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The co-localization of the donor and acceptor fluorophores capable of transferring the energy by the Forster mechanism, on the
molecular scaffold of amyloid fibrils offers new opportunities not only for refinement of the amyloid detection and structural analysis,
but also for designing photonic nanodevices on their basis. The assembly of these systems involves the non-covalent dye-protein
interactions which can hardly be characterized in terms of a precise dye location within the fibril structure that is required for fabricating
the FRET-based light harvesting systems or photonic nanowires. In view of this, the dye-fibril binding process deserves a detailed in
silico study. In the previous molecular docking studies of the FRET donors and acceptors interacting with the insulin model fibrils we
considered only one ligand during the simulation procedure. However, the real situation is much more complicated, when the multiple
ligands can compete for the same binding site, a direct complexation between the dyes on the fibril scaffold can take place, the spatial
distribution of the bound fluorophores can be unfavorable for the energy transfer, etc. In addition, the mutual orientation of the donor
and acceptor molecules essentially contribute to the efficiency of the Forster resonance energy transfer (FRET) in the investigated
systems. The present study was undertaken to gain molecular docking insight into the binding of the donor (Thioflavin T) and acceptor
(Congo Red or a phosphonium dye TDV) fluorophores to the insulin amyloid fibrils using the multiple docking approach. The
employed PatcDock and SwissDock webserves provided evidence for the preferable association of all dyes with the fibril grooves. The
protein-ligand interaction profiler (PLIP) was employed for analyzing the (InsF + ThT +CR) and (InsF + ThT + TDV) systems. The
revealed binding modes and the types of the dye-fibril interactions may be of importance for a more detailed analysis of the FRET
process in amyloid systems and may serve as a background for further in silico studies of the cascade FRET on the amyloid fibril
scaffold.
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Amyloid fibrils, a special class of the B-structured protein aggregates, are now receiving considerable attention in
view of their link with numerous human disorders [1] and a promising potential as a novel type of nanomaterials [2]. A
peculiar architecture of amyloid assemblies in which the solvent-exposed grooves lined with amino acid side chains
extend along the fibril axis, accounts for specific binding of amyloid-sensitive dyes, among which the most widely used
are the benzothiazole dye Thioflavin T (ThT) and the azo dye Congo red (CR) [3-5]. In our previous study we
demonstrated that ThT and CR can be employed jointly as a donor-acceptor pair in the fluorescence amyloid assay based
on the Forster resonance energy transfer (FRET) [6]. Later on, we found that amyloid fibrils can serve as a molecular
scaffold not only for one-step energy transfer, but also for multi-step FRET (msFRET) in the three- and four- chromophore
systems [7-10]. In the examined FRET chains ThT was recruited as an input donor, squaraine dyes SQ1/SQ2/SQ3 as
terminal acceptors, while dimethylaminochalcone [8], phosphonium [7, 10], benzanthrone dyes [9] and squaraine (SQ4)
dyes play the role of relay fluorophores. These studies open the way not only for improvement of the amyloid detection
assays, but also for the use of amyloid assemblies in nanophotonics. The revealed significant enhancement of FRET in
the amyloid protein fold was interpreted in terms of the increased quantum yields and greater donor-acceptor spectral
overlap in the fibril-bound state, particular spatial and orientational arrangement of the fluorophores constituting the
energy transfer chain. In view of a high amyloid sensitivity of the FRET process, it seems reasonable to take a deeper
look on the determinants of fibril-fluorophore interactions using the in silico tools. Among these, one of the most
widespread is the molecular docking modulation technique capable of predicting the best way of the ligand-receptor
interactions and affinity of small molecules to the target macromolecule [11]. During the simulation procedure the
orientation and conformation of the ligand are changed to reach the global minimum of the ligand-macromolecule binding
energy [12]. The molecular docking can be implemented by two ways: i) geometric search for the receptor surface regions
complementary to ligand) [13], ii) docking simulation through evaluating the minimum in energy landscape by
considering each binding mode) [14, 15]. A more sophisticated docking technique, multiple ligand simultaneous docking
(MLSD), allows to perform the docking of several ligands to the same target, that is more realistic since water molecules
and a variety of cofactors, substrates, ions can bind to biomacromolecules along with the main ligand [16, 17]. The
optimized MLSD algorithm has been developed [16] that provides a sensitivity of ligands to the presence of each other.
Since the two or more dyes are involved in the energy transfer, it is sensible to analyze the binding behavior of the donor
and acceptor fluorophores using the multiple docking approach. In view of this, the aim of the present study was to
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evaluate the possibility of simultaneous docking of the classic amyloid markers (ThT and CR) and one donor-acceptor
pair from the previously examined msFRET chains (ThT — TDV) to the insulin amyloid fibrils.
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Figure 1. Structural formulas of the examined dyes

The structures of three dyes under study (Fig. 1) were built in MarvinSketch (version 18.10.0) [18] and optimized
in Avogadro (version 1.1.0) [19]. The counterions were not added to the dye structures in order to save the molecular
charges. The model of the human insulin fibril (InsF) was obtained from
http://people.mbi.ucla.edu/sawaya/jmol/fibrilmodels/. The input structure of the ThT complexes with fibrillar insulin for
the next docking run (Fig. 2) was performed using the SwissDock server [20]. The free energy of the ThT-InsF binding
(AG) was estimated to be -8.36 kcal/mol. To perform the docking of CR or TDV to the complex (InsF+ThT) we tried to
use the two different webservers: PatchDock and SwissDock. The molecular docking algorithm underlying the PatchDock
server target on the finding the maximal surface shape complementarity along with the minimal amounts of steric clashes
[21]. The EADock DSS algorithm behind the SwissDock server computes and clustered the most favorable binding modes
using the rigid docking procedure [20]. In order to identify the amino acid residues constituting the binding sites and to
analyze the types of the dye-protein contacts, the protein-ligand interaction profiler (PLIP, https://plip-tool.biotec.tu-
dresden.de/plip-web/plip/index) was employed. The selected docking poses were visualized with the UCSF Chimera
software (version 1.14) [22].
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Figure 2. The (InsF + ThT) complex that was selected as input structure for the next docking run, visualized by the UCSF Chimera
software (A) and analyzed in PLIP (B). The B-sheets and a-helixes are colored in violet and goldenrod, respectively, while ThT
and the residues GIn15, Glul7 are marked by navy blue and light green, respectively (A). The gray dashed lines on the panel B
represent the hydrophobic interactions between the dye molecule and the insulin residues.
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RESULTS AND DISCUSSION

The PLIP analysis of the ThT complex with the groove Gln 15 — Glu 17 of the insulin fibrils revealed a predominant
role of hydrophobic interactions between the dye and the residues (Gln 15 C, GIn 15 E, Glu 17E, Glu 117 C) (Fig. 2 B),
that is in accord with the experimental studies of the ThT location within fibril structure [23, 24]. All the PatchDock
solutions provided evidence for the CR binding in the cross-strand ladder formed by B 17 leucine residues located on the
dry steric zipper fibril interface (Fig. 3 A). The obtained results are similar to those previously reported for the complexes
of cyanines [25, 26], DMC and ThT [8, 26] with the fibrillar insulin. The global energy for the most energetically favorable
model was -132.95 kcal/mol, revealing both a very high stability of this complex in silico and a high probability of such
mode of the dye-fibril association in vitro. The hydrophobic interactions between CR and the nonpolar residues (Ile 102
of S, U, W chains and Leu 306 of U, W, Y chains) of the fibrillar insulin, along with the hydrogen bonds between
sulfonate and amino groups of the CR and both nonpolar (Val 218 X) and polar (Cys 219 T, Cys 307 W) residues were
also uncovered by the PLIP analysis (Fig. 3 B).
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Figure 3. The energetically most favorable CR associate with the complex (InsF + ThT), obtained using the PatchDock webserver
(A) and analyzed in PLIP (B). The CR and ThT are marked by red and navy blue, respectively. The gray dashed lines on the panel
B represent the hydrophobic interactions between the dye molecule and the insulin residues, while the blue solid line displays the
hydrogen bonds.

