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Background: The article describes a method for calculating the permittivity of organic molecules in
quantum mechanics using the well-studied Rhodamine 6G molecule as an example. The study of optical
properties of large organic molecules requires not only experimental data but also the use of calculations
obtained both analytically and numerically.

Objectives: Methods for calculating permittivity as phenomenological characteristics of a sample are to
be tested on well-studied molecules to be further applied to more complex nonlinear structures. However,
the integral changes need to be approximated in the wave functions of large molecules.

Material and methods: The numerical simulations in MATLAB were carried out to be compared with
the data from Gaussian 09, which are accurate for such small molecules as Rhodamine 6G. MATLAB
calculated permittivity values for the frequency domains corresponding to absorption and fluorescence
based on the Fermi golden rule. Hence, any molecule can be represented as a composite quantum
mechanical system. Meanwhile, Gaussian 09 used the DFT method to determine permittivity.

Results: The Fermi golden rule can be applied due to the representation of the molecule as a complex
quantum mechanical system. The proposed numerical methods minimize error by using the Dirac delta
function. According to our hypothesis, the sum of the wave function of a particle in a potential well and a
particle in a ring equals the wave function of the entire system, thus making it possible to study large
molecules. As a result of the calculation for two wavelengths of 337 and 573 nm, the permittivity results
calculated using the proposed method in MATLAB are 2.98 and 6.27, respectively. Gaussian 09
calculated the same parameters at 2.85 and 6.23.

Conclusion: The resulting datasets show a high degree of correlation. Therefore, the research hypothesis
has been confirmed. The selected method also proved efficient, hence the enhancement of luminescence
can be achieved by changing the relaxation time of the excited state. Plasmonic nanostructures with
predetermined properties will controllably enhance the resulting field by the square of the superposition
modulus of their near-field. Consequently, conditions for highly coherent radiation with high intensity
and polarization can be predicted and calculated before an experiment is carried out.

KEYWORDS: DFT method; Fermi golden rule; Dirac delta function; luminescence; Rhodamine 6G;
wave function.
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Dyes include polyatomic molecules with an intense absorption band in the visible and
ultraviolet regions of the spectrum [1]. Benzene, pyridine or other rings constitute the
structural basis of such molecules [2]. Interest in such structures is dictated by the
phenomenon of luminescence [3]. Rhodamine 6G is one of the most well-studied dyes (1 =
0.5 — 0.7 wm) characterized by a high stimulated emission cross-section [4]. Although most
Rhodamine dyes used to be studied in solutions [5-7], recently there has been a growing
interest in the electronic properties of dyes at the interfaces between media [8-10]. Recent
studies present calculations of the optical response in dyes based on the ab initio molecular
dynamics [11, 12] at varying emission wavelengths, line widths, intensities, and lifetime [13,
14]. The DFT method established the eigenvalue of a molecule's molecular Hamiltonian and
stationary states in a molecule [15, 16]. However, this method is inapplicable to permittivity
calculations as it does not comprehensively understand wave functions corresponding to the
relevant stationary states. The current research aims to describe the spectra of laser radiation
within a model based on quantum mechanics and to verify the suggested model.

The structure of energy levels in the molecules of dyes can be represented by singlet S
and triplet T electronic states [17]. The energy levels of the Rhodamine 6G dye are shown in
Fig. 2. The energy state between vibrational levels is about 0,19 eV, while between rotational
levels, it reaches around 0,01 eV [19]. The broadening of the electronic energy level in the
solution is larger than the energy gap between the rotational levels. For this reason, spin
selection criteria determine possible combinations of transitions between/within electronic
states at rotational levels, while the electronic states represent virtually continuous zones of
permitted energy [20].

When light is absorbed, the molecule transitions from a lower energy level S, to an
excited level S; . Due to a rapid thermal relaxation (zr~10712 s) [3] at the energy level S, ,
electrons move to lower vibrational levels. A spontaneous transition to the level S, is
associated with fluorescent radiation. Thus, in dye solutions, optical excitation can lead to a
population inversion from the upper vibrational levels of the S, band to the lower ones of the
S, band. Amplification of light is observed at the frequencies corresponding to fluorescence.
The resulting data can be used in order to calculate luminescence of Rhodamine 6G. Further
enhancing luminescence can be accomplished with high-quality resonant systems [21-22],
widely used in nanophotonics.

MATERIAL AND METHODS

The large size of the dye molecule [23] determines the high value of the matrix element
of the dipole moment p of the molecule [24], since the electrons involved in the absorption of
light are "smeared" almost over the entire volume of the molecule. Consequently, the
absorption coefficient k~|u|? [25] can also reach values which determine significant
absorption of light in solutions even at a low carrier concentration, which gives the solution a
color that supplements the absorption spectrum. But it also implies that an increase in
fluorescence is associated with permitted dipole transitions S; — S,

The description of permittivity is usually [26] associated with point dipoles subject to
forced oscillations under the action of an external wave field. In this case, dissipation of
energy leads to oscillation damping when the external field is removed. Thus, in a system
consisting of point dipoles, the incident radiation can be absorbed, scattered. It can also have
no interaction with the medium (in this case, the material is transparent in a given spectral
domain) [27]. If the incident wave is represented as a monochromatic plane wave propagating
along the z-axis, it can be expressed with the following equation:

E;(7,t) = Egeltts=e9), )
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where ETn(?, t) is the incident field; k stands for the wave vector; w refers to incident
frequency. Polarization of the medium is expressed as follows:

d(#,t) = eox(0)E (7, 1), )

where J(F, t) is the dipole moment of the medium-related unit of volume and y(w) refers to
medium polarizability.
Then the field formed by point dipoles can be described as:
Ey ()~ — 25

> = iwzd(7,t). (3)

The resulting field in the medium can be described with the following equation:
Etoral = EG, 1) + Ep (@, 0), (4)
In classical electrodynamics, the presence of a group of dipoles causes a phase shift in a
field located within a medium or at its boundary. The phase, as mentioned earlier, shift leads
to both a weaker field (a change in the modulus of the E;,;,; Vvector) and a change in the

direction of wave propagation (phase of the E;,:,; vector). A specific case of such a shift to
be cited is a mirror that changes the phase of the reflected wave by .

y Ew
d

Ein

Fig. 1. Vector diagram of field superposition in the sample.

If viewed as a system in quantum mechanics, a molecule [18] can be viewed as a point
dipole changing its dipole moment over time. Taking into account this difference, we cannot
average the polarizability of the medium over time. Consequently, we have to consider the
molecule’s lifetime in the excited state and its nonradiative relaxation time. The calculations
in this article were based on dried samples. Thus, the mechanism of fluorescence connected
with permittivity is be modeled as follows:

1. Luminescence in Rhodamine 6G is represented as a two-level system;

Dipole moment operators are established for each transition, while the wave functions
are presented for the particle in the ring [28];

The level population is calculated with the help of the Fermi Golden Rule [29];

The equation is used to calculate the permittivity [30];

Calculations using MATLAB are carried out [31];

The results are compared to those obtained using Gaussian 09 [32].

N

o0k
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A=337 nm| A=573 nm
absorption| emission

S0

Fig. 2. Yablonsky diagram of Rhodamine 6G energy levels and its structural formula.

The permittivity of the medium, which takes into account quantum mechanical effects,
can be represented as [33]:

2 2 2 2
321’ Neg |4 32n2ey | Ni|di] Na|da1] N3|ds;|

; =1+
3h ) whi—w?+ilw 3 |wiz—w+ilw = wij—w?+ilw  wi—w?+ilw

=1+

)

where N is the population of the level, &, — vacuum permittivity, 1 — Planck's constant, d;
— transition dipole moment operator and w;; — frequency of transition from level i to
level j.

In the first approximation, we observe transition to excited vibrational sublevels of the S;
level with the dipole moment d,; and the transition frequency w,3. It is followed by
nonradiative relaxation to the lower vibrational sublevels of the S; level with the dipole
moment d5, and the transition frequency ws,. The last radiative transition goes from the
lower vibrational sublevels of the S; level to the upper vibrational sublevels of the S, level
having the dipole moment d,; and the transition frequency w;,. Meanwhile, energy levels
broadening depends on the lifetimes in states i and j [34]:

p=1F+1 (6)

2|7 ‘L'j.

The dipole moment operator is calculated based on the volume of the entire molecule
[35]:

dji = (i) = J, pjlea+ Dy)¢g; (7)

where a is the radius of the excited electron orbit and Ds is the dipole moment of the
structure.
The wave functions of a particle in a ring can be expressed as follows [28]:
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<pn=me R, (8)

3=ea+DS. 9)

The N;, N,, N5 3 levels population is calculated according to the Fermi golden rule [33]:
2 2
Ni = W(l)Ti ’ (11)

where §(w; — w; — w) — Dirac delta distribution and 17” — the element which can be
calculated as:

A~

V..:

=-Ed. (12)

N |-

The non-radiative transition shown as the third term in the formula (5) of permittivity,
taking into account thermal radiation, is represented as follows [36]:

2 cu
where u is the electromagnetic density of thermal radiation [33]:
how?® 1
U= a e (4

Where k is Boltzmann's constant, T — thermodynamic temperature, E — electric field
tension can be determined as a superposition of the electric field formed by the nucleus and
the rest of electrons that are not involved in the radiationless transition.

RESULT AND DISCUSSION
Permittivity was calculated in MATLAB. The input data are given in Table 1.

Table 1. Initial data [37] for the numerical calculation of the permittivity

(I?;l)dius of the Rhodamine 6G ring (from Gaussian 9102x10° m
Lifetime on the ground vibration SO level 10x10° s
Lifetime on the S1 ground vibration energy level 10x10%s
Lifetime on the S1 higher vibration energy level 10x10°s
Absorption frequency 5.589x10%° st
Emission frequency 3.287x10% st
Nonradiation transition frequency 2.302x10%° st
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The data obtained due to simulation in MATLAB were verified through calculations in
Gaussian 09. The interactive chemical structure model of the molecule is shown in Fig. 2
(from Avogadro 1.1.1). The calculation was carried out using a method based on the Hartree-
Fock theory without imposing symmetry restrictions but with the DFT functional, which is an
economical method for including electron correlations with a three-parameter density
functional — Becke3LYP (B3LYP). The OPT method optimized the geometry using the basis
set of cc-pVDZ orbitals. The DFT method calculated the molecular properties of the
Rhodamine 6G, and then the Clausius-Mossotti approximation was used to determine the
permittivity [38, 39]. The calculated values of permittivity obtained in MATLAB and
calculated in Gaussian 09 are shown in Table 2.

Fig. 3. The interactive chemical structure model of the Rhodamine 6G molecule.

Table 2. Calculation of permittivity for two wavelengths

B3YP/cc-pvDZ MATLAB
€ 2.85 (A=337 nm) 2.89 (A=337 nm)
€ 6.23(A=573 nm) 6.27(A=573 nm)

Permittivity generally depends on the lifetime of the molecule in an excited state as well
as on the nonradiative transition time. Therefore, it is possible to change permittivity by
modifying the relaxation time of the excited state. This approach is used to enhance the
luminescence by amplifying the local field. In this case, the analysis of formula (10) provides
a better understanding of the conditions where the maximum enhancement is reached. In this
case, the phase difference between the incident wave and the electric dipole can be divided by
mz. Such enhancement applies to plasmonic nanostructures. These structures transform the
incident field into a surface wave [40], where the electric field vector is parallel to the
medium polarizability vector. The resulting field is amplified in proportion to the square of
the near-field superposition modulus, which allows controlling enhancement of the dye
luminescence by creating a predetermined near field.

Currently, numerical calculations are based on RCWA and FDTD methods which involve
permittivity convolution [41, 42]. A supercomputer is often required in order to perform the
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calculations needed. In the case of large and complex biophysical systems, it is impossible to
perform calculations in nonlinear media where the permittivity depends on the exciting
electric field. Primarily, it is due to the fact that the presence of float point accuracy [43] leads
to the Gibbs phenomenon [44]. On the other hand, the dynamic matrix of permittivity cannot
be used in convolution [32]. Thus, a robust method is required in order to avoid the
difficulties described above when performing calculations for complex nonlinear biophysical
systems. The new and original method proposed can be applied for this purpose. It considers a
qguantum mechanical system in the electrodynamic approximation where a discrete continuum
of energy interacts with a continuous one.

CONCLUSION

The paper presents a numerical method for permittivity calculation using a quantum
mechanics approach. The representation of a molecule as a complex quantum mechanical
system makes it possible to use the Fermi golden rule. The wave function of such a system for
a small molecule of Rhodamine 6G can be presented as the sum of the wave functions for a
particle in a potential well and a particle in a ring. The wave equation for large molecules is
difficult to solve with Gaussian 09 as it requires much time and a supercomputer. Sometimes,
it is not possible at all due to the accumulation of system errors when calculating the
electronic structure of atoms. Applying the proposed numerical methods minimizes the error
due to the Dirac delta function. Therefore, numerical simulation for MATLAB is relevant to
establish the optical characteristics of molecules of any size. In this paper, the data obtained
from MATLAB were compared with the calculations carried out in Gaussian 09. As a result
of the calculation for two wavelengths of 337 and 573 nm, the permittivity results calculated
using the proposed method in MATLAB are 2.98 and 6.27, respectively. Gaussian 09
calculated the same parameters at 2.85 and 6.23. The resulting data show a high degree of
correspondence, which confirms that representation of the quantum mechanics properties of
Rhodamine 6G is functional and the selected numerical method is valid.

These results are important for studying more complex molecules, such as toxins or
nucleic acids. Integral changes in the wave functions of complex molecules can also be
represented as a sum of wave functions describing changes in the structural parts of a large
molecule. Nevertheless, the core of large molecules can cause disturbances that should be
considered. The proposed numerical method can be further used to verify experimental data
on the optical properties of molecules. This technique makes it possible to predict the optical
properties of nanostructures and carry out theoretical calculations of the conditions for highly
coherent radiation of high intensity and a high degree of polarization Permittivity describes
both the molecule’s optical response as well as the medium's response, which can refer to any
solution or solid. The working hypothesis of new research may be to test this method on wet
data since this article only considered dried samples.
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a i BUKOPUCTaHHs PO3PaxyHKiB, OTPUMAaHHX K aHAJITUYHUM, TaK 1 YUCEIbHUM IIUIIXOM.

