomenayiothest po3aiin IOCTAHOBKA 3AJIAUI,
MOJEJIb Ta iH. Po3ninm He HyMepyIOThes, JIITEPH BEJIMKi, HAIBKUPHI, BUPIBHIOBaHHS 110 LeHTpY. [Ipn HeoOXiqHOCTI
PO3IUTN NOAUISAIOTECS Ha migpo3auim. Ha3Bu migpo3ainiB MUIIYTHCS 3 BENUKOL JITEPH 1 BUIUIIIOTHCS HAIIBKHUPHUM
mpudToM, BUPIBHIOBaHHA NO IEHTPY. Po3minu abo migpo3fig po3aiuIsioThCs OAHUM IycTHM psakom. Ilicns Hass
pO3AiNiB 1 WAPO3MUTIB Kpamka HE CTaBHTHCA. Y KIiHII TEKCTy CTaTTi ICIs TPOIYCKY OJHOTO psAAKa Yy PO3IiTi
MOASKA 3azHavaeThcs Ha3Ba (QOHAY, SKAH (QiHAHCYBaB poOOTY, i HOMep TpaHTy. [IoTiM pO3MINIY€ETHCS PO3ILT
KOH®JIIKT IHTEPECIB, y sxoMy aBTOpH IEKIapylOTh HasABHICTH (piHAHCOBMX a00 iHIMMX KOHQIIKTIB iHTEpeciB,
SIKI MOTJIM BIUTMHYTH Ha PE3YJIbTaTH, IHTEPIPETALiI0 Ta BUCHOBKH JOCIHIKEHHS. SIKI0 Hemae KOHQIIIKTa i1HTepeciB,
TaK 1 HOTPiOHO 3asBUTH: "ABTOPH MOBIJOMIISIOTH PO BIACYTHICTH KOHQUIiIKTA iHTepeciB". T1oTiM po3MiLyeThCs pO3/IiT
Authors’ ORCID ID, y sxoMy aBTOpH BKa3yIOTh agpecu cBoix mpoginiz ORCID.

JlitepaTypHi IOCHJIAHHS HYMEpPYIOTbCS B MOPSAAKY LUTYBAaHHSA B TEKCTi, HOMEp IOCWIAHHS NHUIIEThCS Yy KBaJpaTHHX
ny)kax. He momyckaioThcs MOCHIaHHS Ha HEOMyOJiKoBaHi poOOTH, MIIPYYHHKH Ta HaBYaJIbHI MOCIOHMKH. CITUCOK
nitepatypu (mpudt 10 pt.) HaBoguThCs ABivi. [lepiiuii pa3 po3MIIIyeEThCs 32 OCHOBHHM TEKCTOM CTATTi, BUIUIAETHCS
sk pozgin CIIMCOK JIITEPATYPHU, sxuii opopmintoersest 3a Bumoramu JICTY T'OCT 8302:2015. dpyruii pa3
CIIMCOK JIITEpaTypy HAaBOIUTHCS AHIIIIHCHKOIO MOBOIO, PO3MIIIYETHCS IICIS TEPLIOro, BHUIUIETHCS SIK  PO3ILT
REFERENCES i opopMiroeTses 3rilHO 3 MDKHApOJHUM CTHIIEM O(OPMIICHHS CITMCKY HAayKOBUX IyOmikamid APA.
[puknagu odopmiteHHst 6i0miorpadiyHUX MOCKIIAaHb MOYKHA NMOAMBUTHCH Ha CalTi KypHaiy y posnini «KepiBHunTBa
Ut aBTOpiB»: http://periodicals.karazin.ua/biophysvisnyk/about/submissions#authorGuidelines.

Pykonucu opopmiieHi He y BiilIOBiAHOCTI 10 HABeACeHUX NPABUJI He PO3IVIAIATHMYThCs!



INSTRUCTIONS FOR AUTHORS

Electronic files of the contributions (created in MS Word 2007 and later versions) written in English, Ukrainian or
Russian, scans of the expert inference directive and directive from the author’s institution should be sent to the
Editorial Office online via the website http://periodicals.karazin.ua/biophysvisnyk.