In contrast to the PatchDock results, the most CR docking poses revealed by the SwissDock are located near the
groove GIn 15 — Glu 17 on the wet fibrillar surface and close to the residue Gln 204 belonging to the native-like
N-terminus of the insulin B chain. One binging mode of this dye was in Q15 — E17 groove demonstrating the
disposition of the CR along the long fibril axis, parallel to the selected ThT binding pose (Fig. 4 A, red). This complex
with AG = -8.59 kcal/mol is stabilized mainly by the hydrophobic contacts with the groove residues of the D, F, H
chains and hydrogen bonds between functional groups of the dye and Leu 16, Gln 204, in addition to Gln 15 and Glu 17
(Fig. 4 B). The binding mode with the minimal free energy of binding (AG = -9.36 kcal/mol) involves a partial
intercalation of Congo Red in the groove by the naphthalene ring (Fig. 4 A, yellow). Therefore, the possibility of
almost perpendicular dye orientation relative to ThT cannot be excluded. A significant amount of hydrogen bonds
(GIn 15 L, Glu 117 J, Phe 201 H, Gln 204 J) were found to participate in the formation of this complex (Fig. 4 C). The
distinguishable and non-specific binding site located at the native-like N-terminus of the insulin B chain is represented
in Figs. 4 A (green CR structure) and 4 D. According to this model, Congo Red molecules are buried between Gln 304
and Leu 306 interacting with them and the neighboring His 305 by both hydrophobic and electrostatic (hydrogen bonds
and salt bridges) forces. This binding mode can be explained by the rigid structure of receptor during the docking
procedure, while the great flexibility of these non-extended N-terminal tails of the chain B (in comparison to the native
insulin) can be expected in vitro, that with high probability may lead to the disruption of the cavity
Gln 304 - Leu 306 [27].

It should be noted that the ThT molecule seems to be removed in the SwissDock output files, indicating that this
server is not suitable for the multiple ligand simultaneous docking. Therefore, a more appropriate technique like
AutoDock 4.0 [28, 16] is planned to be used in the further studies for a more precise analysis of the simultaneous
docking results and, ideally, description of the ligand-ligand interactions. Nevertheless, the differences in the
algorithms, technical realization, numerous docking runs provide a good opportunity for considering the dye-protein
interactions more comprehensively.
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Figure 4. Representative modes of interactions between CR and the complex (InsF + ThT), obtained using the SwissDock server
(A) and analyzed in PLIP (B -D). ThT is marked by navy blue (A). The docking energies for selected complexes are -8.59 kcal/mol
(CR is marked by red on the panel A, PLIP results are depicted on the panel B), -9.36 kcal/mol (yellow, C), -9.07 kcal/mol (green,
D). The gray dashed lines on the panels B, C and D represent the hydrophobic interactions between the dye molecule and the insulin
residues, while the green dashed line, yellow dashed line and blue solid line display the n-stacking contacts, salt bridges and hydrogen
bonds, respectively.

At the next step of study, the interaction of the phosphonium dye TDV with the complex (InsF + ThT) was
explored using the above approaches. According to the PatchDock, this dye can be located in the grooves Gln 15 —
Glu 17 (Fig. 5 A red) and Tyr19 — Asn21 (Fig. 5 A green), as well as can reside in the area between the native-like N-
terminal tails of the chain B and outer B-sheet formed by the LYQLENY segment from the A chain. The binding mode
with higher value of the global energy (-37.19 kcal/mol) is depicted in Figure 5 A (violet). This complex is stabilized
by a large number of hydrophobic contacts between TDV and nonpolar (Ile 2 D, Leu 13 D, Leu 13 F, Val 202 D, Leu
206 D), polar (Gln 204 B, GIn 204 B, Gln 204 D), aromatic (Phe 201 B, Phe 201 D) and positively charged (His 205
B) residues (Fig. 5 D). The n-stacking contact (His 205 B) was also observed, while the other selected docking poses
(Fig. 5 B, C) are stabilized mainly by hydrophobic interactions with the groove residues.

Most binding modes obtained by the SwissDock suggest that TDV is localized on the wet surface of fibril
structure (data not shown). The more energetically favorable complexes (AG <-8.4 kcal/mol) revealed the TDV
orientation in which one benzene ring of phosphonium group is directed to the groove Q15 — E17, while the rest of the
dye molecule is intercalated between N-terminal parts of the chains constituting the fibril periphery. The PLIP analysis
indicates that the complex (InsF + TDV) is stabilized by hydrophobic contacts, hydrogen bonds and zw-stacking
interactions preferably with the residues of the non-extended fibril part such as Gly 1, Ile 2, Val 3, GIn 5, Phe 201,
Val 202, GIn 204, His 205) than Gln 15 and Glu 17.
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Figure 5. Representative modes of interactions between TDV and the complex (InsF + ThT), obtained using the PatchDock
webserver (A) and analyzed in PLIP (B -D). ThT is marked by navy blue (A). The global energies for selected complexes
are -20.4 kcal/mol (TDV is marked by red on the panel A, PLIP results are depicted on the panel B), -31.99 kcal/mol (green,
C), -37.19 kcal/mol (violet, D). The gray dashed lines on the panels B, C and D represent the hydrophobic interactions between
the dye molecule and the insulin residues, while yellow dashed line displays the salt bridges.

CONCLUSIONS

To summarize, the present study was focused on the investigation of the interactions between the FRET acceptor
dyes CR or TDV and the insulin amyloid fibrils hosting the donor dye ThT using the two webservers: PatchDock and
SwissDock. The binding sites of the (InsF+ThT) complex for the examined dyes, as well as the types of the dye-protein
interactions were identified. Based on the acquired results, the following assumptions can be made: i) regardless of the
cationic nature of ThT and TDV molecules, and the negative charge of CR, the dye-protein complexes are stabilized
by hydrophobic, rather than electrostatic interactions; ii) the dye location along the surface side-chain grooves
Q15 -E17 (CR, TDV), Y19 — N21 (TDV) is in line with the previously proposed binding mode and provides almost
parallel orientation of the fluorophore transition dipoles; iii) the existence the binding site such as native-like N-terminus
and cross-strand ladder on the dry steric zipper interface that is characterized by the lower docking energy than the fibril
grooves does not rule out the other orientations of the donor and acceptor transition dipoles, as well as point to the
existence of different binding sites for ThT and the FRET acceptors such as CR and TDV, reducing the probability of
the competition between the dyes. Overall, our findings may be useful for a deeper understanding of the factors
controlling the binding and orientational behavior of the donor and acceptor fluorophores involved in the energy transfer
on the amyloid fibril scaffold.
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MYJbTHMOJIEKYJISIPHUM JOKIHI" ®J1YOPECHUEHTHUX BAPBHUKIB 3 ®IGPUJIAPHUM IHCYJIHOM
Y. Tapabapa, O. )Kutnskiscbka, K. Bye, B. Tpycosa, I'. I'op6enko
Kageopa meouunoi gizuxu ma biomeouunux nanomexnonozii, Xapriecokuil nayionanonuii ynisepcumem imeni B.H. Kapaszina
M. Ceob00u 4, Xapxis, 61022, Vkpaina