Meta. Metonu po3paxyHKy JieeKTPHYHOT IPOHUKHOCTI SIK (PeHOMEHOJIOTTYHOT XapaKTepUCTUKH 3pa3Kka
MOBHHHI OyTH TEpeBipeHi Ha M0oOpe BUBUCHHX MOJICKYJaxX, 100 Hajaii 3acTOCOBYBATHUCS 1O OLIbII
CKJIQJIHUX HENHIHHUX cTpyKTyp. OmHaK iHTerpaibHI 3MIHM XBMWJIBOBHX (DYHKILIH BEIMKHX MOJEKYI
HEOOXiHO arpOKCHMYBAaTH.

Martepian i merogu. Uncensune monemoBanHs B MATLAB 0Oyno mpoBeneHo A MOPiBHAHHS 3 TaHUMU
Gaussian 09, sxi € TOYHUMH I TaKUX HE BENUKHAX MoJekynd, sk Rhodamine 6G. Y MATLAB 6yno
PO3paxoBaHO 3HAYCHHS MiCNEKTPUYHOI MPOHHUKHOCTI MJIS YaCTOTHUX oOJacTei, 1o BiIOBiZAIOTH
MOTJIMHAHHIO Ta (IIyopeceHIlii, Ha 0CHOBI 3050Tor0 npaBmwia Pepmi. O1xke, Oyab-IKy MOJIEKYITy MOXKHA
TIPEICTaBUTH K CKJIaIHy KBaHTOBOMEXaHiIuHy cucteMy. Y Gaussian 09 OyB Bukopuctanuii meroq DFT
JUISl BU3HAUEHHS /1IeJIEKTPUYHOI TIPOHUKHOCTI.

PesyabtraTu. 3onore mpaBuno ®depMi MOKHA 3aCTOCYBaTH 3aBISKH MPEACTABICHHIO MOJEKYJIH SK
CKJIaJTHOI KBAaHTOBOMEXAHIYHOI CHCTEMHU. 3alpOINOHOBAHI YHCEIIbHI METOJIM MIHIMI3yIOTh MOXHOKY 3a
JIOTIOMOT 010 JienbTa-¢yHKuil Jlipaka. 3riHO 3 HAIIOIO TiMOTE3010, CyMa XBHJIBOBUX (DYHKIIIH YaCTHHKH B
MOTEHIIIHIH sIMi Ta YaCTHHKHU B KUIBI JOPIBHIOE XBUJIbOBIN (QyHKILIT BCi€l ccTeMH, 10 1a€ MOXKIUBICTh
JOCTIKYBATH BEIUKI MOJIEKYTH. B pe3ynbraTi po3paxyHKy [UIS ABOX IOBXHH XBWIb 337 Ta 573 HM,
pe3ysbTaTH [iCNIEKTPUYHOT TPOHUKHOCTI OOYHMCIEHI 3a JOIOMOTOI0 3alpONOHOBAHOTO METOJa B
MATIJIAB nopiaroBamu 2,98 Ta 6,27, Biamosimuo. Lli cami mapamerpu oOYHCIEHI 3a JAOIOMOTOIO
Gaussian 09 nopiBHroBamu 2,85 ta 6,23.

BucnoBok. [TopiBHSHHS pe3ynbTaTiB MMOKa3ye BUCOKWH CTYIIHB BiAMOBITHOCTI MK HabopamMH JaHUX.
OTxe, rimoTe3a Ta BuOip Metony Oymu BipHUMH. [loCHIICHHS TIOMIHECHEHIII MOKHA JOCATTH 3MIiHOIO
yacy perakcanii 30ymkeHoro crany. [lna3MOHHI HAHOCTPYKTYpH 13 3a3fajeriip BU3HAYEHHUMU
BJIACTHBOCTSIMH MOXYTh KEPOBAaHO MOCHJIIOBATH Pe3yJIbTyIOUe 10JIe Ha KBaJpaT MOIYJIS CyNepro3uIii ix
6mmkHbpOro nossi. OTKe, YMOBHU Ul BACOKOKOT'€PEHTHOTO BUIIPOMIHIOBAHHS 3 BHCOKOIO IHTEHCHBHICTIO
Ta MOJSIPU3ALIEI0 MOXHA Mepe0auuTy Ta po3paxyBaTH 0 EKCIIEPUMEHTIB.

KJIFOYOBI CJIOBA: meron DFT; 3onote nmpasuno @epwmi; nensra-¢ynkuis Jipaka; mominecnenuis; Pogamin 6G;
XBHJIbOBA (DYHKITisSt
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B. B. I'ypmau

AKTYaJIbHICTh. AKTYaJIbHUM NUTAaHHSIM Cy4acHOi OIOMEIUIIMHH € MOIIYK MOTEHUIHHUX HUISXIB II0J0
3MEHILEHHS MOMIMPEHHS KOPOHABIPYCHUX 1H(QEKIIH Y NOMyJIALisX JIF0/ei 1 TBAPHH Ta yCYHEHHs! BILUTHBY
KOpPOHaBIpyCy Ha X OpraHi3Mu.

Mera poGoTH TmonsArana y BU3HAUCHHI CTPYKTypHOI oprasizamii Cep (ylepeHiB y MOAEIHHOMY
KIITHHHOMY CEpeJOBHINI, OIHII X MOTEHIHOT 3JaTHOCTI NPOHHUKATH Kpi3b MOMAEIBHY JIiITiTHY
000JIOHKY KOpOHaBipyca, pPyHHYIOUM TaKMM YHHOM HOTrO IiJICHICTB, a TaKOX BCTAHOBJIECHHIO
e(peKTUBHOCTI IPOTUKOPOHABIPYCHOI /i B cuctemi in 0vo.

Martepianm i meroau. JlocmipkeHHS IPOBOIIUTH 3 BUKOPHCTAaHHAM TIporpaMHoro makera Gromacs 2020
i cunoBoro nosis Charmm36. Jlis moGymoBu JimigHOT 00OJIOHKHM KOPOHABIpYCY 3acTOCOBYBayiu Web-
pecypc CHARMM-GUI. B ekcriepumenTax in OVO Ha Kypsdux eMOpiOHaX BHKOPHCTAIH BipyCONOTiUHi
Ta TOKCHKOJIOT14HI METOIH.

PesynbraTn. Iloka3aHo, 110 Ha MOYATKOBUX eTamax MojekyssipHoi auHamiku Ceso (yseper dopmye
HE3HAyHI 3a PO3MIPOM HAHOKJIACTEPH y KUIbKOCTI 7—16 MoOJIeKys, Ha M0 BIUIMBAa€E IX BHXIiJHA
KOHLIEHTpALsl y MOJIETIbHOMY KIITHHHOMY cepenoBuiii. [Ipu boMy GpopMa HaHOCTPYKTYP AJIst KiJIbKOCTI
MOJIEKYJ TIOHa] 16 Moxe Binpi3HATHCS BiJ HpaBHibHOI chepuduHoi. Beranosneno, mo Ceo (ynepen Ta
HOro HaHOKJAcTepH 34aTHI TPOHWKATH BCEPEAMHY JIMiJHOI OOOJOHKM KOpOHaBipycy. 30Kpema,
mooanHOKa MoJekyida Ceo MOXE MITpyBaTH, IMOBHICTIO 3arjiHONIOBATHCS Y JIMiIHY OOOJOHKY abo
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nepecyBatucs BcepeluHi Hel. BcraHoBieHo, mo BomHui po3unH Ceo (yJepeHiB 3a MaKCHMaJbHO
nonyctumoi konnentpauii (MZK) 30 Mxr/emOpioH 3HMXKYE iH(EKUIHHY aKTUBHICTH KOpPOHaBIpyCy
iHdekuiitHoro Oponxity kype# (IBK) mpu #oro 3acrocyBanni uepes 1, 2 i 4 rox micist iHpiKyBaHHS
KOpPOHaBIPYCOM UYyTJIMBOi 010JIOTTYHOT CHCTEMH.

BucnoBku. Ilokazano, mo arperamis Ceo (hyJepeHiB y MOAEITHHOMY KIITHHHOMY CEPEIOBHINI MOXE
BinOyBaTHcs Mo-pizHOMY: ab0 10 MPOHWKHEHHS Yy JiMiIHy 000JIOHKY KOpOHaBipycy, abo BcepenuHi Hei.
Ceo (yrnepeHn, K MOOIMHOKI, TaK 1 y CKJIAQAI HAHOKJIACTEPiB, 3[aTHI YTBOPIOBATH IOPHU B OOOJIOHII
KOpOHAaBipyCy, pyWHYIOUH HOTO IUTICHICTH, IO, MOXIHBO, MPHU3BOIUTH A0 IMOPYIICHHS BiAMIOBITHUX
CTaliil MKy HOTO peIuTiKamii Ta MPUKPIIUICHHS IO PEIenTOpiB KITHHU. BCTaHOBIIGHO, IO BOIHUIMA
posunHn Cgo ¢ymnepeHiB mpu 3acrocyBanHi 3a MK mposBisie TPOTHBIPYCHY AaKTHUBHICTH IMOJO
kopoHaBipycy IBK Ha Horo panHix cragisx B3aemouii 3 kiituHoo (1—4 rox).

KJIIOUYOBI CJIOBA: Cg dynepeH; KopoHaBipyc; MOJEKyJsipHA IHHaMiKa; NPOTHKOPOHaBipycHa
AKTHBHICTb.

BigmosigHo 10 3BiTiB BOO3, He3Ba)xal0uM Ha OTOJIOMICHHS PO MPHUITMHECHHS TaHIeMil,
CTaHOM Ha ChOTOHI BCE III€ CIIOCTEPIraeThCsl MOMMUpPEeHH KopoHaBipycHoi iHdekii COVID-
19 y Gararpox kpainax cBiTy. CaMe TOMY JNOCTIPKEHHS MOTEHI[IHUX HUIAX1B HIBETIOBAHHS
BIUTMBY KopoHaBipycy SARS-CoOV-2 Ta #oro mramMiB Ha OpPraHi3M JIIOJUHU € TI00aTbHIM
MUTaHHSIM CY4acHO1 O10MEeIUITHH.

CyuacHi HaHOO10TEXHOJIOTIT MOXKYTh 3HAWTH 3aCTOCYBAHHS NPU BHUPIIICHHI YMCIEHHHUX
KJIIHIYHUX Mpobsem, mnoB'si3aHux 3 mnanaemiero COVID-19. Tomy Ttaka OiocymicHa 1
OiogoctynHa HaHOCTpyKTypa K Ceo (ylepeH BUKIHMKae HeaOWsKy 3aliKaBJICHICTh 00
3aCTOCYBaHHS MpPH KOPOHaBIpyCHHUX 1H(EKILisIX 3aBISKH MPUTAMAaHHIA «CHeru(iaHii»
npotuBipycHiii aktuBHOcTi [1]. Tak, miteparypri npani [2] cBim4ath, OO BHCOKa
ninodinbHicTh Coo PyTepeHy 3yMOBIIOE «MEMOPAHOTPOITHUI) MEXaHi3M HOro MPOTUBIPYCHOT
nii. Bimomo, mo Giomnoriuni epextr Bogopo3dnHHUX Ceo QyIepeHiB HapsiMy KOPETIOIOTh 3 iX
po3mMipamu [3], ToMy Ha HepIIOMY eTami JOCTIKEHHS BaXKJIMBUM OYyJI0 OIIHUTU PO3MOALI 3a
pPO3MIPOM IMX HAHOYACTUHOK Y MOJEJIbHOMY KJIITHUHHOMY CEpelOBHINl Ta iX 3JaTHICTb
NPOHUKATH KPi3b MOJAEIBHY JIiMIAHY 000JIOHKY KOpOHaBipyca.

BaxnuBo 3a3znaumty, mo iHdexmiitHuii Oponxit kypeil (IBK) € oaniero 3 HailOuibIn
NOLIMPEHUX BIpyCHUX I1H(EKIi NTaxiB, fKi 3aBJalOTh BEIMYE3HUX EKOHOMIYHHMX 30UTKIB
NTaxiBHULTBY B YChOMY CBITI, BKJIIO4aoun YKpainy. Lle 3aXxBoproBaHHSI BUCOKO KOHTariosHe,
ypakae OpraHu IuXaHHs (BEpXHI JUXaJbHI LUIAXM) Y KypyaT, pEeNpOAyKTHBHI OpraHd 3
TPUBAJIUM 3HIDKCHHSM HecydocTi y nopociux kypeit (Gallus gallus). Kpim toro, momupexnm
SIBUIIEM € MOTIPIIEHHS SAKOCTI sI€llb Ta HEPPUT, IKHI MOXXYTh BUKJIMKATH 1K1 IITaAMU L[bOTO
Bipycy. [HKyOaniiiHuil nepioj] 3aXBOPIOBaHH 3a3BUYail CTaHOBUTH 24—48 roJ, MK BUALIEHHS
BIpyCy 3 [JUXalbHUX HUIAXIB TpuBae 3—5 nHiB micns iH(pikyBaHHsA. Ha TsDKKicTh
3aXBOPIOBAHHS Ta BpPaXEHHS CHCTEM OpraHi3My BIUIMBAIOTh SIK IITaM BIPYyCy, Tak 1 BIK,
1opoJa, IMyHHHUH cTaTyc Ta palioH KypKH, X0JIO0A0BUH cTpec.