A manuscript should be typed in single spacing on A4 paper. Use the MS Word with following options: 12 points
Times New Roman font, text justified. Left and right margins should be 2.5 cm, the upper margin should be 3.5 cm,
and bottom one should be 2 cm. Mathematical and chemical symbols, equations, and formulae should be inserted in
the text by computer means (MathType or Microsoft Equation). Figures should be computer-generated in software
packages intended for processing and visualization of scientific data: Origin, Mathcad, etc. The use of the MS Office
Excel is not recommended. Use computer printed symbols for axes labeling. Insert prepared images into an MS
Word file as files in *.emf, *.wmf, *jpg, *.jpeg, *.png format within the area of the page specified above. We
recommend the following layout: images are placed in the first row of the table with transparent outer borders,
legends and comments to figures are placed in the second raw of the table. The font size of figure legends should be
9 points. Formulae, tables, figures should be numbered consecutively using Arabic numerals, e.g. (1), Table 1, Fig 1.

Insert UDK in the first line on the left of a first page (11 pt, Italic). Leave one line blank. Place the title of the paper
in capital letters (12 pt, bold, centered) on the next line. After one blank line type initials and surnames of the
authors (12 pt, bold, centered). On the next line type the authors' affiliation and postal addresses of the institution
where the actual work was done, including an e-mail address of the corresponding author (10 pt, Italic, centered).
Then, place the date of the paper submission: day — in numbers, month — in words, year — in numbers (straight
font, 10 pt, centered). Then, place the date of the paper submission (to be filled by editor).

After one blank line place three abstracts of the paper (written in Ukrainian, Russian and English). The first abstract
should be written in the language of the manuscript. On the next line provide second, and then on the next line —
third abstracts (capital letters, straight font, 10 pt, bold, centered). Above the second and third abstracts place the
titles of the paper in two languages (capital letters, straight font, 10 pt, bold, centered), then — initials and surnames
of the authors (straight font, 10 pt, bold, centered), and finally — the authors' affiliation names and addresses (9 pt,
Italic, centered), every time starting from a new line. The abstract should be structured and consist of the following
parts with headings: Background, Objectives, Materials and Methods, Results, Conclusions, each placed on a
new line. The words “Pedepar” and "Abstract" should be omitted. The headers of structural parts are written in bold
letters, putting a dot after the header. All the three abstracts of the paper should contain not less than 1,800 and not
more than 2,000 phonetic symbols (i.e., without taking into account the spacing between words); straight font, 10 pt.
On the next line type 5-8 key words, separated by a semicolon (10 pt — first abstract, 9 pt — second and third
abstracts). Next, the header "KEY WORDS:" should be typed in bold capital letters at the beginning of the line.
The texts of the abstracts and key words should be indented 0.5 cm from the left and right margins. The abstracts
should be separated by a blank line.

Then, leave one blank line before starting to type the text of the paper with following options: Times New Roman
font, 12 pt, text justified. The first line of each paragraph should be indented 0.75 cm from the left margin. Each
manuscript should contain the following elements: an introduction (heading of this section should be omitted),
MATERIALS AND METHODS (obligatory for experimental studies), RESULTS AND DISCUSSION,
CONCLUSIONS. For theoretical less specified text organization is envisaged, e.g., instead of section
MATERIALS AND METHODS, the sections PROBLEM FORMULATION or MODEL are recommended, etc.
The sections are not numbered, capital letters, bold, centered. Sections may be subdivided into subsections, if
necessary. Subsection Headings are centered and should be bold and capitalized. Leave one blank line after each
section or subsection. A dot should be omitted after headings of sections and subsections. Names of the foundations
and grant numbers should be included in the section ACKNOWLEDGMENTS at the end of the text after one
blank line. The next section should be CONFLICT OF INTEREST in which you should declare financial or any
other conflict of interest. If there is no conflict of interest you can state: “The authors declare that there is no conflict
of interest.” The next section should be Authors’ ORCID ID in which you should include ORCID internet
addresses of all authors.

References to the literature should be cited in the text consecutively by Arabic numerals in square brackets. The
citation of unpublished papers, textbooks and tutorials are prohibited. List of references (10 pt) should be given
twice. The first one should be given at the end of the manuscript as a separate section REFERENCES, formatted
according to the Ukrainian DSTU GOST 8302:2015 style. The second list of references is given in English. It
should be placed after the first one, entitled as REFERENCES, and formatted according to the APA style for
scientific publications.

The examples for reference formats are given on the journal's website in the "Author Guidelines":
http://periodicals.karazin.ua/biophysvisnyk/about/submissions#authorGuidelines

Manuscripts that do not meet the requirement mentioned above will not be considered for publication!
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