Komnokasizariist JOHOPIB Ta akienTopiB Giyopodopis, 3AATHUX MEPSHOCUTH CHEPTitO 3a MeXaHizMoM DpopcTepa, Ha MOJICKYJSIPHI MaTpHIli
aMLIoITHKX (iOpwII, BIIKPHUBAE HOBI MOXKITUBOCTI HE TLIBKH ISl BIOCKOHAJICHHS AETEKIIIT aMUTOTHIX (hiOPHI Ta CTPYKTYPHOIO aHAI3y, ajie
1 17151 po3p00KH (POTOHHMUX HAHOIIPUCTPOIB Ha iX OCHOBI. 301pKa IIMX CUCTEM Tepe0adac HeKOBAJICHTHI B3a€MO/IiT OapBHUK-O1IOK, sIKi CKJIaTHO
OXapakTEepU3yBaTH 3 TOYKH 30py TOYHOTO PO3TAlIyBaHHS OApBHHKA B CTPYKTYpi (iOpwiM, HEOOXiZHOrO Uil BHTOTOBIICHHS
CBITJIO30MpATIBHIX CHCTEM Y1 (JOTOHHUX HAHOJPOTIB HA 0CHOBI DBOPCTEPIBCHKOrO pe3oHancHoro nepeHocy eneprii (OPPIIE). 3 orsmy Ha
1Ie, TpoIiec 3B’sA3yBaHHA OapBHUKIB 3 (iOpIuIaMu JOULUTBEHO IETaTbHO NpOoaHaTi3yBaTH in silico. Y monepenHix JOCTiIKEHHIX JOHOPIB Ta
axuenropieB OPIIE, mo B3aeMomisiii 3 MopeibHUMH (QiOpUIamMy IHCYIIHY, METOIOM MOJIEKYJSAPHOrO JOKIHTY, i 4Yac MPOLEAypH
MOJIEITIOBAaHHSI MU PO3IJISLIANY JIMIe OfuH JiiraHn. OJHaK peajybHa CHTYyallish HabaraTo CKJIaIHIIIA, OCKUIBKM KUIbKA JIraHIiB MOXYTh
KOHKYPYBAaTH 32 OJIMH 1 TOH ke CaifT 3B’I3yBaHH:], MOXeE BiOYBAaTHCh NpsIME KOMIUICKCOYTBOPEHHS MK OapBHUKAaMU Ha MaTpuIli Giopw,
MIPOCTOPOBHUI PO3MOLT 3B’ s3aHUX (ITyopoOpiB MOXKe OyTH HECTIPUSTIMBHM U Tiepeziadi eHeprii Tomo. Kpim Toro, B3aeMHa opieHTALlis
MOJICKYJI JIOHOpa Ta aKLENTopa BHOCHUTh CYTTEBHH BKJIax B edekTuBHICTH DbOPCTEPIBCHKOrO PE30HAHCHOTO IEPEHOCY eHeprii y
JoclipKyBaHuX cucrtemax. JlaHa poGora Oyma mpoBeneHa, MO0 OTpUMATH ysBIEHHS mpo 3B’s3yBaHHS aoHopHHX (Tiodmasin T) i
akuentopaux (Konro YepBonuit abo ¢ochonieBuit 6apsauk TDV) ¢myopodopis 3 aminoimaumu (iOpunaMu iHCYIHY 32 JOIOMOTOO
X0y MYJIBTHMOJIEKYISIPHOTO JOKiHrY. Bukopucrani BeG-cepepu PatcDock i SwissDock Hamanm nokasu mepeBaxkHol acoriarii Beix
GapBHUKIB i3 sx0s100Kkamu Giopu. st ananizy cucreM (InsF + ThT +CR) i (InsF + ThT + TDV) BukopucroByBascst protein-ligand interaction
profiler (PLIP). BusiBneni caifTu 3B’s13yBaHHs Ta THIIH B3a€MOJiil Mk OapBHHKaMH Ta (iOPUIOI0 MOXYTh OyTH BaXKJIMBHMH JUIS OUTBII
JetanbHoro aHamizy npouecy OPIIE B aMiloifHUX crCTEMax i MOXKYTh CITyT'yBaTH OCHOBOIO JUTS IOAJIBIINX OCTIDKEHB in Silico KacKamy
OPIIE Ha maTpuii aminoiqaux Ghiopu.

Kumiouosi cioBa: ¢i6prspuauii incyinin, Tiodnasin T, Konro UepBonwuii, pochonieBuii 6apBHHUK, MOJIEKYJISIPHAI TOKIHT
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The state of liquid radioactive wastes (LRW) management at Ukrainian Nuclear Power Plants (NPPs) is characterized by the lack of a
completed technological cycle from processing to obtaining the final product suitable for further long-term storage or disposal. As a result,
the storage tanks for bottoms residue (BR) are 65-75% full (Zaporizhzhia and South-Ukrainian NPPs), and the resource for placing molten
salt at Zaporizhzhya NPP (92.7%) is close to exhaustion. Therefore, the development of technologies and materials for NPP LRW
solidification is an urgent need and aims to ensure the processing of LRW to a solid state that will meet the acceptance criteria for disposal in
centralized storage facilities. One of the effective methods of LRW solidification is their vitrification. The main advantage of vitrification is
that during the vitrification process the volume of waste is reduced by several times and this saves expensive storage space. The purpose of
this work is to calculate the absorbed dose that borosilicate glass matrices with included bottoms residue will accumulate over 300 years of
storage, and to study the effect of simulated X-ray irradiation on their physical and mechanical properties.

Keywords: liquid radioactive wastes, bottoms residue, borosilicate glass matrices, absorbed dose, numerical simulation.

PACS: 28.41.Kw; 28.41.Te; 02.70.Uu

INITIAL CONDITIONS

In Ukraine today, more than 19 000 m* of liquid radioactive waste has been accumulated at nuclear power plants.
Due to the lack of technical solutions that ensure the receipt of the final product acceptable for disposal for disposal,
with the current dynamics of LRW receipts, the resource of LRW storage tanks is close to exhaustion [1]. It is believed
that the most optimal method of LRW solidification is their vitrification followed by storage in surface storage
facilities [2, 3].

The following data were taken for calculations through the article: specific activities of isotopes '*’Cs, 3*Cs and
%Co in BR are given in Table 1. The half-lives and decay constants of these isotopes are given in Table 2. The chemical
composition of borosilicate glass is given in Table 3

Table 1. Initial data

Parameters Value
Specific activity of isotopes:

137Cs, 10 Ci/l 52

134Cs, 107 Ci/l 28

%Co, 10 Ci/l 6,1
Period of simulation, years 300

Table 2. The half-lives and decay constants *’Cs, 13*Cs and *°Co

Isotope Half-lives, days Decay constant, 4

B7Cs 11000+£90 0.0000630

134Cs 754+0.7 0.0009197

Co 1925.3+0.4 0.0003601

Table 3. The chemical composition of borosilicate glass
Name of oxide Content, mass. % Density, kg/m?

B20> 11.49 2460
Na,O 27.64 2300
MgO 0.43 3600
ALO; 0.98 3950
SiO2 45.67 2648
P20s 0.072 2390
SO> 0.45 2619

7 Cite as: V. Morgunov, S. Sayenko, V. Shkuropatenko, Y. Svitlychnyi, O. Bereznyak, S. Lytovchenko, and V. Chyshkala, East. Eur. J. Phys. 3, 121
(2022). https://doi.org/10.26565/2312-4334-2022-3-16
© V. Morgunov, S. Sayenko, V. Shkuropatenko, Y. Svitlychnyi, O. Bereznyak, S. Lytovchenko, V. Chyshkala, 2022
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Name of oxide Content, mass. % Density, kg/m?
CLOs 0.21 1600
K20 3.55 2300
CaO 0.94 3340
TiO2 0.037 4230
Fe203 0.36 5240
Cu0 0.036 6000
Cs20 0.58 4650
PbO 7.55 9640

DESCRIPTION OF THE SAMPLES PREPARATION AND THEIR IRRADIATION

Samples of the borosilicate glass matrix were obtained by preliminary melting of a mixture of a calcined solution —
simulator of NPP LRW condensate with VVER-1000 reactors with the addition of glass-forming silicon oxide, in the form of
sand, and 10 wt. % lead oxide (SK45-Pb10) or calcium fluoride (SK45-CF10), followed by melting and pouring glass into
metal molds. At the same time, it was taken into account that since the content of Na and B in the bottom residues of LRW
from nuclear power plants with VVER reactors is quite high, there is no need to add these elements to obtain borosilicate glass
matrices [4]. According to the results of XRD and SEM studies, it was determined that the resulting glass matrices are X-ray
amorphous, do not have crystalline inclusions, and are characterized by a dense and homogeneous structure.

Simulated X-ray irradiation of samples of the borosilicate glass matrix was carried out on a linear electron
accelerator LU-10 (NSC KIPT) using bremsstrahlung radiation. The average energy of photons is 10.4 MeV. The dose
rate is equal 1.09 kGy per hour.

Taking into account the fact that the activity of bottom residues of NPP LRW can differ markedly depending on
the methods of LRW processing used at individual NPPs, and, moreover, the distribution of radionuclides in the matrix
can be uneven, which can increase the dose of self-irradiation of individual glass blocks, simulation irradiation was
carried out with an increased absorption dose — 10 kGy and 100 kGy.

DESCRIPTION OF THE NUMERICAL SIMULATION

For calculation of absorbed dose received by borosilicate glass matrices with included bottoms residue we used
software toolkit GEANT4, a toolkit for the simulation of the passage of particles through matter. Its areas of application
include high energy, nuclear and accelerator physics, as well as studies in medical and space science [5—7]. To use
GEANT#4 the following aspects should be defined:
— the geometry of the system;
— the materials and chemical elements involved;
— the fundamental particles of interest;
— the physical processes of interest;
— the generation of primary events;
— the response of sensitive detector components.