PHK-renomuuii Bipyc 3 poaunu Coronaviridae, poay Coronavirus, raMMakopoHaBipyc
(Gammacoronavirus) nraxie Bukiukae IBK. Bipionu cdepuunoi ¢opmu, miamerpom 65—
135 HM, BKPHTI JIIMOMPOTETHOBOIO OOOIIOHKOO 3 OYJIaBOMOMAIOHNMH BiIPOCTKAMHU 3aBJIOBXKKH
10 20 HM, 1110 YTBOPIOIOTH «COHSYHY KOpoHY». Llelt koponasipyc (Avian infectious bronchitis
VIrus) mpesicTaBICHUI MIMPOKUM CIIEKTPOM cepoBapianTiB. Becranosneno monas 20 cepoTHIiia
BIpYCY Yy BCbOMY CBITI, SIKi BIAPI3HSIOTbCA MK COOOI0 3a aHTUT€HHUMHU Ta IMYHOJIOTIYHUMU
BJIACTUBOCTSAMU. YUepe3 BIJICYTHICTh MEXaHI3MIB KOPEKIIII MiJl Yac peruiikamii TeHoma Bipyc
IBK Moke mBHIKO MyTYBaTH 1 T€éHepyBaTH HOBI IITaMH, 1110 MOXJIUBO € CX0XXUM Y HUHIIIHIN
cutyarii 3 COVID-19, xonu Mu crioctepiraeMo MIBUIKHA MyTaIliiHuN Tiporiec Bipycy. Tomy
Ha JIpyroMy eTrami JAOCHIUKEHHS BaXJIMBUM OYJIO OLIHUTH €(PEeKTHBHICTh NPOTUBIpYCHOI Hii
BosHOTO po3unHy Ceo (ynepeHiB 100 koponasipycy IBK B cuctemi in ovo.
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MATEPIAJIM 1 METOIH

Yci po3paxyHKH MPOBOIMIIN Y nporpamHomMy naketi Gromacs 2020 [4] i cunoBoMy modi
Charmm36 [5]. Ix km040Bi eTanu BKIIOYAIM MiHiMi3allilo eHeprii Ta JBa KPOKH eKBimiOparii
cucremu (NVT (constant Number of particles, Volume and Temperature) i NPT (constant
Number of particles, Pressure and Temperature)). Monekynsapay auHamiky (M) npoBoaniu
ynpoaosx 100 He 3a Temnepatypu 36°C.

Tononorito mns Ceo ¢ynepeHy noOyqyBaiad, BHUKOPUCTOBYIOUM OHJIAMH cepBep
SwissParam [6]. [licis nporo mi HAHOCTPYKTYPH PAaHJAOMHO HOMICTHIIM Y KBaJpaTHUI OOKC
Ta 3alOBHWJIM MOro MoJjekylnamMu Boau. [[ns imiTamii KIITMHHOTO CEepeJoBHINA IO TakKoi
cucremu pomaBanu iomn Na'/Cl™ (ix xoumentpamisi ckimagana 0,15 M). Basyrounch Ha
SKCIIEPUMEHTAIBHUX JTaHUX II0J0 NPUTOTYBAaHHS i XapakTepu3yBaHHS BOJHOTO po3unHy Ceo
¢dynepeniB [7], 3arasioMm IpoOBENM TECTYBAaHHS TPbOX BUXIJHHX PO3UUHIB, IO MicTHIN 5%,
10% 1 15% monexyn Ceo.

Jiis moOymoBH JiiiAHOT 000JOHKK KOpOHaBipycy Ha ocHOBI hocharuaunxoininy (POPC)
y kinbkocti 1024 mornekyn 0yno Bukopucrano wWeb-pecypc CHARMM-GUI [8].

st orpumanHs BoHOTO po3unHy Ceo QysepeHiB OyB 3aCTOCOBAaHUI METO/I, 3aCHOBAHHIA
Ha nepeBeeHHI MoJieKyJsl Ceo 3 TOIYOIy Y BOY 3 MOAAIBIIUM OOpOOJIEHHSAM YIbTPa3ByKOM
[9]. Onepsxanuit Boguuit pozur Ceo GysiepeHiB 3a MaKCUMaIbHOT KOHIIeHTparii 150 MKr/MiT
€ TUIIOBUM KOJIOIIOM, III0 MICTUTb SIK MOOJMHOKI MosieKkysu Ceo, Tak 1 iX HAHOYACTUHKH [7], 1
3aJIMIIAETHCS BUCOKOCTAOUTBHUM yIpoaoBXk 18 micsiis 3a remnepatypu +4°C.

Jlist mpoBeieHHsT OCIiDKEHb iN 0VO y Kypsiunx emOpioHax (KE) HeoOXigHOW yMOBOHO
OyB minbip mramy Bipycy IBK 3 mHaiiBumoro indekmiiinoro aktuHicTO. [y nporo Oyio
BU3HAYEHO 1H(EKIiIHy akTuBHICTh I’aTH mrtaMmiB Bipycy IBK. [1in6ip ontumansHoro mramy
JUTSL  TOCHIJDKCHHST 3IMCHIOBAIM 3a 1HOKyismii  8-mob6oBux KE B 00’emi 0,2 om®
BIPYCOBMICHOIO MaTepialy 3a YMOBH JOTPUMAaHHSA IPAaBUJ AacCENTHKH 1 AaHTUCENTHUKH.
CriocTepexxeHHs MPOBOJIMIIA YIIPOJOBXK 8 mi0, pe3ynpTaTH aHamizyBamm Ha 8 mo0y. Cepen
yCiX TMepeBipeHuX IITaMiB HaHOUIbII 1H(GEKIIfHO aKkTUBHMM BHsABHBCA ITam “M41” 3
indexuiiinoo aktuBHicTIO Bipycy — 6,70 £ 0,35 1g Elflso/cM®, sikmii i 6ymo BimiGpaso s
noJaIbIINX JociikeHs (Puc. 1).

A B

Puc. 1. BB Bipycy IBK Ha indikoBani KE uepe3 8 ni0 excnepumeHTy: A — KOHTPOJIBHI
iHTaKTHI eMOpionu; B — emOpionwu, iHdikoBaHi mramoM «M4 1.

Fig. 1. The effect of chicken infectious bronchitis virus on infected chicken embryos after 8 days
of the experiment: A — control intact embryos; B — embryos infected with strain "M41".

BiniOpani uist 1ociipkeHb pyxJuBi 3 100pe po3puHyTHME cyaunHamMu KE 8 mo6GoBoro
BiKy, iHOKYIbOBaHi BiANOBIZHO IO PO3BEleHHsA Bipycy, BBogumu mo 0,2 cM® B amanToicHY
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nopoxxanny KE (1o 4 eMOpioHM Ha KOXHe JlecATHKpaTHe po3BenenHs ix 107 no 107) [10].
HocnimxyBanu BriuB BoxHoro po3unHy Ceo dynepeniB na KE uepes 1, 2, 4 1 6 rox micns
iHpikyBanus KE xoponaBipycom IBK muisixom BHecenHs Horo y KE 3a MakcumanbHO
nomyctumoi  konnentpanii (MIK). fx koutpons, Bukopuctamu KE, skum Oyno
IHOKY/bOBaHO 3a0ydepeHuii ¢iziosoriunnii po3unH. EmOpioHn B mporeci iHKyOarii
OBOCKOITyBaJIM JBiYi Ha pAeHb. [Iponenypy mnoBroproBanmu T1pudi, 3 KoHTpoisimu. KE
iHKyOyBanu 8 116 3a Temnepatypu 37°C Ta BigHOcHOT Bojorocti 50-52%. Beranosieno, 1o
BonHuii po3unH Ceo (QysepeHiB € Oe3nedyHuM JUIsi 3aCTOCYBaHHS 1IN OVO HaBiTh Y
MaKCUMaJbHOMY 00’ eMi BBesieHHS — 110 1,0 cm® Ha KE He3aexHO Bij MicIs BBEICHHS. Le e
JIOBOJII BaXKJIMBUH (PAaKT, OCKUIbKHM crerianbHa meroaudHa Jiteparypa [10] pekomenmye
MaKCHMaJIbHHUI 00’ €M BBEICHHS Jlikapchkoro mpenapaty 0,2 cm® Ha KE.

[IpoTukopoHaBIpyCHY 0 JOCHIPKyBaHOI HAHOCIIOIYKH B CUCTEMI IN OVO BH3HAYAIM 3a
CIIBCTaBJICHHSIM pIBHEH 3HIKEHHS 1H(MEKIIMHOI aKTHUBHOCTI BIpyCY, fKa BUPAKAETHCI Yy
NOKa3HUKaX TUTPY iHQEKIiIHOT akTHBHOCTI Bipycy [10].

Cratuctuuny oOpoOKy pe3ynabTaTiB BUMIPIOBAaHb MPOBOAWIM METOAAMH BapialiitHoi
CTaTHCTHUKH 3 BUKOPUCTaHHSAM mporpamu Statistica 13.3. Ilpu anHaimizi eKCriepuMEHTAITBHUX
JMaHUX Yy PI3HUX TPYyMax BHUKOPUCTOBYBaIM t-KpuTepiii CThIOJEHTA, MICIs YOTO BUKOHYBAIU
MHOKWHHUHN TOPIBHSUIBHUN TecT JlaHHeTa aJis MOpIBHSHHS BCIX JAaHUX 3 KOHTPOJIBHUMU.
[TpumymieHHs mpo Te, 0 eKCIepUMEHTANIbHI JaH1 BINOBIIal0Th HOPMAILHOMY PO3MOJLLY Ta
MaroTh 1IGHTHUYHI CTaHIAPTHI BiOXWJIEHHs Oynm mepeBipeHi 3a mormomoroio tecti Ilamipo-
VYinka ta baptierra, BianoBigHo. [IoBTOpIOBaHICTh BUMIPIOBaHb CKJIaJalla HE MEHIIIE I SITH
pasziB. [Ipu 3HauenHi p < 0,05 BiAMIHHOCTI BBa)KAIKCS 3HATYIIUMH.

PE3YJIbTATU TA OBI'OBOPEHHS

BcranoBneno, mo Ha mnouartkoBux eramax MJI Ceo ¢ynepeH ¢opmye He3HauHi 3a
pO3MipoM HaHOKIacTepu y KiabkocTi 7—16 monekyn (Puc. 2; muB. 5% po3uuH, 25 HC).
BaxnuBo 3a3HauuTH, 110 Ha pO3MIp HAHOKJIAcTepy, YTBOPEHOro 3a TOW YM IHIIMH dac,
ICTOTHO BIUTMBa€E BuXiAHa KoHIEHTpauliss Ceo (QyJIepeHIiB y MOJEIbHOMY KIITUHHOMY
cepenopuii (Puc. 2; guB. 10% 1 15% pozumnm, 25 Hc). Tak, 3a BUCOKOi BUXIJHOI
koHUeHTpauli Ceo QynaepeHiB, KpIM HE3HAYHUX 3a PO3MIPOM HAHOArperariB, YTBOPIOIOTHCS
TaKOX HaHOKJIacTepu po3mipoM 25 i 6inbine mosaekyn Ceo. LikaBUM € Te, 1110 HAaHOKJIACTEPH
po3mipoMm 110 16 Momnekysn 31e01IbIIoro MarTh chepudHy GopMy abo HAOMIKEHY 0 TakKoi
(Puc. 2; muB. 5% po3uuH, 25 HC), a y HaAHOKIACTepiB OubmIOTO po3Mipy dopma €
HenpaswibHOWO (Puc. 2). Ha Hamy nymky, 1€ OB’ sI3aHO 3 TUM, 1110 HAHOKJIACTEPH OUIBIIOTO
pO3Mipy € OBl PyXJIMBUMH 1 MarOTh OUIbIY €HTPOMIHHY CKJIAJOBY, SIKa HE JI03BOJISE iM
HaOytn chepuunoi popmu. HactynHi cHammoru M/J] 4iTko moka3yroTh, IIO YTBOPEHI Ha
noyatky HaHoksactepu Ceo (QynepeHiB MaroTh TEHEHILIIO 10 30UIBIIEHHS CBOTO pO3MIpy 3
YacoM.

Bceranosneno, mo Ceo QysnepeH Ta Horo HaHOKJIAacTEpU 34aTHI MPOHUKATH BCEPEIUHY
JMigHOT 000JOHKK KOPOHABIPYCY 1 3TOJIOM BUXOJUTH 3 HEi, M0 KOPETIOE 3 MOACIbHUMH
pospaxynkamu [11]. Tak, Ha puc. 3A no6pe BUAHO, K MOOAMHOKA MosieKysa Ceo MOBHICTIO
3armuOII0EThCS Y JIiAHY 0000HKY 1 ynpoaosxk M/l nepecyBaeTbest Bcepeauni Hei. Jlemro
mikaBima cutyaiist cnocrepiraiacs anst 10% 1 15% pozuuniB monekyn Ceo. TyT Ceo pynepen
dbopmye HaHOKIAcTepH 3 2, 3 1 4 MOJNEKY, SKi, SIK BUSBHWJIOCS, 3/1aTHI IIBHU/IIC MPOHUKATH
BCepeAMHY JiniaHo1 060n0HKH Ta BuxoauTH 3 Hel (Puc. 3B, C). Tak, Ha puc. 3C Mae micue
YTBOPEHHSI Maii’ke pIBHOCTOPOHHBOIO TpUKyTHHKA 3 3 Mosiekyn Ceo, KM TMOYHHAE
3aHYpIOBATHUCS Yy JIMiJIHY 00OJOHKY, a Bke miJ KiHenb M/I BiH nmepeOyBae 3 iHIIOro ii 60Ky.
Takoxx n10o0pe BUIHO YTBOPEHHS BCEpENMHI JiNiAHOI 00010HKU TeTpaeapa 3 4 momuekyn Ceo.
[HIIMX reoMeTpUYHUX YTBOPEHb HE CIOCTEpirajiu, Xoya jireparypHi naHi [11] Bka3zyroTh Ha
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NOTEHIIIIHY MOXIIMBICTh YTBOPEHHSI TAaKMX HAHOCTPYKTYp, SK JedopMOBaHa/TpaBUIIbHA
TpuroHasibHa Oimipamiga (5 monekyn Ceo), aepopmoBanmii oktaenp (6 momekyn Ceo) i
cynepkiactepu (10 i 6inbme mosekyir Cep).
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Puc. 2. Burisn 3Bepxy OOkciB 3 pi3How kouieHTpamielo Cep (ylepeHiB y MOICIbHOMY
KIITHHHOMY CepeloBuIli Ha pi3Hux eramax MJI cumyssimii: Ceo dynepen — cipuii koJip; OOKC
cepeIoBuINa — OJIAKUTHHUI KOJip.

Fig. 2. Top view of boxes with different Cgo fullerene concentration in the model cell medium at
various stages of MD simulation: Ceo fullerene — gray color; the environment box — blue color.

Hapemti, B excnepumeHTanbHiil poboti [9] Oyno mokaszaHo, mo Bojaopo3uuHHI Ceo
dynepenn 3a Hu3bKoi KoHueHTpamii 10°M B3a€MOJiIOTH 3 ILIOCKOK JBOIIAPOBOIO
MeMOpaHoo (cpopMOBaHa LUISIXOM HaHECEHHs cyMilll GochaTuIMIXoiHy Ta XOJECTEpUHY
(1:1) y renrani uepe3 oTBip aiamerpom 0,6 MM y Te]IOHOBIM wyalilli, siKa MICTHJIACS Y
CKJIISHIA Kamepl, 3a KIMHATHOi TemIepaTypH), 30UIbLIyIOYM ii NMUTOMY MPOBIAHICTH Ta
€JIEKTPUYHY €MHICTB, 1 YTBOPIOIOTH B Hil JIOKaJIbHI 1e()eKTH — MOPU 1 KaHAJIH.

[Tpu mocmimkenHi cepii KoHIeHTpallii BogHoro po3unny Ceo dynepeniB y KE BusiBneno,
0 I HAHOCMONYKa HE BHUKIHWKAla MICIEBO-MIOAPA3HIOY0i 1 TokcuuHol aii 3a MJIK
(30 mkr/emOpioH) yrpoaoBxk 96 ro.

Bcranosneno, mo npu BHeceHHI BogHoro po3unHy Ceo ¢ynepeniB 3a MK uepes 1 i
2 rox indixyBanHs KE xoponasipycom IBK TuTp iH(EKIiiHOT aKTHBHOCTI BipyCy 3MEHIITHBCS
Ha OJHAKOBY BenMuMHy i ckmaB 5,45+ 0,30 lg Elflso/cM® y mocmifi mpoTH 3HaueHHS
6,70 0,35 1g Elflso/cM® y KOHTpoOJi (TepameBTHUHA CXeMa 3acTOCyBaHHS). IIpu BHeceHHi
BosiHOTO po3unHy Ceo (ynepeny 3a MK uepes3 4 i 6 rox indikyBanus KE xoponasipycom
IBK Ttutp indeKuiiiHoi akTHBHOCTI 3HM3MBCA i CKIaB, BiamosigHo, 4,45 + 0,25 Ig El/lso/cm® i
6,45 + 0,33 Ig ElJIso/cM® y nocaigi mpotu 3Hauenns 6,70 + 0,35 1g Elflso/cm® y KoHTpOTi.
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Puc. 3. biunnii BUrisiL moOya0BaHUX CUCTEM 3 Pi3HOIO KibKicTio Mosekyn Ceo Ha Pi3HHX eTamax
MJI cumysnsnii: POPC obononka — ciporo konsopy; Ceo (ynepern — KOBTOTO KONbOpY; A —
5%, B— 10% i C — 15% pozumnn monexyn Cso, BiIIOBITHO.

Fig. 3. Side view of constructed systems with different numbers of Ceo molecules at various stages
of MD simulation: POPC envelope — gray color; Ceo fullerene — yellow color; A — 5%, B —
10% and C — 15% solution of Cso molecules, respectively.

Taxum unHOM, BoHUH po3unH Ceo pynepeni 3a M/IK 3HIKye iH(EKIIHY aKTUBHICTb
koponaBipycy IBK mnpm #oro 3acrocyBanHi dwepe3 1, 2 1 4 rom micns iH(DIKyBaHHSA
KOPOHABIpyCOM 4YTIUBOi OionoriyHoi cuctemu. HalOiIbIIOro mpoTHBIpYCHOTO edeKTy
JIOCSTHYTO TP BBEJICHHI JIOCIITHOI HAHOCIIOTYKH depe3 4 ToJ1 micis iH(pIKyBaHH: 3HIKCHHS
indekuiitnoi akTMBHOCTI Ha Bemmumay 2,25 lg Elflso/cM® € BucokuM mokasHukoM. ITpu
3acToCyBaHHI BOJHOTO po3unHy Ceo PysepeniB uepe3 6 roj micis iH(iKyBaHHS TOCTOBIPHOTO
IPOTHKOPOHaBipycHOTO edekTy He BusABieHO. OnepxkaHi naHi cBimgate npo Te, 1mo Ceo
dynepeH i€ Ha BIpyCc y WOro paHHix ctagisx perrikaimii (1-4 roa) y 4yyTimBii 010J0T1UHINA
cucTeMi, 3HIKYIOUH iH(eKuiiHi BiractuBocTi kopoHaBipycy IBK, mo nobpe y3romkyerscs 3
nomnepeIHiMH pe3yabTaTtamu [12].
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BUCHOBKH

Takum uwmHOM, arperanisi Ceo ¢yjnepeHiB y MOAETHHOMY KIITHHHOMY CEPEIOBHII
BiIOyBa€eTbCsl ab0 110 NPOHUKHEHHS Yy JMiJAHY OOOJOHKY KOpOHaBipyCy, abo micis
NPOHUKHEHHS BcepeauHi Hei. Binrak, MoXHa NPUITYCTUTH, 1110 TooauHOKI Ceo Qymnepenu abo
y CKJaJl HAaHOKJACTEPIB 3/1aTHI YTBOPIOBATH IMOPH B OOOJIOHIII KOPOHABIPYCY, HAIPHUKIIAI,
SARS-CoV-2, pyiiHylO4YM ITICHICTP WOTO CTPYKTYpH, IO OE3yMOBHO TpH3BEAC [0
MOPYIIICHHS BiJIMOBITHUX CTIIM MUKy PEIUTIKaIlii IIbOTO KOPOHABIPYCY.

Hapemri, Bomuuii po3unn Ceo ¢ynepeniB mpu 3acrocyBanHi 3a MJIK mposise
MIPOTHUBIPYCHY aKTUBHICTH Mm0a0 KopoHaBipycy IBK Ha #ioro panHixX cramisix B3aemojii 3
YyTIUBOIO KiIiTHHOIO (1—4 Tox).
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Ceo FULLERENE NANOPARTICLES PERMEABILITY THROUGH THE MODEL LIPID
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Background: An urgent problem of modern biomedicine is the search for potential ways to reduce the spread of
coronavirus infections in human and animal populations and eliminate the impact of coronavirus on their bodies.
Aim of the work was to determine the structural organization of Cgo fullerenes in a model cell medium, to assess
their potential ability to penetrate the model lipid envelope of a coronavirus, thus destroying its integrity, as well
as the effectiveness of the anticoronavirus action in the in ovo system.

Methods: The research was conducted using the Gromacs 2020 software package and the Charmm36 force
field. The CHARMM-GUI web resource was used to construct the lipid envelope of a coronavirus. Virological
and toxicological methods were used in the in ovo experiments.

Results: It is shown that at the initial stages of molecular dynamics Ceo fullerene forms small nanoclusters in the
amount of 7-16 molecules, which is affected by the initial concentration of Ceo fullerene in a model cell
medium. At the same time, the shape of nanostructures for the number of molecules over 16 may differ from the
correct spherical shape. It was established that Ceo fullerene and its nanoclusters are able to penetrate inside the
lipid envelope of a coronavirus. In particular, a single Ceo molecule can migrate, completely embed itself in the
lipid envelope, or move within it. It was found that Ceo fullerene aqueous solution, at the maximum permissible
concentration (MPC) of 30 pg/embryo, reduces the infectious activity of the chicken infectious bronchitis (CIB)
coronavirus when it is used 1, 2 and 4 h after the infection of a sensitive biological system with a coronavirus.
Conclusions: It is shown that aggregation of Ceo fullerene in a model cell medium can occur in different ways:
either before penetration into the lipid envelope of a coronavirus, or inside it. Ceo fullerenes, both individually
and as part of nanoclusters, are able to form pores in the envelope of a coronavirus, destroying its integrity,
which possibly leads to disruption of the corresponding stages of its replication cycle and attachment to cell
receptors. It was established that Ceo fullerene aqueous solution, when used in the MPC value, shows antiviral
activity against the CIB coronavirus in its early stages of interaction with the cell (14 h).

KEY WORDS: Ceo fullerene; coronavirus; molecular dynamics; anticoronavirus activity.
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KINETIC BIOPHARMACEUTICAL STUDIES
OF A NEW PARACETAMOL-GLUCOSAMINE ANALGETIC DRUG
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Background: Intercomponent drug interactions could play important role for drug release, membrane
permeability and membranotropic action. Therefore, newly developed drugs need for checking their
biopharmaceutical characteristics. A new analgetic drug based on paracetamol (Actimask®
Acetaminoprofen) and a hepatoprotector N-acetyl-D-glucosamine has been developed, with increased
safety and potentiation of the analgesic effect (Ruban O., 2022). Multibilayer lipid membranes were
chosen as promising testing medium due to their proved appropriation and sensitivity for study multi-
compound drug-membrane interactions. It is the basis for a kinetic approach allowing elucidation of
biopharmaceutical interactions in model membrane medium.

Objectives: Revealing changes of paracetamol release and membrane penetration in the new
paracetamol-glucosamine analgetic drug as well as estimation the rationale of the approach developed to
trace biopharmaceutical interactions in model membrane medium.

Materials and Methods: L-a-dimyristoyl phosphatidylcholine (DMPC) multibilayer membrane was
used as a model biomimetic testing medium. Differential scanning calorimetry (DSC) was applicated to
trace kinetics of drug-membrane interactions.

Results: Gelatin as a part of Actimask® increased the characteristic time of paracetamol diffusion about
threefold, but it had no pronounced effect on the equilibrium paracetamol penetration into the membrane.
Sole glucosamine manifested no membranotropic effect under the experimental conditions, however, in
combination with gelatin, it sufficiently reduced equilibrium paracetamol penetration while paracetamol
diffusion remained within the experimental error. The full drug formulation increased membrantoropic
effect by 34 % in compared with sole paracetamol.

Conclusions: Glucosamine and gelatin can affect both kinetic and equilibrium parameters of
paracetamol-membrane interactions, while the full set of the drug components is able to increase the
effect which correlates well with the previously established enhancement of analgetic effect of the drugs.
The approach developed allows accurate tracing of drug release and membrane penetration depending on
a set of drug components. Generally, the results obtained prove the rationale of applying the approach to
pre-clinical drug examination.

KEY WORDS: nanostructured materials; model lipid membranes; paracetamol; N-acetyl-D-
glucosamine; biopharmaceutical interactions; differential scanning calorimetry.

In cites: Vashchenko OV, Ruban OA, Zupanets IV, Vashchenko PV, Ivaniuk OI. Kinetic
biopharmaceutical studies of a new paracetamol—glucosamine analgetic drug. 2023;50:25-35.
https://doi.org/10.26565/2075-3810-2023-50-03

Open Access. This article is licensed under a Creative Commons Attribution 3.0
http://creativecommons.org/licenses/by/3.0/

© Vashchenko O. V., Ruban O. A., Zupanets 1. V., Vashchenko P. V., lvaniuk O. 1., 2023.


https://doi.org/10.26565/2075-3810-2023-50-03
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.26565/2075-3810-2023-50-03
olga_v@isma.kharkov.ua
https://orcid.org/0000-0002-7447-9080
https://orcid.org/0000-0002-2456-8210
https://orcid.org/0000-0002-8762-0098
https://orcid.org/0009-0000-2657-8618
https://orcid.org/0000-0002-7103-8423

26
0. V. Vashchenko, O. A. Ruban, I. V. Zupanets, P. V. Vashchenko, O. I. Ivaniuk

Paracetamol is known as a worldwide analgesic that and the first-line drug for the
treatment of pain and fever in patients of all ages. It is belonged to the group of nonsteroidal
anti-inflammatory drugs (NSAIDSs), together with aspirin, ibuprofen, diclofenac and a number
of other broadly used analgetic substances. However, a side effect of paracetamol is
hepatotoxicity. To avoid it, N-acetyl-D-glucosamine (NAG) was used in a drug formulation
as a hepatoprotector. It was established that the paracetamol-NAG combination leads to
increased safety and potentiation of the analgesic effect of the drug [1]. Microgranules of
paracetamol in a gelatin shell (Actimask® Acetaminoprofen) was used in order to create the
drug in the form of orally disintegrating tablet, which provides greater compliance for
treatment and contributes to the onset of an analgesic effect; besides, covering paracetamol
with a gelatin shell is due to the improvement of its organoleptic properties.

However, it is well known that any changes in tablet formulation could significantly
affect drug bioavailability, so relevant question is to explore biopharmaceutical properties of
the new drug. This issue, in turn, refers to the common problem of drug-excipient interactions
[2], which should be discussed in more details.

An excipient is a natural or synthetic material added to dosage forms along with the
active pharmaceutical ingredient (API) as either functional or non-functional agents [3].
Generally, excipients can exert multiple roles in a dosage form, so the selection of drug
compounds is considered as crucial in any drug formulation design [3, 4]. Though excipients
are considered as (therapeutically) inert, they are able to interact with reactive functional
groups of an API in different ways [4]. It is commonly accepted that any form of
physicochemical interaction involving drug molecules will potentially affect drugs’ stability
and bioavailability [4]. Last decades, the interest to drug-excipient interactions arises due to
establishing of its ability to impact on drug effectiveness and, hence, to be a significant for
drug adsorption by organism tissues [2, 5]. For example, ionic interaction between cationic
drugs and anionic superdisintegrants resulted in the delayed release and poor dissolution of
drugs [6].