The geometry of the system
The geometry of the systems involves the dimensions of the objects and their location. For the calculation three
types of setups were chosen:

Setup 1. The cube with dimensions 2 cm x 2 cm X 2 cm with radioactive sources as spheres with diameter 0.5 mm
located inside the cube with following coordinates: 1% source (*’Cs) — {0; 2 mm; 2 mm}, 2™ source (**Co) —
{0; 0; 0}, 34 source ('**Cs) — {0; -2 mm; -2 mm}. The absorbed dose was calculated for whole cube.

Setup 2. The absorbed dose was calculated for the cube with the dimensions 10 cm x 10 cm X 10 cm located in the
center of a cylinder (height — 812 mm, radius — 560 mm) which consist of a borosilicate glass (Fig. 1).
Radiation sources are uniformly dispersed through the cylinder.

Setup 3. The dose map was calculated for cross-section of the same cylinder as item 2 (Fig. 2). Radiation sources are
uniformly dispersed through the cylinder.

Figure 1. Setup No 2 (see text) Figure 2. Setup No 3
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The materials and chemical elements involved
The following materials are involved into the simulation:
— borosilicate glass matrix (chemical composition is given in Table 3);
— radioactive isotopes '3’Cs, '3*Cs, ®°Co.
The fundamental particles of interest
According to the physical laws during gamma irradiation following elementary particles take part:

— gamma rays;
— X rays;

— electrons;

— positrons;

— anti-neutrinos.

Anti-neutrinos are not included into simulation because these particles can pass through the matter without any
collisions with the matter.

The physical processes of interest

Seven major categories of processes are provided by GEANT4:

. electromagnetic;

. hadronic;

. decay;

. photolepton-hadron;
. optical;

. parameterization;

. transportation.

NN AW~

In the simulation, the 1%, 3¢ and 7" processes were chosen.

The generation of primary events

Generation of initial gamma rays are generated from *’Cs, 1**Cs and *°Co isotropically according to specific activities
given in Table 2. Built-in GEANT4 General Particle Source (GPS) class is used for this purpose. The decay of isotopes
(see Table 2) is taken into the account in the simulation.

The response of sensitive detector components
To record and output data from simulations, a process called "scoring", must be implemented, specifying what
should be measured and where.
In the simulation absorbed doses were calculated for the borosilicate glass itself: for Setupl absorbed dose was
calculated for whole cube; for Setup 2 absorbed dose was calculated for cube inside cylinder; for Setup 3 absorbed dose
was calculated for half of cross-section. All values of absorbed dose are referenced to the water.

RESULTS OF NUMERICAL CALCULATION
Calculations were performed on personal computer equipped with AMD Ryzen™9 3900xt (24 threads, 12 cores)
processor, 48 GB RAM.
Amount of simulated events was 107. For every half of year activities of isotopes recalculated according to the
following radioactive decay law

—At
I-1Ie (1)

where, Iy — initial activity, Ki; 4 — decay constant; ¢ — time elapsed since the initial moment of time, days. Absorbed dose
calculated according to the following formula

"o ©)
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where k = 3.7-107 — number of decays per 1 second (corresponds to 1 Ci); d — calculated absorbed dose; I — total
activity of all radioactive sources at the time of calculation (taking into account radioactive decay), Ci/m?; ¥ — volume
of the target being modeled, m?; ny — the number of decays (107) that was modeled. The results of calculations for
300 years of long-term storage of nuclear waste are given on Fig. 3. The initial data are given in the Tables 1 and 2. The
absorbed dose in cylinder (height - 0.8 and radius - 0.28 m) is equal to 627.9 Gy for 300 years.
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Figure 3. Radioactivities of '¥’Cs, 134Cs, ®Co, total radioactivity, absorbed dose vs time

RESULTS OF THE SIMULATED IRRADIATION

Simulated irradiation of samples of the borosilicate glass matrix was carried out on a linear electron accelerator
LU-10 (NSC KIPT) using bremsstrahlung X-ray radiation. The average energy of photons is 10.4 MeV. The rate of
collection of the absorbed radiation dose is 1.09 kGy per hour.

After the simulated irradiation, the structure and phase composition of the SK45-Pb10 and SK45-CF10 glass
matrix samples were studied. As can be seen from Fig. 4, the appearance of the samples of borosilicate glass matrices
SK45-Pb10 and SK45-CF10 irradiated with X-ray did not differ from the samples before irradiation, except for color.
Samples for irradiation have a green transparent colour, while after irradiation their colour has changed to opaque black.
As is known, most types of glass lose their transparency under the influence of X ray irradiation. Exposure to this type
of radiation leads to colouration of the glass throughout its entire thickness.

SKhAS-Ph10 SK4S-CY¥10

SK45-Pb10 SKA45-CY\Y

| SK45-Pb10 §

(@) (b) ©

Figure 4. Samples of glass matrices SK45-Pb10 and SK45-CF10
a — before irradiation, b — after 10 kGy irradiation, ¢ — after 100 kGy irradiation

There are no signs of destruction and the appearance of cracks and other defects on the samples after irradiation.
Also, no changes were observed in the structure (Fig. 5a) and phase composition of the SK45-Pbl0 glass matrix
samples after irradiation to an absorbed dose of 100 kGy (Fig. 5b). The glass matrix material remains X-ray amorphous
without the appearance of crystalline phases.

Small differences were found in the IR spectra of glass matrix samples before and after simulated irradiation. An
IKS-29 IR spectrophotometer (LOMO) was used to record absorption spectra in the IR range.
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The IR spectra of the SK45-Pb10 glass matrix sample before and after irradiation with X-rays up to an absorbed
dose of 10 and 100 kGy are shown in Fig. 6 and 7. Before irradiation, the IR spectrum of the SK45- Pb10 glass matrix
has a broad band in the region of 470 cm™! and a broad doublet band with weak maxima at 980 and 1020 cm™!. These
bands refer, respectively, to the bending and stretching vibrations of O-Si-O in the silicon-oxygen glass network. The
spectrum shows a weak peak at 700 cm™! associated with symmetric stretching vibrations of the Si-O-Si bridges, as well
as a peak at 1590 cm™! (deformation vibrations of OH in water molecules) and a doublet at 3400 and 3450 cm™!, caused
by the presence of two types of H,O: structurally bound and absorbed (Table 4).

500

I, cps

250

20 30 40 50 60
20, deg

(b)

Figure S. Structure and phase composition of SK45-Pb10 glass matrix samples after irradiation
a— SEM image, b — diffraction pattern.

As a result of irradiation to an absorbed dose of 10 kGy, the intensity of the main bands associated with Si-O-Si
vibrations decreases, and their shift to the low-frequency region is observed due to a decrease in the degree of coupling
of the silicon-oxygen framework. The bands of both structurally bound and adsorbed water completely disappear. When
the dose is increased to 100 kGy, no significant changes in the spectrum occur, except for the appearance of a weak
band of adsorbed water in the region of 3360 cm™.
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Figure 6. IR absorption spectra of SK45-Pb10 glass samples in the range 400-1200 cm'™!
1- before irradiation, 2- irradiation (10 kGy), 3- irradiation (100 kGy)

The IR absorption spectra of the SK45-CF10 glass in the initial state and after irradiation with X-rays up to 10 kGy
are shown in Figs. 8 and 9. In the spectrum of the original glass, there are a number of broad bands with diffuse maxima
due to bending and stretching vibrations of the Si-O bonds (Table 5). The presence of a weak peak at 3390 cm™ in the
spectrum indicates that the initial glass contains a small amount of adsorbed water.

As a result of irradiation with a dose of 10 kGy, the shape and intensity of the main bands in the IR spectrum does
not change, but the appearance of a low-frequency shoulder (940 cm™) on the band in the region of 1000 cm™! is noted.
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This indicates the beginning of depolymerization of the silicon-oxygen network [8]. In addition, the occurrence of an
inflection in the region of 1350 cm! indicates the formation of some amount of boron in triple coordination.