Literature suggested numerous examples of physicochemical drugs interactions and each
of them is of high importance for treatment processes. So, emerging trends in the design and
development of drug products indicate ever greater need for in-depth understanding of the
roles of drug compound in drug delivery applications [3]. Naturally, the phenomenon is not
only limited by drug-excipient interactions but could equally be applicated to API-API
interactions (in the case when several APIs are formulated in the same product), so it might be
generally referred as intercomponent drug interactions.

Nowadays, this issue is considered in several aspects [2-4, 6-8]: (i) intercomponent
interactions within a dosage from, or pharmaceutical incomparability; (ii) affecting drug
release, solubility and bioavailability from the dosage form as well as its biopharmaceutical
interactions; (iii) usage of excipients as drug delivery systems. The vast majority of the works
on this matter is devoted to physicochemical interactions between certain drug components
during the processes of API release/dissolution from a dosage form into water medium.
Meanwhile, the next step of drug delivery, namely, drug-membrane interactions, is just as
essential for bioavailability [4]. It is important that API penetration is usually carried out by
passive diffusion through the lipid bilayer of cells [9]. The interaction of drugs with the lipid
bilayer of biomembranes is inevitable, since a route of APl administration (penetration into
the systemic bloodstream, entry into the target cell, metabolism, etc.) is accompanied by
interactions with a large number of cells barriers. Drug-membrane interactions seem to be of
essential importance when dissolution is not the rate-limiting step of drug administration [2].
Moreover, improvement of membrane permeability by an excipient is thought to be a direct
reason to improve drug bioavailability [4].
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Generally, drug-membrane interaction is a complex and mutual process. Indeed, on the one
hand, it affects the pharmacokinetic properties of pharmaceuticals, and on the other, it impacts on
the structural and functional properties of the membranes themselves [10-12]. Besides, it could
be an intrinsic part of biological effect of a drug, as it was shown for API of various classes. In
particular, NSAIDs are characterized by strong drug-lipid interactions [13] being extended
between the polar and hydrophobic segments of lipid bilayers [14]. Their membranotropic effect
was established as detergent-like [15] or decreasing membrane melting transition point, thus
enhancing the permeability of the membrane [16]. For a number of NSAIDs, it was shown that
disruption of the cell membrane barrier is an important component in the drugs pathogenesis [8].
It was also established that NSAID toxicity is associated with the ability of the drug to modify
the gastroenteric surface hydrophobic barrier through interaction with endogenous
phosphatidylcholines [8]. These findings have indeed been providing evidences that the effect of
NSAIDs at membrane level may be an additional mechanism of action and toxicity of NSAIDs
[17] and highlight deep relationship between their membranotropic action and pharmacological
activity (both therapeutic and negative side effects).

Up to date, a set of data has gained which evidence that the presence of foreign molecules
could affect drug-membrane interactions [18, 19]. For example, as it was established for a
large group of anti-inflammatory drugs, their transdermal permeability is elevated in the
presence of lauric acid [19]. In spite of this, there are comparatively small number of works
elucidating drug-excipient interactions in membrane medium, probably due to lack of proper
methods and approaches.

As it was shown in our previous works, a set of excipients could serve as a modulating
factor for API-membrane interactions [11, 20, 21]. In particular, azithromycin distribution
into dipalmitoylphosphatidilcholine membrane varied depending on drug formulation [21].
Here, it should be noted that such modulation could either result from direct intercomponent
interactions or appear explicitly at the stage of drug—membrane interactions. The former type
of intercomponent interactions may be referred as membrane-mediated interactions; it was
actually exemplified in [22—-27]. The matter is just starting to develop but seems powerful and
promising from practical viewpoint. For example, reduction of drug release by magnesium
stearate is canonically attributed to generation of barrier to the aqueous environment [28],
however another reason could be formation of drug-excipient complexes in membrane
medium, as it was shown in [20].

One of the most appropriated techniques to explore this matter is differential scanning
calorimetry (DSC). On the one hand, it is known as a powerful and high selective tool to
study drug-membrane interactions [29, 30] and on the other hand, it is widely used to predict
various types of physicochemical drug—excipients interactions [4]. Our previous works
involving DSC to drug-membrane interactions demonstrated effectiveness of Kinetic regime
to exploring membranotropic effect of various drugs combinations [31]. To this end, in the
present work, we focused on investigation of kinetic effects of drug components on
paracetamol release and distribution over model membrane medium. The aim of the work is
to demonstrate possibilities of using kinetic DSC approach to explore changes of
biopharmaceutical interactions depending on drug formulation, namely (1) reveal changes of
paracetamol release and membrane penetration in the new paracetamol-glucosamine analgetic
drug and (2) estimate the rationale of the approach developed to trace biopharmaceutical
interactions in model membrane medium.

MATERIALS AND METHODS
Pharmaceutical composition of paracetamol with N-acetyl-D-glucosamine
To create the pharmaceutical composition we used: Paracetamol (Angiu Lu'an
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Pharmaceutical Co., China) or gelatin-coated paracetamol (Actimask® Acetaminophen, SPI
Pharma, USA), N-acetyl-D-glucosamine (Zhejiang Candorly Pharmaceutical, China),
Plasdone S-630 (ISP, Switzerland), Kolidon CL (BASF, Germany), citric acid (Merck,
Germany), sodium bicarbonate (Merck, Germany), Lubripharm (SPI Pharma, USA),
Aspartame (Hyet Sweet, France), Orange flavor (Kerry, Italy).

Taken together, NAG and Actimask® consisted 63 % of tablet mass.

Lipid membrane preparation

L-a-dimyristoylphosphatidylcholine (DMPC) membranes were prepared on the basis of
DMPC of high purity (Avanti Polar Lipids) using Mettler XP 26 microbalance (Mettler
Toledo). 70 % wt/wt hydrated samples were obtained by adding a corresponding amount of
bidistilled water. Then, the samples were incubated at 275-278 K for several days in order to
provide water — lipid equilibrium. Additionally, regular agitations and heating above 320 K
were applicated. The initial value of water content was maintained by addition of bidistilled
water in proper amount.

Kinetic studies

Differential scanning calorimetry (DSC) technique was involved to treat the process of
drug-membrane interactions. Original DSC profiles were obtained using a DSC 1
microcalorimeter (Mettler Toledo). Sample mass was 10 to 15 mg. Paracetamol content was
6 % wt/wt in all the samples. The ratios of other compound were the same as in the tablet-
mass.

Before the procedure of DSC profiles recording, the necessary drugs amount was placed
into a 40 pl standard aluminum crucible, then it was covered by neat DMPC membrane. This
moment was count as time zero. Then a sample was placed into the measurement cell and
underwent consequence heating scans in temperature diapason 273 to 308 K at scanning rate
0.3 KI/s.

The procedure of DSC profiles recording has been performed until system equilibrium
was reached (i.e. until no further changes of DSC profiles were observed). For each sample,
15 to 20 repeated DSC scans were performed during 120 to 170 hrs. of sample treatment.
Neat DMPC membrane was examined under the same conditions as a control. Between the
scans, the samples were stored at room conditions. Original DSC data were further processed
by means of Star®* SW 11.0 software.

RESULTS AND DISCUSSION

In the present study, multilamellar model membrane of hydrated L-a-
dimyristoylphosphatidylcholine (DMPC) was used as testing medium. Under experimental
conditions, this membrane possesses a periodic lamellar structure with interlamellar repeat
distance ab. 6-7 nm depending on temperature [32]. DMPC membrane is known to undergo
the 1% order phase transition ‘gel to liquid crystal’ (membrane melting) under room
temperatures which makes it convenient to explore drug-membrane interactions with a
minimum risk of thermal destruction of the substances examined. Kinetics of drug
administration into DMPC membrane was monitored using changes of DSC profiles during
time of equilibration. Several types of systems were investigated, viz., DMPC membrane
containing a selected drug component (paracetamol, NAG), certain drug combinations (e.g.,
Actimask® + NAG) or the full drug formulation (tablet). Original DSC thermograms of the
systems were reported in [1]. Here, we present further data treatment allowing us to obtain
quantitative characteristics of drug-membrane interactions.

Taken into account complex character of the DSC peak obtained during equilibration
time, it seemed reasonable to perform some fitting procedure to describe the process
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quantitatively. For this purpose, a DMPC melting peak was fitted by two ones which reflect
existence of membrane portions with different drug content. The fitting procedure and
determination of the lower peak fraction (n) are illustrated in Fig. 1. Coefficient of
determination R? > 0.98 was taken as a fitting criterion. All the systems examined met the
criterion, except some samples contained the tablet.
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Fig. 1. DSC profile for DMPC membrane
containing paracetamol (1% scan, t = 1080 s).
Fitting of the melting peak by two Gaussians. The
lower peak fraction (n) was determined as the ratio
of the lower peak area (Siow) to the total original
peak area (Siotal)-

The data obtained after the abovementioned processing were plotted as dependences of
the lower peak and the upper peak temperatures on equilibration time. Initial steps of
equilibration for different systems are depicted in Fig. 2.
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As one can see, for the membrane containing sole paracetamol, the lower peak appeared
yet in the 1% scan (Fig. 1) and then maintained very close to its equilibrium value (Fig. 2, a).
So, one could ascribe it to the portion of membrane saturated with paracetamol. Such rapid
paracetamol distribution observed under the experimental conditions is in line both with
known high penetrating ability of paracetamol and with the data of MD simulation of
paracetamol-DMPC interactions [33]. At the same time, the upper peak decreased much faster
and merged the lower peak completely after just the 3 scan, reflecting equilibrium
paracetamol distribution over a sample. Grounding on the above, parameter n seems
appropriate to describe kinetics of paracetamol distribution over the membrane medium. For
sole paracetamol, the value of n became equal to 1 after approx. 2.5:10% s.

The pattern changed significantly with application of Actimask® instead of paracetamol
(Fig. 2, b). Here, the lower peak shifts gradually toward its equilibrium position, but does not
reach it even within 15-10% s. The upper peak exists during the same time period indicating
non-homogeneous distribution of paracetamol throughout the membrane. Such effect is most
likely evinces hindering of paracetamol release into the membrane medium due to gelatin
coating of Actimask® microgranules. Reduced drug release from gelatin-coated capsules is a
known effect of drug-excipient interactions, particularly for paracetamol [34, 35] so the effect
observed testify in favor of relevance of the approach developed.

As for NAG, there were no visible changes of DSC profiles observed during 6-10° s (data
are not shown), though it does not generally mean the absence of NAG — membrane
interactions. Being taken together with Actimask®, NAG restricts changes of the both peaks
and moves the resulting peak temperatures to relatively higher values (Fig. 2, c).

In Fig. 3, time dependences of the lower peaks in various systems are compared. For the
system with Actimask®, it can be evident that though the equilibration value is reached much
more slowly, it finally matches up (within the experimental error) with that for sole
paracetamol. To our mind, such coincidence shows complete paracetamol release from the
microgranules. Whilst, under joint Actimask® + NAG application, the equilibrium
paracetamol effect appears much slighter, probably reflecting reduction of paracetamol
distribution into membrane caused by the presence of NAG. Meanwhile, introduction of the
tablet causes additional membrane fluidizing comparative to sole paracetamol. To our mind,
such effect could be resulted from both enhancement of paracetamol distribution into
membrane and its overlapping with membranotropic effect of other drug components. But
anyway, such membrane fluidization correlates well with the previously established
enhancement of analgetic effect of the drug [1].

1/

Actimask® + NAG
Fig. 3. Kinetics of shift of the lower melting peak
Paracetamol for DMPC membrane containing various
compounds of the paracetamol-glucosamine drug.
The vertical line marks the break region.
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Analysis of AT(t) dependences (Fig. 3) allowed us to determine some parameters of
paracetamol — membrane biopharmaceutical interactions. In particular, the equilibrium
paracetamol penetration into the membrane (Deq) was determined as shift of the lower peak
corresponding to equilibration time. The characteristic time of paracetamol diffusion (t) was
obtained by approximation of AT(t) dependences with descending exponents. Paracetamol
distribution over the membrane during the first 100 min of observation (nio0) reflect its
diffusion through water-lipid barriers.

The obtained parameters of biopharmaceutical interactions are collected in Table 1. They
indicate that gelatin as a compound of Actimask® increases T about threefold, but has no
obvious effect on Deg. Combination Actimask® + NAG hinders paracetamol diffusion
(lowering of n100) and diminishes Deq by 20 %. However, the tablet increases Deq by a third
(34 %) relative to the sole paracetamol.

Table 1. Parameters of biopharmaceutical interactions.

Kinetic Equilibrium
Components + min oo * Deq, K 63?,
Paracetamol 0.10 1.0 -2.6 0
Actimask® 0.37 0.9 -2.8 +8
Actimask® + NAG 0.32 0.7 2.1 -20
Tablet - - -3.5 +34

* Lower peak fraction after 100 min of equlibration

Equilibrium profiles of specific heat capacity (Cp) were obtained from corresponding
DSC thermograms (Fig. 4). The temperature regime of thermal analysis of DMPC membrane
was chosen so that to obtain information about two its intrinsic phase transitions around
physiological temperatures [36, 37] as well as to avoid peak distortion due to non-optimal
scanning rate [38]. The resulting Cp profile of the neat membrane contains two peaks. The
sharp peak at 297.5 K reflects the membrane melting and was taken as a reference. Another
one, at 288.6 K, corresponds to so-called pre-transition [36]. It disappears completely under
drugs introduction. As one can see, C, profiles of almost all systems contains a single sharp
melting peak a few degrees below the reference. It suggests that in equilibrium state
paracetamol distributes homogeneously over the DMPC membrane both in combinations with

Fig. 4. Equilibrium profiles of specific heat
capacity (Cp) for DMPC membrane containing
various compounds of the paracetamol-
glucosamine drug. The dotted line marks
position of the reference peak (melting of neat
DMPC membrane).

T K
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gelatin and with NAG. The only exception is Cp profile for membrane with the tablet which
contains an additional broad peak above the paracetamol one. It obviously indicates
individual interactions of other compounds of the drug with DMPC membrane. A small high-
temperature thermal event observed for the membrane with Actimask® may be attributed to a
membrane portion bound to sole gelatin.

The spectrum of possible underlying mechanisms of intercomponent interactions in the
tablet is rather wide [2]. Generally, it could be relay to the rate and extent of drug dissolution
and release, changes in the permeability of the membrane or in the stability of the drug. As for
paracetamol, there are literature data concerning its pharmacological interactions with
mannitol, vanillin and methylparaben [39, 40]. Besides, reducing paracetamol activity relative
to hepatocyte membranes were reported for its combinations with acetylcysteine and Ca-
pantothenate [41]. However, none of the substances listed is present in the composition of the
drug examined, so there is insufficient basis for further speculations about the effects
observed.

Thus, revealing of specific mechanisms of biopharmaceutical interactions for the
paracetamol-glucosamine drug obviously requires more detailed studies. Meanwhile, the
approach developed seems appropriate and instructive for exploring such kind of problems.

CONCLUSIONS

A new approach was developed allowing to elucidate biopharmaceutical intercomponent
interactions in drug formulations and their impact on drug-membrane interactions. It was
exemplified in a new paracetamol-glucosamine analgetic drug with reduced negative side
hepatotoxic effect of paracetamol. Series of DSC profiles obtained for phase transitions of
DMPC membrane allowed us to trace paracetamol release and distribution.

Paracetamol was established to be capable of fast and homogeneous distribution
throughout the membrane in full accordance with its known high membrane permeability. As
a part of Actimask® Acetaminophen (gelatin-coated paracetamol microgranules),
paracetamol saturated the membrane three times slower, though the equilibrium paracetamol
penetration into the membrane was the same as for the sole paracetamol within experimental
error. Such effect could be most likely attributed to hindered paracetamol release from the
microgranules.

N-acetyl-D-glucosamine, another API in the drug formulation, had no pronounced effect
on DSC profiles. Meanwhile, taken together with Actimask®, it caused diminishing of
paracetamol distribution into the membrane. The full drug formulation had slight influence on
the initial steps of paracetamol distribution comparing to Actimask® + NAG. Meanwhile, the
tablet had increased membranotropic effect in the equilibrium state which correlates well with
the previously established enhancement of analgetic effect of the drugs.

Thus, the approach developed allows accurate tracing drug release and membrane
penetration depending on a set of excipients. Generally, the results obtained prove the
rationale of the approach developed in applying to pre-clinical drug examination.
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AKTyajbHicTh. MDXKKOMIIOHEHTHI B3aeMOJil y (hapMIpenapaTax MOXYTh BiJirpaBaTH BaXJIUBY POJIb Y
BUBUIBHEHHI JIIKAPCHKOI PEYOBHHM, 11 NPOHUKHEHHI Kpi3b MeMOpaHy Ta meMOpaHoTpomHiil aii. Takum
YMHOM, HOBITHI TIpemapatH TMOTpeOyIOTh TepeBipkH ix OiodapManeBTHIHUX XapaKTEPUCTHUK.
Po3po0iieHnii HOBUiT aHABreTHYHUHN TpenapaTt Ha ocHOBI mapareramony (Actimask® Acetaminoprofen)
Ta remaronpoTekTopy N-ametmin-D-rimroko3aMiHy TOKa3aB MiABHINCHY OE3MEUYHICTh Ta IIiJCHIICHHS
ananereruuoro edekry (Ruban O., 2022). MynsTubimaposi nimigHi MemOpanud Oyno oOpaHO sK
MEPCTIEKTHBHE TECTOBE CEPEIOBHIIE 3aBAAKH iX BCTAHOBICHINH JOPEYHOCTI Ta YyTJIMBOCTI IPH BUBYCHHI
MYJIBTUKOMIIOHEHTHUX B3a€EMOJIN JIIKAPCBKUX DPEYOBMH 3 MemOpaHoro. lle cTBopmiio ocHOBY st
KIHCTHYHOTO TMIJAXOMy, SKHHA [O3BOJSIE BHSBIATH Oio(apMaIleBTHYHI B3a€EMOMII Yy MOJACIBHOMY
MEMOPaHHOMY CEPEIOBHIIII.

MeToro po6oTH OyJI0 BUABICHHS 3MiH BHBUIBHCHHS MaparieTaMolly 3 HOBOTO Mpemapary mapaneTamoli-
TJIFOKO3aMiH Ta HOro NMPOHMKHEHHS Kpi3h MeMOpaHy, a TakoX OIiHKa HPUIATHOCTI pO3pOOIIIOBAHOTO
MiIX0/1y 0 MOHITOPUHTY Oio(hapMaleBTUUHIX B3a€MOAINH Y MEMOPaHHOMY CEPEIOBHIILI.

Marepiamm i Meromm. MynbTubiniaposi memOpanu L-o-gumipucroindochaTuanixoainy Oyiu
BUKOPHCTaHI sIK OIOMUMETHYHE TeCTOBE cepeioBuiie. Metoa audepeHniaibHOi CKaHyH40i KalopuUMeTpii
OyB 3aCTOCOBaHUI1 TSI MOHITOPUHTY KIHETHKH B3a€MO/IIT JIIKAPCHKUX PEYOBUH 3 MEMOPAHOIO.
PesyabraTu. XKenatun sk ckinagoBa Actimask® migsuinye xapaktepHuil yac nudysii mapaneramorny
Maibke BTpHYI, allé HE BIUIMBAE Ha HOTrO pIBHOBOXHHUHA pO3MONT y MeMOpaHy. [mrokozamiH
IHIMBIyaJbHO HE Ma€ BHPAXEHOTO MEMOpaHOTPOMHOro e(eKTy 33 yMOB EKCIEPHMEHTY, BTIM Yy
KOMOIHAIIIT 3 )KeJTaTHHOM CYTTEBO 3MEHIIYE PiBHOBaXKHUI PO3IOALT MapareTaMoiy y MeMOpaHy, Maike
He BIUIMBAIO4M Ha ¥oro mudysito. [loBHMI HaOlp KOMIIOHEHTIB Npenapary MiIBUIYE MeMOPaHOTPOITHHIA
edext Ha 34% y MOPIBHSAHHI 3 IHIAUBIAYAILHUM MAPAI[CTAMOJIOM.

BucHoBku. [U10KO3aMiH Ta JKeJlaTMH MOXYTh BIUIMBAaTH SIK Ha KIHETH4YHI, TaKk 1 Ha PIBHOBaXHI
napamMeTpy B3aEMOJIi MapareraMoiy 3 JiMiJHOK MeMOPaHOI, TOMI SIK TOBHHIA HaOip KOMITOHEHTIB
mpemapaTry MiABHINYye edeKT TNapaneTamony, IO Jo0pe KOpeltoe 3 TONepeIHhO BCTAHOBJICHUM
MIJICUICHHSIM ~ aHaJIbreTHYHOro edekTy mnpenapary. Po3poOsroBaHuii MiaXig —JO3BOJSIE  YiTKO
BiZICTE)KYBaTH BHMBIJIBHEHHS JIIKApCHKOT PEYOBHHN Ta i1 MPOHUKHEHHS KPi3b MEMOpaHy y 3aJIeKHOCTI BiJl
Ha0Opy KOMIIOHEHTIB Ipenapary. 3arajoM OTpPHMaHi pe3yJIbTaTH IOKa3ylOTh MNPUAATHICTH JaHOTO
MiIX0/Ly IJIsl 3aCTOCYBAHHS Y NOKJIIHIYHUX JOCIIDKEHHIX (apMIpenaparis.

KJIFOUYOBI CJIOBA: HaHOCTPYKTypOBaHi Matepiaiy; MOJeNbHI JinmiaHi MemOpanu; mapaneramorn; N-anerwn-D-
IJII0K03aMiH; OiodapmalieBTHUHI B3aEMOIi; Au(epeHiialbHa CKaHyoua KaIOpUMETpisl.
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Background: Bronchodilators, which are compounds that can relax airway smooth muscle, are perhaps the
most important component of combination therapy for chronic obstructive pulmonary disease, one of the
most common non-communicable diseases in the world, which is the second most lethal disease after
cardiovascular disease. Unfortunately, current clinical bronchodilators, whose activity is mediated by their
interaction with muscarinic acetylcholine receptors, have side effects (up to myocardial infarction) due to
their cross-affinity for different types of these receptors, including those prevalent in the heart muscle.
Objectives: The aim of this work is to search/develop compounds — effective bronchodilators capable of
selectively inhibiting type 3 muscarinic acetylcholine receptors (Ms receptors), predominantly present in
smooth muscles and not characteristic of cardiomyocytes.

Materials and Methods: High-throughput virtual screening of a collection of 150,000 compounds was
conducted on the spatial structure of the M3 receptor, reconstructed in our previous studies. The effect of
substances on contractile activity was investigated using tensometry in isometric mode on multicellular
tracheal preparations. Antagonistic activity and type of inhibition were determined against the background
of acetylcholine application (concentration range 10-1°-10° M). To establish the affinity value of the
compound-antagonist, the Schild regression equation was used.

Results: Based on virtual screening data, a series of compounds — amides of 1-o0xo-3-phenyl-iso-chroman-
6-carboxylic acid — were selected for biological testing. For two of these compounds (Compounds 1 and
7), the ability to selectively inhibit M3 receptors was demonstrated. Specifically, the affinity value pKg for
Compound 1 was 7.28 £ 0.70, with an ICsp of 5.25:10® M. A critically important advantage of this
compound is its ability, at equal concentrations, to more effectively inhibit signal transmission through M3
receptors compared to ipratropium bromide — a clinical cholinergic receptor inhibitor.

Conclusions: The sufficient effectiveness of inhibition and significantly increased selectivity of the studied
compounds specifically towards M3 receptors provide strong grounds to consider these compounds as
promising precursors of new generation cholinolytic drugs with targeted action on Ms-type cholinergic
receptors.

KEY WORDS: chronic obstructive pulmonary disease (COPD); acetylcholine receptor; virtual screening;
molecular docking; tensometry; selective M3 antagonists.
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In the human respiratory tract, M2 and Mz type cholinergic receptors play a direct role in
regulating the lumen of the bronchial tree [1-4]. The physiological functions of M2 cholinergic
receptors, located in smooth muscle cells and postganglionic parasympathetic neurons, are to
limit B2-adrenoreceptor-mediated relaxation of smooth muscles by reducing intracellular cAMP
concentration and to suppress the release of the neurotransmitter acetylcholine from nerve
endings of postganglionic neurons [1, 5, 6]. Although M2 type receptors significantly
outnumber Mz cholinergic receptors in smooth muscle cell membranes, the latter are
functionally the main type of acetylcholine receptors that facilitate their contraction and
narrowing of the respiratory tract lumen, as well as regulate the secretory activity of mucosal
glands [1, 2, 7-9].

Asthma and Chronic Obstructive Pulmonary Disease (COPD) are among the most common
non-infectious diseases worldwide. According to data from the Global Asthma Network and
the Global Initiative for Asthma, asthma affects 1 to 18% of the population in various countries,
with a total global number of patients exceeding 300 million; a concerning global trend is the
annual increase in patients diagnosed with asthma by 2.9% [9]. Asthma is characterized by
transient airflow limitation in the airways, as well as airway hyperresponsiveness and
sometimes remodeling of the airway wall tissues; these symptoms are also primary in COPD.

Pharmacological drugs used in the treatment of asthma and COPD are divided into several
groups: long-acting P2-adrenoceptor agonists (LABA), short-acting p2-adrenoceptor agonists
(SABA), long-acting muscarinic acetylcholine receptor antagonists (LAMA), short-acting
muscarinic acetylcholine receptor antagonists (SAMA), as well as inhaled and oral
corticosteroids.

Currently, the most commonly used drug in Ukraine for COPD and bronchial asthma with
M-cholinolytic activity is ipratropium bromide [10, 11]. Like atropine, ipratropium is a
competitive antagonist of muscarinic acetylcholine receptors. It has gained widespread use in
the therapy of asthma and COPD, as unlike atropine, it does not cross the blood-brain barrier
and is poorly absorbed through the gastrointestinal tract walls. Ipratropium is recommended by
the Global Initiative for Chronic Obstructive Lung Disease 2009 (according to the Global
strategy for diagnosis, management, and prevention of COPD) for four times daily inhalation
use by COPD patients as a short-acting muscarinic antagonist (SAMA), with the maximum
effect achieved within 60-90 minutes and the duration of therapeutic effect lasting 4-6 hours.

However, the optimal strategy for the therapy of obstructive phenomena in the airways
with cholinolytic drugs (more precisely, drugs with properties of long-acting muscarinic
antagonist — LAMA\) involves the use of Mzs-selective antagonists [1, 12]. Current COPD
therapy protocols (USA, EU countries) and asthma include the use of such LAMA: tiotropium
(recommended at a dose of 5 or 18 pug depending on the nebulizer functioning method, once
daily) and aclidinium (recommended at a dose of 400 pg twice daily), glycopyrronium
(recommended at a dose of 50 ug once daily), and umeclidinium (for COPD treatment and
potential use in asthma treatment, recommended at a dose of 62.5 ug once daily) [2, 13].
According to a meta-analysis [14], for newer LAMA drugs (aclidinium, glycopyrronium, and
glycopyrronium), no significant therapeutic advantages were found compared to the earlier
tiotropium bromide (the only LAMA drug for COPD therapy until 2012).

Thus, currently, the active substance in drugs for the therapy of uncontrolled asthma is
tiotropium bromide — a structural analog of ipratropium bromide, which is a functional
antagonist of Mz cholinergic receptors. This is because, although it binds to M> receptors, it
dissociates from these significantly faster than from Ms type receptors. Compared to
ipratropium, tiotropium bromide has lower oral bioavailability and systemic side effects, and
an extended half-life in patient's body [15-17]. However, the use of tiotropium bromide for the
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therapy of stable asthma may be ineffective due to insufficient drug dosage, while increasing
the dosage can lead to side effects [1, 18].

Therefore, the aim of our study was the directed search and biological testing of low-
molecular-weight selective inhibitors of M3 type muscarinic acetylcholine receptors.