Thus, according to the data of IR spectroscopy, as a result of X-ray irradiation of SK45-Pb10 glass to a dose of
10 kGy, the degree of bonding of the silicon-oxygen skeleton of the glass begins to decrease and both structurally bound
and adsorbed water are lost. When the dose is increased to 100 kGy, no significant changes occur. Irradiation of
SK45-CF10 glass up to 10 kGy leads to the onset of depolymerization of the silicon-oxygen network of the glass and
the formation of boron in triple coordination. However, the detected minor changes in the IR spectra do not affect the
composition, structure and chemical bonds of the obtained glass matrices, and, accordingly, their insulating properties.
That is, the resulting SK45-Pb10 and SK45-CF10 glass matrices have sufficient radiation resistance, which can ensure
its integrity and stability during long-term storage.
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Figure 7. IR absorption spectra of SK45-Pb10 glass samples in the range 1200-4000 cm!
1- before irradiation, 2-irradiation (10 kGy), 3-irradiation (100 kGy)
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Figure 8. IR absorption spectra of SK45-CF10 glass samples in the range 400-1200cm’!
1 — before irradiation, 2 — Irradiation (10 kGy)

CONCLUSION
Radiation testing of glass matrix samples was carried out using simulated X-ray irradiation at the linear electron
accelerator LU-10 (KIPT). It is shown that the material of the obtained glass matrices retains its integrity and
amorphous structure after irradiation with X rays up to an absorbed dose of 10 KGy and 100KGy. According to IR
spectrometry, as a result of irradiation of samples of glass matrices to an absorbed dose of 10 kGy, there is an
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insignificant decrease in the degree of bonding of the silicon—oxygen framework of the glass. When the dose is
increased to 100 kGy, no significant changes occur.

The resulting lead-borosilicate glass matrix, which is characterized by high radiation resistance and includes the
maximum amount of radioactive waste simulator - up to 45 wt.%, can be used for effective fixation of bottom residues
of NPP LRW.

Table 4. Assignment of bands in the spectra of glass matrix samples SK45-Pb10

Before exposure Irradiation D=10 kGy Irradiation D=100 kGy Band assignment [8, 9]

Deformation vibrations of the Si-O-

470 480 470 Sio*

Si bond in tetrahedra 4
700 ) ) Symmetric stretching vibrations of
Si-O-Si bridges
Stretching vibrations of the Si-O-Si
980, 1020 960 850, 1000 Sio*
bond in tetrahedra 4
1590 ) ) Bending vibrations of the OH bond in
water molecules
3400, 3450 ) 3360 Stretchmg vibrations of the OH bond
in water molecules
+T, %0
50—
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Figure 9. IR absorption spectra of SK45-CF10 glass samples in the range 1200-4000 ¢cm!
1 — before irradiation, 2 — Irradiation (10 kGy).

Table 5. Assignment of bands in the spectra of glass matrix samples SK45-Pb10

Before exposure Irradiation D=10 kGy Band assignment [8, 9]
Deformation vibrations of the Si- O-Si bond in
470 485 SiO*+
tetrahedra 4
700 - Symmetric stretching vibrations of Si-O-Si bridges
Stretching vibrations of the Si-O- Si bond in
980 940, 1000 Sio*
tetrahedra 4
1350 Boron in triple coordination in groups BO3
3390 3300 Stretching vibrations of the OH bond in water
molecules

A code was developed for calculating absorbed doses over 300 years in lead-borosilicate glass (chemical
composition is given in Table 3) for isotopes *’Cs, **Cs, °Co for the GEANT4 software package. The calculated
absorbed dose received by 200-liter cylinder of lead-borosilicate glass is equal to 627.9 Gy. Main absorbed dose in the
sample accumulates over the first 150 years.
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PO3PAXYHOK IOTJIMHEHOI 103! MATPUIIEIO BOPOCUJIIKATHOT'O CKJIA TA ii MOJEJBHE
OIMPOMIHIOBAHHS
B.B. Moprynog?, C.IO. Caenko®, B.A. llIkyponarenxoP, €.0. Ceirsinunuii®, O.I1. Bepe3nsk®,
C.B. JlutoBuenko?, B.O. Unmkana?

“Xapxiecvruil HayionanvHuil yHisepcumem imena B. H. Kapasina, m. Ceéoboou, 4, Xapxis, 61022, Vkpaina;
bHayionanonuii nayxosuii yenump "Xapxiscoxuti pizuxo - mexuiunuti incmunmym eéya. Axademiuna, 1, Xapxis, 61108, Yrpaina
CraH MOBOUKEHHS 3 pinkuMmu pamioaktuBHUMH Bigxonamu (PPB) ma AEC VYkpainu xapakTepH3yeThbesl BiICYTHICTIO 3aBEPIIEHOTO
TEXHOJIOTTYHOTO LUKy Bijl IEPepOOKH [0 OTPUMAHHs KiHLEBOTO NMPOJYKTY, MPUIATHOIO VIS MOAANBLIOTO TPUBAIOr0 30epiraHHs
abo 3axopoHeHHs. B pesynbTari pesepByapu ais goHHOro 3anumky (/I3) 3amoBHeHi Ha 65-75% (3amopisbka Ta IliBaeHHO-
VYxpainceka AEC), a pecypc po3MmilieHHs1 COMsIHOTO posmiaBy Ha 3amopisbkii AEC (92,7%) Onusbkuii 1o BuuepnanHsa. Tomy
po3pobka TexHosoriii i Marepiani st 3atBepainns PPB AEC € akryanbHOIO i cpsiMoBaHa Ha 3a0e3nedeHHs nepepodku PPB 1o
TBEpAOTO CTaHy, SKUil BiJMOBIiJaTHME KPHUTEPisIM NPUAHSATHOCTI IJIsi 3aXOPOHEHHS B LEHTPai30BaHUX cxoBuax. OgHuM i3
epexTuBHUX MeToAiB 3aTBephiHHsA PPB € ix ocxmyBanHs. OcHOBHa mepeBara BiTpu(ikalii mojsrae B TOMy, IO MiJ Yac MpoLecy
BiTpuikamii 06’eM BiIXOIiB 3MEHINYETHCSA B KiIbKa pasiB, IO €KOHOMHUTH JOpOTe Micie uid 30epiranHs. Meroro miei poboTu €
PO3paxyHOK IOTJIMHEHOI J03H, Ky HAKOMUYYIOTh MAaTpHLi 3 OOPOCHIIIKATHOTO CKJIa 3 JOJAHHM JOHHHM 3aJIHMIIKOM mpotsirom 300
pOKiB 30epiraHHsi, a TaKoXX JIOCHIDKCHHS BIUIMBY IMITOBAaHOTO PEHTICHIBCBKOTO OINpPOMIHEHHS Ha IXHI (i3HKO-MeXaHIdHi

BJIACTUBOCTI.
KorouoBi ciioBa: pinuHHI pafioakTHBHI BiIX0AH, KyOOBHIl 3aJIMIIOK, MaTPUIS 3 OOPOCHIIIKATHOTO CKJIa, TOTJIMHEHA 103a, YNCEIbHE
MO/ICITIFOBaHH.
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In this paper, we determine eigen energies, eigenfunctions and statistical properties of non-relativistic heavy quarkonia interacting with
the extended Cornel potential within a space-time generated by a cosmic-string. We extend the Cornel potential by adding the inverse
square potential plus the quadratic potential. We have calculated the energy eigenvalues and the corresponding eigenstates using the
Extended Nikiforov-Uvarov (ENU) method. Then, based on the equation of energy spectra, the thermodynamic properties like partition
function, entropy, free energy, mean energy and specific heat capacity are calculated within the space-time of a cosmic-string. In the
next step, we investigate the influence of the cosmic-string parameter on quantum states of heavy quarkonia and their statistical
properties.

Keywords: thermodynamic properties, quark, Schrodinger wave equation, topological defect, space-time, cosmic string, extended
Cornel potential, meson, extended Nikiforov-Uvarov method.

PACS: 12.39.Jh, 12.39.Pn, 14.40.Pq, 03.65.Ge

1. INTRODUCTION

The study of quantum particles under the influence of a potential in a curved space-time with Topological defect has
inspired a large number of research in recent years [1, 2, 3, 4, 5, 6] with different motivations. Kibble [4, 5] was the first
to state the mechanism which would have led to the appearance of topological defects in the universe. According to grand
unification theories (GUT) [4, 5, 6], the conditions which reigned in the very early moments of the universe were such
that the four fundamental interactions were one [4, 5, 7]. A few moments after the Big-Bang, the universe began to expand
and became less and less hot and its density decreased [7, 8]. From the initial phase where the grand unification
symmetries would be realized, a spontaneous breaking of these symmetries would then have taken place and at this
moment, stable topological defects were formed.

Thus, a large variety of topological defects have been studied in previous works, namely: point defects [4, 5, 6, 7, 8]
called monopoles, linear defects or cosmic-strings [4, 5, 7], surface defects or "domain walls" [9], and also combinations
between these different defects [10, 11, 12]. These faults are often stable; so, it is absolutely possible that some of them
would have survived, until now [9]. However, cosmic strings are compatible with cosmological models [6] and current
observations. Their cosmological effects could be confirmed with current and future work. It is therefore quite logical to
give particular interest to the study of quantum systems on curved space-time with cosmic-string background. In [6], the
author presents cosmic-strings as the most important topological defect in our universe.