MATERIALS AND METHODS

Virtual Screening

The predicted structure of the Mz-type muscarinic acetylcholine receptor [19] was used as
a target for virtual screening. Two binding sites were identified. Binding site 1 (orthosteric) and
binding site 2 (allosteric) utilizing the ICM Pocket Finder tool [20]. The first site is a combined
pocket from the area located in a fold formed by helically twisted transmembrane domains,
with which acetylcholine binds, as well as the area located higher, between the loops that bind
the transmembrane domains. The second is on the reverse, intracellular part, formed by
transmembrane domains. The orthosteric site has better characteristics than the allosteric one
(larger volume of 1013.7 A3 compared to 461.8 A3 for the allosteric site, aromatic factor of 0.15
compared to 0, and drug-like index (DLID) [21] of 1.35 compared to 0.13). After detailed
analysis and determination of the parameters of these sites, the orthosteric site was chosen for
docking studies.

Virtual screening of the Department of Medicinal Chemistry Institute of Molecular Biology
and Genetics NAS of Ukraine compounds collection (150,000 compounds) was conducted
utilizing AutoDock 4.2 [22] molecular docking software with previously reported parameters
and protocols [23]. 3,000 top-scored compounds (2% of all screened compounds) were selected
according to AutoDock score for visual inspection and cherry-picking.

The BIOVIA Discovery Studio Visualizer [24] was utilized for visual inspection and
ligand-target interaction analysis of top scored compounds. The parameters of the visualizer
related to the construction of molecular bonds were used by default. The criteria for selecting
compounds for pharmacological tests were as follows: 1. Compounds should bind to the
acetylcholine-binding site; 2. Compounds should also bind to the subpocket above the
acetylcholine-binding site for enhanced affinity and selectivity; 3. There must be at least one
hydrogen bond.

Functional pharmacological studies of compound activity in vitro

Testing the effect of muscarinic acetylcholine receptor inhibitor substances was carried out
on the contractile activity of the smooth muscles of the trachea using male Wistar rats (weighing
within 230-250 g). Rats were euthanized under ether anesthesia, and all animal manipulations
were conducted in accordance with the International Convention on the Work with Animals
and the Law of Ukraine 'On the Protection of Animals from Cruel Treatment' (protocol of the
meeting of the bioethics commission of the National Scientific Center 'Institute of Biology and
Medicine' No. 3 dated May 2, 2019).

The study of contractile activity was conducted using tensometry in isometric mode on
multicellular tracheal preparations, which were rings with an intact mucosal lining containing
at least four cartilaginous rings. For the experiments, tracheal fragments from the beginning of
the bifurcation to 1-1.5 cm above the bifurcation were used.

In the experiments, Krebs solution was used (mM): 120.4 NaCl; 5.9 KCI; 15.5 NaHCOg3;
1.2 NaH2POg; 1.2 MgCly; 2.5 CaCly; 11.5 glucose; the pH of the solution was 7.4. Tracheal
rings were placed in a working chamber (volume 2 ml) bubbled with an oxygenated gas mixture
of Krebs solution (95% 02/5% CO>, flow rate — 5 ml/min), and thermostated at 37°C. The
tracheal preparations were given a passive tension of 10 mN and left for 1 hour; the study began
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after recording several reproducible contractile reactions to the application of hyperkalemic
solution and acetylcholine (10°® M). The contractile activity was investigated using a capacitive
force sensor; the amplified signal was recorded using an ADC.

Preliminary screening of compounds for their ability to inhibit muscarinic cholinergic
receptors was conducted by recording contractile responses of tracheal preparations to the
application of acetylcholine (10° M) under the condition of prior action of the tested
compounds (at a concentration of 10* M) for 10 minutes.

To study the antagonistic activity of muscarinic cholinergic receptor antagonists
(ipratropium bromide and tested substances), contractile responses of tracheal preparations to
the application of acetylcholine at a concentration of 10* M were recorded under cumulative
increases in antagonist concentrations (10°2°-10° M, with the antagonist's prior action time of
10 minutes) and concentration-effect curves were constructed, from which the 1Cso value was
determined; the maximum contractile response (100%) was considered as the contraction to the
application of acetylcholine without an antagonist.

To confirm the competitive type of inhibition by ipratropium bromide and tested
substances, as well as to study their functional antagonism, concentration-effect curves of
acetylcholine were recorded (acetylcholine concentration range 10°-10 M). Subsequently,
the Schild regression equation was used to determine the affinity of the compound-antagonist.
According to the Schild method, the antagonist-induced parallel shift of the concentration-
effect curves was determined as the ratio of equieffective concentrations (CR) of the agonist in
control and in the presence of an antagonist. From the Schild plots, the functional antagonism
index (affinity index of the competitive antagonist) pKg and the tangent of the slope angle were
determined [25-27].

To study the cellular mechanisms of action of the compounds, contractile responses of the
trachea to the application of the selective mMAChRj3 agonist cevimeline (10 M), effectors of
adrenoreceptors (adrenaline, 10° M; propranolol, 10~ M; isoproterenol, 10° M), and nicotinic
cholinergic receptors (nicotine, 10* M), blocker of inositol 1,4,5-trisphosphate-sensitive (IP3)
Ca?* channels of the sarcoplasmic reticulum (2-APB, 10 M), and phospholipase C inhibitor
(U-73122, 10® M) were recorded.

All compounds under study were initially dissolved in DMSO and introduced into the
smooth muscle preparations in such a way that the final concentration of DMSO was 0.1%.
Additionally, all experiments were conducted in the presence of DMSO in the bathing solution
at a concentration of 0.1%.

Experimental data were analyzed using Origin Pro 2018 software. The samples were tested
for their adherence to normally distributed populations using the Shapiro-Wilk criterion. To
determine significant differences between the mean values of the samples, a paired t-test was
used; multiple comparisons were conducted using one-way analysis of variance (ANOVA). In
all cases, results were considered significant if p < 0.05. The significance of data approximation
by a linear function was analyzed using Fisher's F-criterion; the coefficients of determination
(R?) were not less than 0.9. Results are presented as mean =+ standard error of mean (SEM), n —
number of experiments.

RESULTS AND DISCUSSION
For pharmacological testing in vitro on multicellular smooth muscle preparations of rat
tracheal rings, seven most promising compounds — amides of 1-oxo-3-phenyl-isochroman-6-
carboxylic acid (1-7, Table 1) with predicted cholinolytic activity were selected through
preliminary in silico screening. As a target for screening, the spatial structure of the M3 type
cholinergic receptor, reconstructed in our previous studies [19], were used. Structure of these
compounds are presented in Table 1.
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Table 1. Structures and physico-chemical properties of the studied amides of 1-oxo-3-phenyl-isochroman-
6-carboxylic acid

Compound Structure
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In the first series of experiments, the reaction of smooth muscle preparations (SMP) of the
trachea to the application of acetylcholine (10° M) was tested under the condition of prior
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action of the tested compounds (all at a concentration of 10* M) for 10 minutes. Thus, two
compounds were identified with the ability to suppress acetylcholine-induced contractions,
identified as 1 and 7 (Fig. 1).
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Fig. 1. Changes in the amplitude (Fmax) Of acetylcholine-induced (10° M) contractions of rat
tracheal preparations by compounds (used at a concentration of 104 M, pre-incubation time
10 min).

Control values were taken as 100% (n = 7).

** __ p<0.0land * — p < 0.05 — significant difference compared to control.

Spatial structures of the corresponding complexes of active compounds are depicted in
Fig. 2. Both compounds interact with the M3 cholinergic receptor in the same manner. The 1-
oxo-3-phenyl-isochroman moiety interacts within the acetylcholine binding site, specifically
forming a series of hydrophobic interactions with Tyr148, Trp503, Tyr506, Tyr529, Cys532,
and a hydrogen bond with Asn507. The NH of amide group forms two hydrogen bonds with
Tyrl148 and Tyr506. The o-tolyl group of compound 7 engages in hydrophobic interactions with
l1e222 and Leu225. Methyl o-benzoate group of compounds 1 has additional hydrophobic
interactions with Leul44 and Tyr148, as well as hydrogen bonds with Tyr148, 1le222, and
Tyr529.

In the subsequent series of experiments, acetylcholine-induced contractions of rat tracheal
preparations were recorded under the action of selected compounds 1 and 7 (all used at a
concentration of 10* M) against the background of prior incubation of SMP with the known
cholinergic receptor antagonist ipratropium (used at a concentration of 10 M). Since the tested
compounds did not affect the baseline tension and contractile response of SMP in the presence
of ipratropium, it can be asserted that these substances are tropic to muscarinic cholinergic
receptors.

The mentioned compounds did not affect the SMP responses to the application of the
nicotinic cholinergic receptor agonist nicotine (used concentration 10° M), supporting the
hypothesis of the selective action of the tested substances specifically on muscarinic
acetylcholine receptors [21].
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Fig. 2. Molecular complexes of M3 cholinergic receptor with compound 1 (A) and compound
7 (B) obtained by molecular docking. Hydrogen bonds are shown by the green dotted lines,
hydrophobic interactions are indicated by magenta dotted lines.

It was also established that both compounds and the known non-selective inhibitor of
muscarinic cholinergic receptors, ipratropium bromide (in all cases used at a concentration of
10® M, with a pre-incubation duration of 10 minutes in the presence of the tested substance),
could inhibit the contractions of SMP of the trachea activated by the selective Mz cholinergic
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receptor agonist cevimeline (fixed concentration of 10 M). The greatest inhibitory properties
against Ms cholinergic receptors were observed for compound 7 — under these conditions,
cevimeline-induced contraction was 24.5 + 3.6% relative to the control, taken as 100% (n =7,
p < 0.001). For comparison, a similar effect on cevimeline-induced SMP tracheal contractions
for ipratropium bromide was registered, a compound that is the active ingredient in medicinal
products for the therapy of bronchial asthma and COPD. It was found that ipratropium bromide
at a concentration of 10® M causes an average inhibition of cevimeline-induced contraction to
63.2 + 5.1% relative to the control, taken as 100% (n =7, p < 0.01).

Subsequently, for the compound 7, 'acetylcholine concentration-effect' curves were
registered and analyzed, the type of inhibition, affinity indicators, and ICso were determined. It
was found that the slope of the Schild regression line (0.88 + 0.12, coefficient of determination
R?=0.98) (Fig. 3, 4) indicates a competitive mechanism of action of this substance. The affinity
value of this compound pKg was 7.28 + 0.70 and 1Cso = 5.25-108 M.
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Fig. 3. 'Acetylcholine concentration-effect' curves in the presence of compound 7 for the
activation of smooth muscle contractions of rat trachea: curve 1 — control (concentration
range 1071°-10% M), curves 2—4 — against the background of 7 at concentrations of 5-107" M,
10° M, and 10° M, respectively. The amplitude of contractions under the action of
antagonists is recalculated in % compared to acetylcholine-induced contraction in control
(10* M), taken as 100%. Data are presented as M + SEM, n=7.

It has also been established that compound 7 does not significantly affect the nicotinic
cholinergic receptors and adrenergic receptors of the respiratory tract in rats. Using a
phospholipase C inhibitor (U-73122) and blockers of inositol 1,4,5-trisphosphate-sensitive (2-
APB) and ryanodine-sensitive (caffeine) Ca?* channels of the sarcoplasmic reticulum, it was
demonstrated that the aforementioned compounds act on the intracellular signaling cascade
through M3 type muscarinic cholinergic receptors [28-31].
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Fig. 4. Schild plot for the action of compound 7. Data are presented as M = SEM, n = 7.

Previously, we established [19] that for the known non-selective competitive antagonist of
muscarinic cholinergic receptors, ipratropium bromide, the slope of the Schild regression line
was 0.79 + 0.07 (coefficient of determination R? = 0.99), and the affinity value pKs was
9.14 + 0.62 with an 1Cso of 7.24-101° M. Therefore, compound 7 has a lower affinity and is
characterized by higher ECso values compared to ipratropium bromide. However, a critically
important advantage of compound 7 is its ability, at equal concentrations, to more effectively
inhibit signal transmission through M3 cholinergic receptors compared to ipratropium bromide.

CONCLUSIONS

Biological testing was conducted on smooth muscle preparations (SMP) of the trachea for
compounds in the group of amides of 1-oxo-3-phenyl-isochroman-6-carboxylic acid with
predicted inhibitory activity towards mAChRs: their pharmacological effects and parameters
were studied. It was found that the compound 7 effectively inhibits (with an average ICso value
of 5.25-10® M) and at equal concentrations significantly more inhibits signal transduction
specifically through Mz cholinergic receptors compared to ipratropium bromide, without having
a significant effect on M. cholinergic receptors. Therefore, there are all reasons to consider
these compounds as promising precursors of new generation cholinolytic drugs with targeted
action on M3 cholinergic receptors.
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Marepianu i Meroan. BucokonpoaykTuBHUI BipTyasisHHH CKpHHIHT Kojekuii 150000 cnomyk Oyio
3IIHICHEHO IIOJO MPOCTOPOBOI CTPYKTypu M3-penentopa, peKOHCTPYHOBAaHOTO B HAIIMX ITOTIEPEIHIX
JIOCIIIDKEHHX. BIUTMB pEeUuOBHMH Ha CKOPOYYBaJbHY aKTUBHICTb JOCITIKYBAJIH METOIOM TEH30METpii y
i30METPUYHOMY PEXUMI Ha MYJIBTHKJIITHHHHX Ipenaparax Tpaxei. AHTaroHiCTUYHY aKTHBHICTH 1 THIN
iHribyBaHHs BU3HA4aIM Ha (QOHI alliKyBaHHs alleTHIXOMiHY (fianaszoH koHuenTpauii 107°-10° M). [l
BCTAHOBJICHHS BETMYNHU a(hiHHOCTI CIIOJTYKH-aHTaroHicTa BHKOPUCTOBYBANIHX piBHAHHS perpecii Linma.
Pe3yabTaTH. 32 JaHUMH BipTyaJIbHOTO CKPHHIHTY 0YyJ10 00paHo Uit 6i0JI0T19HOTO TECTYBAaHHS PAJ CIIOTYK
— amigiB 1-okco-3-¢enin-i3oxpoman-6-kapoonoBoi kucmoru. s nBox i3 HEX (cnomyku 1 1 7) Oymo
MIPOIEMOHCTPOBAHO 3JaTHICTH CENIEKTHBHO 1HTi0yBaTH M3-perenTopu. 30kpeMa, BenmdHa apiHHoCcTi pKp
st cnonyku 1 cranoswia 7,28+0,70, a 1C50=5,25-10% M. Han3BuuaiiHO Ba)KITHBOIO IepeBaroio i€l
CIIOJIYKH € 11 371aTHICTh 32 OIHAKOBUX KOHLIEHTPALiif JOCTOBIPHO €(eKTUBHIIIE IPUTHIYYBATH IPOBEICHHS
CHUTHAJy 4epe3 Ma-perentopu MOPIBHAHO 3 imparpomieM OpoMiZoM — KIIHIYHHM iHriGiTOpoM
XOJIIHOPELENTOPIB.