Their effects on the environment are mainly gravitational in nature [6, 10, 11, 12]. To this end, a quantum particle
placed in a gravitational field will be influenced by the topology of the space and by its interaction with the local curvature.
From this interaction, it follows that an observer at rest with respect to the particle will see a shift in its spectrum. This
would be of considerable interest both from a theoretical and an observational point of view. Apart from the effects due
to the gravitational field, other effects can be induced by a cosmic-string, like for example bremsstrahlung process [13],

the creation of the (e*,e" ) pair [14], gravitational leasing [15] and the gravitational Aharonov-Bohm effect [16].

The study of thermodynamic properties of quantum systems plays a major role in theoretical High Energy Physics
(HEP) and related fields [17]. Usually, quarks and gluons remain confined in hadrons and in particular in the protons and
neutrons which form the atomic nucleus. Indeed, Quantum Chromodynamics (QCD), a theory that accounts for the strong
interaction predicts that by compressing or heating nuclei, it is possible to create a plasma of quarks and gluons [18, 19],
a matter with poorly understood thermodynamic properties. In past few decades, some experimental works have been
carry out to identify the existence of deconfinement transitions [19] and determine its signatures. Then, it was predicted
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that the suppression of charmonium (a bound state of charm and anti-charm quarks) meson is a possible signature of the
QCD phase transition [18, 19, 20]. This phenomenon of deconfining matter is in principle observable through the study
of the J/¢ particle [20], a meson as heavy as three surrounding protons. The suppression of the ¢ meson has been

announced as being the signature of deconfinement transition, it would be interesting to study in depth the thermodynamic
properties of heavy mesons, in this case heavy quarkonia.

In [21], the author obtained thermodynamic properties of the quark-gluon plasma from the constituent quasi particle
model of quark-gluon plasma. Then in [22, 23, 24], thermodynamic properties are investigated using chiral quark models.
In this work, we obtain the solutions of the Schrodinger equation produced by the gravitational field of a topological
defect, for all values of the orbital angular momentum quantum number /. The Extended Nikiforov-Uvarov method
[25, 26] is used to obtain exact analytical solutions of the radial Schrédinger equation in cosmic-string background. Next,
we apply the results to obtain the thermodynamic properties of heavy quarkonia from cosmic-string geometry, which is
not consider in other works.

This paper is organized as follows: in Section 2, the Extended Nikiforov-Uvarov method is reviewed. The bound
state solutions for the extended Cornel potential are obtained for the Schrédinger equation in cosmic-string background
in Section 3. Then in section 4, thermodynamic properties of heavy quarkonia within cosmic-string geometry are
presented. In Section 5 results are discussed, and conclusions are presented in Section 6.

2. BASIC CONCEPTS OF THE EXTENDED NIKIFOROV-UVAROV METHOD
In this section, we briey present the Extended Nikiforov-Uvarov (ENU) technique, for more details see [25, 26, 27].
The extended Nikiforov-Uvarov method is obtained by changing the boundary conditions of the standard
Nikiforov-Uvarov (NU) method and is used for solving any second order differential equation which has at most four
singular points. The equation to be solved is of the form:

w(r)=0, Q)

such that 7(r), o(r) and 7 (r) are polynomials of at most second, third and fourth degree, respectively. By choosing

w such that:
v (r)=4(r)Y(r), &)

where ¢(r) and Y (r) are functions to be determined later. Moreover, considering the above substitution Eq. (1) reduces

to an equation of the form
O'(r)Y”(r)+r(r)Y’(r)+h(r)Y(r)=O, 3)

where ¢(r) solves the equation

“)

h(r)—iz'(r)zG(r). &)
And the polynomials of the function ¥ (r) satisfy the Rodriguez formula [27]

5_d
p(r)dr

In Eq. (6), B, is the normalization factor and p is the density function. The function p solves the following equation:

(c(r)p(r) =(r)p(r). ™

The function 7(r) required for this method are given by:

7(r) = “'(”)‘F(’)i\/[ ”'(r)‘?(’)] 5 (r)+G(r)o(r). ®)

Y, (r)= [o" (1) ()] (©)

2
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where 7(r) is a second-degree polynomial. The function 4, () is determined from the equation

h, (r):—gr'(r)—n(n_l)a”(r)+c, ©)

where r(r) = 7(r)+27r(r) and C, is an integration constant. In the order to obtain the eigenvalue solution of the
problem by ENU method [25, 26, 27], the polynomials 4(r) and A, (r) are equal and Y (r)=Y,(r) is a particular
solution of degree 7 of Eq. (3). The function #(r) is defined as a logarithmic derivative given in Eq. (4), and then

eigenfunction spectra can be obtained analytically. For more details one can see Refs. [26] and [27].

3. SCHRODINGER WAVE EQUATION IN THE SPACE-TIME OF A COSMIC STRING
In spherical coordinates, the line element describing the cosmic string space-time [6] is given by

(xo =ct, x'=r, x**=0, ¥ :(p)
ds* = g, dx" ® dx’ = ~c*di* +dr’ +r’d0’ +[ yd0 +arsin0dg] (10)

4GJ
where 0 <r <o, 0<fd<m,and 0<@ <27, 0<a=1-4J is the topological parameter of the cosmic string, ¥ =——,
c
is the torsion [23] parameter and J denotes the linear mass density [28, 29,30,31] of the cosmic string. From General
Relativity (GR), we know that the values of J varies in the interval J € ]0,1[ .
For ¢ —1 and y —0, the metric given by Eq. (10) reduces to the usual Minkowski metric in spherical coordinates.

The metric tensor for the space-time described by Eq. (10) is:

-1 0 0 0
(x) 0 1 0 0 -1 0 an
X)= =
Euv 0 0 4 +r yarsin@ 0 (g,-,-) ’

0 0 yarsin@ o’r’sin®@

with the inverse metric,

-1 0 0 0
0 1 0 0
v 1 X
g”(x)=l 0 o0 — SR S— (12)
( ) r ar’sin@
0 0 V4 r+r
ar’sinf o’r*sin’ @
We adopt the signature (—,+,+,+) for the metric tensor g*, and its determinant is given by

g= det( g‘”) =—a’r*sin’ @, with u,v=0,1,2,3. In the curvilinear coordinates system ds’ =Y >* g dx'® dx’

such that » —>x', @ »>x?, @ —x’ the metric tensor of the internal 3-dimensional Euclidian space is:

1 0 0
g, (x)=1 0 Z+r*  yarsing |. (13)
0 yarsind a’r’sin’@

The Laplace-Beltrami operator of the local coordinates system can be expressed as:

1 0 i 0 .. .
A =E§[g’\/§§J i,j=1,2,3 and g=det(g,.j)=a2r4 sin” 6. (14)

Then, considering Eq. (14) and for small values of the torsion parameter y < 1, the Laplace-Beltrami operator becomes:

SEINE o o1&
Ag=—7— —| | +cotd—+ + , 15
o rz{ﬁr{r [arn %0 o0 azsinzﬁawz} (1
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from this we can write the Hamiltonian operator in natural units (7=c =1) as:

10> 20 1 o 1o 1 1 0’
=os| aato ot aetd — st 2
2M| or" ror r 00 r 060 r a'sin“fop

J+V(r,9,¢), (16)

M =m,m, / (m , mq) is the reduced mass of the quark-antiquark system, where m, and m, are the mass of quark

and antiquark respectively [8, 26].
The non-relativistic Schrodinger equation in curved background space-time is [16, 23]

Oy, KO 20 1 0 10 1 1 3 | e v
lha‘{’(l’,l)z—Wli87+——+—zcot9£+r—zaez+r—2azsinzga¢2}LP(I",I)-FV(I")‘“P(I"J), (17)

ror r
here, we consider bound states of two heavy quarks interacting with the extended Cornel potential [26, 32]

V(r):—£+ar+%+br2. (18)
r r

The first term is a Coulomb-like potential due to one-gluon exchange processes between quark-antiquark [32], the second
term is a linear confinement term. The additional part was added to improve quark-antiquark properties [26, 32, 33]. As
V =V (r), the following commutation relations must be satisfied

| L)) =0, | 2r(r)]=0. (19)

Consequently, L_and L’ are good quantum numbers to describe the quantum states of the system under the influence of
this potential. Inserting the new form of ¥ as

¥ (7.1) = V/T(V)H (6)®, (p)e ™, (20)

and substituting in Eq. (17) gives the following set of second-order differential equations,

d’y, (r 2M 2M S
—dr’z( )+[—h—2V(r)+ = En[—r—z} v, (r)=0, 1)
d*H" (0 dH!" (6 2
’2( ) 4ot 0), §-————|H(6)=0, 22)
de do a“sin” 0
dzd)m 1)
d—cf()+m2®m (9)=0, 23)

where § and m’ are the separation constants. Using the following boundary condition: @, (p+27)=, (p), we can

easily obtain the solution of Eq. (23) as
D, ((0) =——=e", m=0,+1,+2,43,.... (24)
To find the solutions of Eq. (22), we introduce the variable 77 = cos 8 , which map Eq. (22) into

ZHm m 2
d 1(77)_ 2y d /(77)_,_ S__™M™ H"(n)=0. (25)

dn’ (1—772) dn az(l—nz)

To obtain suitable solutions of Eq. (25), it is therefore necessary to analyze the way the solutions behave around singular
points, namely 7 . Then we assume the following form for the solution:

H (7)=(1-7") g (n), (26)
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where g, is analytic everywhere except at 77 — too. From Eq. (25) and Eq. (26), and introducing the following

generalized quantum numbers, namely lays Mgy == from the cosmic-string geometry, we obtain the following

a
equation:
d’g,) (1) g, (1)
() ()
(1-7%) i =2(m+1)n ir —[ n g+, —5} g (1) @7)
From the expansion of g, (n) into a power series,
oy (1) = Zam” , (28)

and inserting in Eq. (27) gives us the following recurrence relation:

”(”_1)+2(m(a) +l)n—5+m(a) (m(a) +1)
an+2 = an > (29)
(n+l)(n+2)

where n=0,1,2,3,... . For physically acceptable solutions, the series must be truncated at a certain value of # :
n(n=1)+m, (m, +1)+2(m, +1)n-5=0. (30)
Solving for § gives:
5=l (z(a) + 1) with — f, =m, +n, 31)
l(a) being the generalized angular orbital quantum number. The generalized quantum numbers Lo and m,, are not
always integers. l(a) =M, +n= 2in= l—[l—lJ m , where [ =0,1,2,... Eq. (25) can therefore take the form:

o (04
2
[ m(a):| M)

(1-7") T e ’(a)(lw)”)‘(l_nz) Hygy (1) (32)

where Eq. (32) is the generalized Legendre equation within the cosmic-string space-time and H :g’; (77) are the

generalized Legendre polynomials given by the formula:

. . (_l)z(a) My d[(“)m(") N
Hh (m) = B () =S — (=) ——r| (1-77) |- (33)
(@)° dn
Let's now turn to the radial equation.

Substituting the proposed potential in Eq. (21) and choosing the separation constant being 6 = l(a) (l(a) +1) , the

radial equation becomes:

2
vulr) ";:fz(r) + riz[ ~2Mg ~1,, (I, +1)+ 2MKr +2M (E,, ~d)r* =2Mar’ - 2Mbr4} . (r)=0, (34)

that we put in a simple form by introducing the following constants:

&=l (l*1)+2Me, & =2MK, & =2M(E,~d) . 5)

& =2Ma, & =2Mb

The functions from the Nikiforov-Uvarov method are:
7(r) =0, (36)

o(r)=r, (37)
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E(F):—(fo +§lr+§2r2 —§3r3 —§4r4. (38)
Using equation Eq. (10), 7(r) is found as:
r):%i\/§0+%—§1r—§2r2+§3r3+§4r4+rG(r) . 39)
Assuming that the term under the square root of the above expression becomes quadratic,
1 2
z(r)= E+(a0+alr+a2r ) (40)

Let's take the function G(r) in the form G(r)= Ar+ B . By comparison between Eq. (39) and Eq. (40), we obtain

the following four sets of solutions for the unknowns «,, @,, &, 4 and B in terms of the problem parameters:

o =& o =—E
_ & _ &
a, = 2\/5 a, 2
I:yq,= tfo-i-l I:qe,= §O+l
[&] _
A=&+ J—+2JZ G+ A=¢+ Gyfi+
B=&+ \7;3* §o+_ BZ&‘% §°+Z
a, :\/E @, :_\/5—4
s -
2\¢&, 2\,
I : § a, :—‘/§O+% IV 1 ya, =- /é:o +% . (41)
L [aT L Ly 1
A_§2 \/7 -2 §4 §o+_ A_§2+4\/§7+2 54 §0+Z
S 1 & 1
- §o+_ B:§1+_ §0+_
Je VT4 JENT 4
Considering Eq. (4), we have two solutions for ¢(r) which are given by:
g.(r)= KiréilZo exp{i%(azrz + Zalr)J . (42)

The wave function will be physically acceptable if ¢, <0, a, <0 and ¢, >0 and then the set II of parameters is
the suitable one in the determination of the eigenvalue and the eigenfunction of the problem.
As the functions /(r) and &, () are equal, we use Eq. (5) and Eq. (9) to obtain the energy equation as

Ar+Bx(2ar+a)=C,—n| £(2ar+a,)) @3)

where C, is an integration constant which couples with the parameters of potential. Eq. (43) leads us to have two distinct

choices ++ and ——, which are given by I and II as follows
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2a, + A=-2na, —2a, + A=2na,
: II : . 44)
B+a, =C, —ne, B-a =C, +ne,
The choice of —— and set Il results on the relation A+2(n+1)a, =0 from which we can write:
4.8 +[E] -4 +1
G lal HaVEE Ly 45)
42,
Using Eq. (35) and Eq. (45), we obtain the expression below:
i - __ -
E, —d-" 42 % 2(n+1)+2,[2Mg +| I - TR Y| I U Y L (46)
4b M a a 4

We note that the presence of the cosmic string parameter & breaks the degeneracy in all the states with /= 0. When
a— 1 and d — 0, we recover the results obtained in [26, 33]. Moreover, for « > 1, d > 0, a=0 and g =0 we obtain

the energy spectrum of a spherical quantum harmonic oscillator [26].
For the wave function, it is easy to obtain ¢(r) from Eq. (4) as

1 2
a17+5a27

é(r)= r[aMEJ e[ , (47)
and p(r) from Eq. (7) as

1 >
ar+—or

p(r)=r* 62[ : (48)

Then we use Eq. (6) to obtain the function Y, (r) as

(r)= B, e i{ a3 J . (49)

n

dr"
From Eq. (2) the radial eigenfunctions are then

v, (r)= Nn,rf%%e{aly%aﬂzj 57{ p2en ez[w%aﬁj } : (50)

where N, is the normalization factor, and «,, &, &, are given from set 11

4. THERMODYNAMIC PROPERTIES OF THE ¢q SYSTEM

To consider the thermodynamic properties of heavy quarkonia within cosmic-string framework, the starting point is
the partition function [34, 35]. From a statistical mechanical point of view, the partition function can be constructed as
follow:

2(p)= e

n=0

-B —Z—ZM 2—5 1+J2,ug+ l—[l—olt]m“l—[l—oll]m+lJ+}‘J _4,5\/2:%

=e Se v , (51)
1 -p|2 %+ —%+4 %’ 1+\/2,ug+ l—[l—oll]mHl—[l—é]m+lJ+}lJ ] 5

=5€ csch| 246, |—
2 u

here f =k,T , where k, is the Boltzmann constant and 7" is the absolute temperature of the system. Once the partition
function is obtained, we can have the Helmholtz free energy as:
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2 PYED
S Yy A (SO U YR VN (P | R (ORI UL 0 0 (O 7

4b u a a 4 p

2
= -Z 44 2—b 1+ g+ 1= =2 m|| 1= 1= L[+ 1] |22 /2

4b a a 4 Y7,
+—ln[25mh£2ﬂ JJ

From the Helmholtz free energy, we can obtain the other statistical quantities in a straightforward manner. The
entropy of the system can be obtained as

(52)