BucHoBku. JloctatHs eeKTUBHICTh iHTIOYBaHHS 1 3HAYHO MiJBHIICHA CCJICKTUBHICTH JOCIIIKECHHX
CIOJIYK caMe CTOCOBHO M3-pelienTOpiB Aal0Th BCI MiICTABH BBAKATH 3a3HAYCHI CIIOIYKHU MEPCIICKTUBHIUMHU
MOTIEpEeTHUKAMH ~ XOJIHONITHYHUX TMpenapaTiB HOBOTO TIOKONIHHS 31 CIPSAMOBAaHOK [i€I0 Ha
XOJIIHOpEUenTopu Ms-Tuiy.

KJIIOYOBI CJIOBA: xponiyHe 0OCTpyKTUBHE 3axBopioBaHHs jereHb (XO3JI); MyckapHHOBUI aleTHIIXOJIIHOBHI
pelenTop; BipTyalbHUA CKPUHIHT; MOJICKYJISIPHUI JOKIHT; TCH30METPisl; CEJICKTUBHI M3-aHTaroHiCcTH.



ITPABHIIA JUIA ABTOPIB

B penakuiro momaeTses enekrponHuit Bapiant crarti (MS Word 2007 i Buie) ykpaiHChKOI0 ab0 aHTJTIHCHKOK MOBOO
gepe3 caiit xypHany http://periodicals.karazin.ua/biophysvisnyk 3 xampaBieHHSM yCTaHOBH i €KCIIEPTHHM BUCHOBKOM
y BHUTIISAI BiICKAHOBAaHUX (hailiiB.

TekcT HaOMpaeTbes Ha apkymax gopmaty A4 depes3 ogmH iHTepBal. BukopuctoByerhes mpudTt Times New Roman
12 pt, BupiBHIOBaHHS TeKcTy 1o mupwuHi. [lons crpasa i 31miBa mo 2,5 oM, 3Bepxy — 3,5 cM, 3HU3Y — 2 cM. MaremaTu4Hi
Ta XiMi4HI CHMBOJIM BBOISATHCSA 1O TEKCTY CTATTi 3a jomoMoror pemaktopa MathType a6o Microsoft Equation.
PucyHku 3 po3inbpHOIO 3maTHiCTIO He MeHme Hix 300 dpi y dopmari *.jpg, *.jped, *.png BCTaBISIOTHCS IO TEKCTY B
Me)Kax IDIOMII CTOPiHKH, BKa3aHO! BHUIIE. PHCYHKH CiJl po3MiIIyBaTH B Mekax TaOJHIN 3 MPO30OPHUMH 30BHIMIHIMA
TPaHUIIMU y TIEPLIOMY PSIKY, MIJNNC Ta KOMEHTapi 0 PUCYHKY — Y Apyromy psiiky Taomuui. ['padiku OynyroTses y
NPOrpaMHUX TaKeTax, IpU3HAYeHHX Uil oOpoOkm 1 Bizyamizauii HaykoBux maHux: Origin, Mathcad Tomo.
Bukopucranns ogicuoro nakery MS Excel mis nobynosu rpadikiB He nomyckaersest. Ludpu 1 mignucu Ha ocsx Ta
Hajanucax MmoBuHHI Matu mwpudrt 9 pt. Ilixnuen nin pucynkamu Apykyrotbest mpupTom 10 pt. @opmynu, Tadbmumi i
PHCYHKH HyMEpPYIOTHCS MOCHTIJOBHO apabcbkumu mudpamu, Hanpukian, (1); Tadon. 1; Puc. 1. Skmio crarrs Hanucana
YKpaTHCBKOIO0 MOBOIO, MiJNUCH A0 PHUCYHKIB 1 TAOIHIb TyOIIOIOTHCS aHTIIHCHKOI0 MOBOIO.

Ha mepmiii cropiHmi 3BepXy Ha MEpIIOMY PSAAKY B JiBOMY BepxHboMY KyTi HaBoauThcs YK (kypcus, 11 pt). Ilicnsa
MPOIYCKY OTHOTO psNKa, PO3MINIYEThCS Ha3Ba CTATTi (BENWKI JITepH, NpAMUN HamiBXUpHUH mpudT, 12 pt,
BHpPIBHIOBaHHS IO HEHTpY). Ilicis mpomycky OIHOTO psaka HAOMPAarOThCS iHIIIANM, TPI3BHINA aBTOPIB (MPAMUI
HamiBXupHUA mpudT, 12 pt, BUpiBHIOBaHHSA M0 IEHTPY). Ha HacTymHOMY psIKY pO3MIIIYIOThCS TIOBHI Ha3BHU i axpecu
YCTaHOB, /€ BHMKOHyBajach po0OTa, ajgpeca eJNIEKTPOHHOI IOLITH aBTOpa — KOHTakTHOI ocodu (kypcus, 10 pt,
BUPIBHIOBAHHS IO LEHTPY). [10TiM BMIIIyeThCS aTa HAIXOMKCHHS CTATTI J0 PEAAKIIIT: YUCIO — IUPpPaMHU, MiCSIb —
nponucoM, pik — nudpamu (mwpudt npsmuii, 10 pt, BupiBHIOBaHHS 1O LEHTPY). Ha HacTymHOMY psIKy BMIIyeThCs
JlaTa MPUHHATTS CTAaTTi 10 APYKY (3aIIOBHIOETHCS PENIKOJIETIEO).

[Ticns mpormycky O0JHOTO psiika BMILIYIOThCS J1Ba pedepaTr (YKpaiHCHKOIO Ta aHIJIiHChKO MoBaMu). Pedepar MoBoro
CTaTTi po3mimyeTbes nepumM. [lepen apyrum pedeparom 3 HOBOTO psifika MUIIETHCS HA3BU CTaTi (BEIMKUMHU JTITEPaMH,
mpudT npsmuid, 10 pt, HamiBXUPHWH, BUPIBHIOBAHHA IO LEHTPY), iHIMIaNKA Ta MpPi3BUINA aBTOPiB (WIPHPT mpsaMuit
10 pt, HamiBKUpPHUI, BUPIBHIOBAHHS IO IICHTPY), HAa3BH OpTraHi3amiil Ta iX ampecu (KypcuB 9 pt., BUPIBHIOBAHHS IO
neHtpy). Pedepar moBuHeH OyTH CTPYKTYpOBaHMM Ta MICTHTH HACTYIHI YaCTHHH 3 3arojOBKaMH: AKTYaJbHICTh,
Mera po6otu, Marepianu i meToan, Pesyabrarn, BucHoBKH, siKi TOYMHAIOTECS 3 HOBOTO psinka. CioBa “Pedepar” i
“Abstract” He THMIIYThCS. 3aroJIOBKH CTPYKTYPHHX YaCTHH IHIIYTHCS HAMIBXKHUPHUM IMIPH(TOM, IICISA 3arojoBKa
cTaBuThCsl Kparka. Tekct pedepary ckianae He MeHme 1800 ta ne Ouibme 2000 poHETUUHHX CHMBOJIB, TOOTO 0e3
HNPOMDKKIB Mix cioBamy; npsmuil mpudt 10 pt. Pedeparu apyroro MOBOI Takok HOBHHEH MaTu OOCAT HE MEHIIE
1800 Ta nHe Oinbure 2000 ¢oHeTMUHMX cHUMBONIB. Ha HAacTymHOMY psiiKy BMIIIYIOTBCS 5-8 KIIFOUOBHX CIIiB, SIKi
PO3ALIAIOTHCS MiXK 00010 Kparkoro 3 komoro (10 pt — mepuruii pedepar, 9 pt — npyruit Ta Tperiit pedeparn). 3 mouarky
psiika BEJMKUMH JIiTepamMH, WPpUGT HAMIBXUPHUH, MHIIEThCS 3aroyioBok 3 nBokpamnkor “KJHOYUOBI CJIOBA:”.
Texctu pedepartis 1 KIIFOUOBI CIIOBa MarOTh IIMPUHY Ha 1 CM MeHIIY, Hi’ OCHOBHHIT TekcT (110 0,5 cM 3 KOXKHOTro OOKY).
Pedeparn po3ainsioThCsl OAHUM ITyCTHM PSAKOM.

OCHOBHUH TEKCT CTATTI HABOAUTHCS MICIS MPOIyYCKy oaHoro psaka mpudrom Times New Roman (Cyr), 12 pt. A63auu
MMOYUHAIOTECS 3 YepBoHOTO psinka (0,75 cMm). PekoMeHIyeThCsl pO30UTTS CTATTI HA TaKi PO3AUIHM: BCTYH (Ha3Ba pO3IiTy
we mumetscs), MATEPIAJIM I METOJM (0GoB’i3Kk0BO uisi eKcrepuMeHTanbHuX pobit), PE3YJIBTATH W
OBI'OBOPEHHS, BUCHOBKMU. [ns1 TeopeTHUHUX poOiT mependavdaeThest OB BiIbHE PO3TANIyBaHHS MaTepiay,
Hanpukian, 3amicte po3ainy MATEPIAJIM I METO/JM pexomernaytotscs posninu IOCTAHOBKA 3AJTAYI,
MOJEJIb Ta in. Po3ninm He HyMepyIOThCs, JIITEpH BEJIMKi, HAIIBKUPHI, BUPiBHIOBaHHS 110 LeHTpy. [Tpn HeoOXigHOCTI
PO3MiNM MOAIMAIOTECS Ha miapo3ainn. Ha3Bu miIpo3ainiB MHITYTHCS 3 BENUKOI JIHTEPH 1 BHAUIAIOTHCSA HAIiBXUPHIM
mpudTOM, BUPIBHIOBAHHA IO HEHTPY. Po3minm abo migpo3mian po3aiIsIOTECA OMHUM IycTUM psakoM. Ilicims Has3B
pO3AiMIB 1 MiAPO3iNIB Kpamka HE CTaBUTHCS. Y KiHII TEKCTy CTaTTi MICIS MPOITyCKy OJHOTO PsKa Yy PO3inii
MHNOJAAKA 3a3nauaeThcsi Ha3Ba (GOHIY, sk (iHaHCYBaB poOOTy, i HOMep rpaHTy. [IOoTiM PO3MIIIYEThCS PO3IIT
KOH®JIIKT IHTEPECIB, y sikoMy aBTOPH JIEKIapyIOTh HasBHICTH (hiHAHCOBMX ab0 IHIIMX KOH(QIIIKTIB iHTEpECiB,
SIKI MOTJIM BIUTMHYTH Ha PE3yJbTaTH, IHTEPIPETAII0 Ta BUCHOBKH JOCI/DKEHHS. SIKIIO HEeMae KOHQIIKTa iHTEpeciB,
TaK i MoTpiOHO 3asBUTH: «ABTOPH MOBIJOMIISIOTH IIPO BIJICYTHICTH KOH(]IIiKTa iHTEepeciBy. I10TiM po3MinryeTsest po3i
Authors’ ORCID ID, y sixomy aBTOpH BKa3ytoTh aapecu cBoix npodinis ORCID.

JlirepaTypHi NMOCHJIaHHSI HYMEpYIOThCS B HOPSAAKY LUTYBaHHS B TEKCTi, HOMEp MOCHJIAHHS MHIIETHCS Y KBaJPaTHUX
nyxkax. He mormyckaloTbesi OCHIaHHS Ha HEOMyOJiKOBaHI poOOTH, MiJpYYHHKH Ta HaBYajbHI MOCiOHMKH. CIHMCOK
mitepatypu (mpudt 10 pt.) po3minryeTbcs 3a OCHOBHHM TEKCTOM cTarTi, BUntierbes sk po3nin REFERENCES i
0 OPMITIOETECS 3TiHO 3 MDKHApOJHHMM cTHieM O(OpPMIICHHS CHHMCKY HayKoBuX myOumikauiit Vancouver. Ilpuxnaan
odopmiieHHst 0ibmiorpadiyHUX MOCHIaHb MOXHA IIOJMBUTUCH HAa CalTi XypHaly y posaini «KepiBHMOTBO [uist
aBTopiB»: https://periodicals.karazin.ua/biophysvisnyk/about/submissions.

Pykonucu odopmJieHi He y BiTmoBiZHOCTi 10 HaBeJeHUX MPABUJ He PO3IJISIAATUMYThCs!
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Electronic files of the contributions (created in MS Word 2007 and later versions) written in English or Ukrainian,
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 permitted. Use computer printed symbols for axes labeling. Insert prepared images into an MS Word
file as files in *.jpg, *.jpeg, *.png format within the area of the page specified above. Images must have a resolution
of at least 300 dpi. 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. If the article is written in Ukrainian, captions to figures and tables are duplicated
in English.

Insert UDC 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 two abstracts of the paper (written in Ukrainian and English). The first abstract should be
written in the language of the manuscript. On the next line provide the second abstract (capital letters, straight font,
10 pt, bold, centered). Above the second abstract place the titles of the paper in the second language (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. The two
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 at
the end of the manuscript as a separate section REFERENCES, formatted according to the VVancouver style for
scientific publications.

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

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