S=- Bﬂz or
op
_ LB
1 | ap 2 (53)
7]
B e
=—In| 2e J:sinh 25 2b +20 2—be \/:csch 25 2b
\ u \ u
The internal energy U is defined as:
olnZ(p
U———(ﬂF) —( )
op op
. . e
) 2b I+, 2ug+| - 1—l mi|l-
4b Y7 a
. (59
2 T T T ,zﬂﬁ
B AR A T Oyt IV UL 8 | [ TS PSR BV i 08 \Ecsch 25 2
4b y7, a a 4 Y7, )7
Then from the internal energy we can compute the specific heat capacity at constant volume C, as
Cv:_lgﬂa_U
op
“‘ﬂﬁ 4ﬁ
e V| 1+ / \F
[2b “o
=16k, p’ " (55)

2
,WJE
l—e V#

r Bl

5. RESULTS AND DISCUSSION
In this section, we discuss the effect of cosmic-string geometry on thermodynamic properties and spectrum of heavy
quarkonia. Fig. 1,2 and 3 show the plots of the radial wave functions of c¢ mesons for the 1P, 2P and 3P states
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respectively, at different values of the parameter of the topology. Whereas, in Fig. 4,5 and 6, variations of the radial wave
functions of b mesons are plotted for the 1P, 2P and 3P states respectively, at different values of the parameter « .

wavefunction of c¢ 2P states

wavefunction of c¢ 1P states

09
—=0.4 09

25 / ~ o 08
, - \ a=0.6 = 07
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= \ —=0.8 06 = 06
SR 15+ 05 Q, - 0.5

= — o | B 3
= =04 = 04
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0.2
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Figure 1. Ground states wave functions of cc meson plotted against of Figure 2. Radial wave functions of first excited states of cc meson plotted

the radius # at different values of @ with /=1, m, =+1 against of the radius 7 at different values of @ with /=1, m, = +1

wavefunction of c¢¢ 3P states wavefunction of bb 1P states
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Figure 3. Radial wave functions of second excited states of cc
meson plotted against of the radius 7 at different values of @ with

Figure 4. Ground states wave functions of b5 meson plotted against

of the radius 7 at different values of @ with /=1, m, = +1

I=l, m, =+l
0 wavefunction of bb 2P states ; wavefunction of bb 3P states
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Figure 5. Radial wave functions of first excited states of b» mesons
plotted against of the radius 7 at different values of @ with /=1,

m, =+1

Figure 6. Radial wave functions of second excited states of bb
mesons plotted against of the radius 7 at different values of @ with

1=, m, =+1

It appears that the peaks of the wave functions are shifted backward for small values of @, and its values shift to

higher values by increasing @ for cc , and by decreasing a for bb .In Fig. 7,8 and 9 are plotted the radial functions of
probability densities of cc mesons for the 1P, 2P and 3P states respectively, considering different values of the
topological parameter @ . Whereas, in Fig. 10,11 and 12 are plotted the radial functions of probability densities of bb
mesons for the 1P, 2P and 3P states respectively It is observed that the behavior is the same for any P — state, but

with some shift in the peaks toward the origin. Considering cc and bb mesons, the peaks are shifted toward the origin
as a decrease.
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Figure 7. Density functions of radial probability for ground states Figure 8. Density functions of radial probability for ground states
of c¢¢ meson plotted against of the radius 7 at different values of  of b mesons plotted against of the radius » at different values of

a with I=], m, =+1 a with I=], m, =+1
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Figure 9. Density functions of radial probability for first excited Figure 10. Density functions of radial probability for first excited
states of cc meson plotted against of the radius 7 at different states of bb meson plotted against of the radius » at different

values of @ with /=1, m, =+1 values of @ with /=1, m, =+1
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Figure 11. Density functions of radial probability for second excited ~ Figure 12. lgensity functions of radial probability for second excited
states of cc meson plotted against of the radius » at different states of »b meson plotted against of the radius » at different

values of @ with /=1, m, = +1 values of @ with /=1, m, =+1

To calculate the thermodynamic properties of quark-antiquark systems, we have employed tools from statistical
mechanics, taking as a starting point the canonical partition function of the system, from which the other statistical
quantities were calculated in a straightforward manner. Next, we depict the statistical properties of cc and bb mesons
in Figs. 13-22. In our model, the effect of the cosmic-string appears only when / # 0. Indeed, from Eq. (51) we clearly
see that S — states are not influenced by the cosmic-string geometry but by the usual Minkowski geometry because when
[ =0 weequally have / Q= 0, and all the quantities become « — independent. In fact, setting the cosmic-string parameter
to 1 automatically eliminate the effect of topological defect. For this reason, much emphasis were placed on the study of
states with / # 0, namely the P — states.

In Fig. 13,14, we have plotted the canonical partition function respectively for ¢c and bb quarkonia in terms of
[ for different values of the cosmic-string parameter « . It is clearly seen that by decreasing the value of «, all the
curves are separated from the classical Minkowski curve (@ =1). For all the values of the topological parameter the
behavior is the same but with different magnitudes. Moreover, the splitting increases as @ decreases and then the partition
function decreases with increasing £ which is in agreement with [36, 37]. In [36], the author applied the deformed five

parameter exponential potential and observed that with increasing /7, the canonical partition function for the
Minkowskian case decreases monotonically.
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lertition function of c¢¢ with [ =1 and m; = +1

Figure 13. Density functions of radial probability for second excited states
of cc meson plotted against of the radius 7 at different values of a

with /=1, m, = +1

Psartitiou function of bb with I = 1 and m; = +1

Figure 14. Density functions of radial probability for second excited states
of bb meson plotted against of the radius » at different values of @

with /=1, m, =+1

In Fig. 15,16 The Helmholtz free energy is plotted as a function of £ respectively for cc¢ and bb mesons.

Fr;ee Energy of ¢¢ meson with [ =1 and m; = +1

Figure 15. Density functions of radial probability for second excited states
of cc meson plotted against of the radius 7 at different values of a

with /=1, m, = +1

Fr1ee Energy of bb meson with [ = 1 and m; = +1

Figure 16. Density functions of radial probability for second excited states
of bb meson plotted against of the radius 7 at different values of @

with /=1, m, = +1

The effect of the cosmic-string geometry clearly appears when « takes values different from a =1 (classical

Minkowski space-time). It is found that the Helmholtz function increases monotonically with increasing £, and the curves

with a #1 are separated from the classical Minkowski curve. Moreover, the splitting is important for small values of a . In
[34], the author treated quark-gluon plasma as composed of light quarks only, which interact weakly. They observed that the
Helmholtz free energy decreases as the temperature increases. In [35], Modarres and Gholizade calculated the Helmholtz
function of a neutral particle and observed that the free energy of the system decreases as the temperature increases. In the
present model, the behavior of charm and bottom quark matter is in agreement with [34, 35, 38].

In Fig. 17,18 the internal energy is plotted against £ for different values of a , respectively for cc and bb mesons.
It reveals that, U ( g ) decreases with increasing [, and its values shift to lower values by increasing the parameter of

the topology « .

Ilg%rnul Energy of ¢¢ meson with [ =1 and my = +1 I“'fé"“l Energy of bb meson with I = 1 and m; = +1

e (=02 —=().2
5 e (10,4 4 -_ -

— 0.6 a=0.4

45 —— 0=0.8 35 —a=0.6

— =10 a=0.8

——a=1.0

Figure 17. Density functions of radial probability for second excited states
of cc meson plotted against of the radius 7 at different values of a

with /=1, m, = +1

Figure 18. Density functions of radial probability for second excited states
of bb meson plotted against of the radius » at different values of @

with /=1, m, =+1



140

EEJP. 3 (2022) André Aimé Atangana Likéné, Ali Zarma, et al

In [38], the authors studied thermodynamic properties of neutral particles in a cosmic-string background from non-
relativistic Schrodinger-Pauli equation. They observed that the internal energy of the system increases as the temperature
increases. Thus, the conclusion of the present work for internal energy is the same with recent works [36, 37, 38].

The entropy S (/) and the specific heat capacity C, () are plotted against £ respectively in Fig. 19 and Fig. 21

cc meson and in Fig. 20 and Fig. 22 bb meson. These figures show that the entropy and the specific heat capacity of

cc and bb mesons are not influenced by the parameters of topology, and are similar to the solution for a at Minkowski
space-time. In [38] a similar result was obtained for neutral particles, showing the non-dependence on topological defect
of heat capacity and entropy, which is in total agreement with the present work.

45Entmpy of ¢¢ meson with [ =1 and m; = +1 4;311t1'0py of bb meson with I = 1 and m; = +1
. —a=0.2 ) —=(.2
—a=0.4 — =04
o a=0.6 35 a=0.6
= 3 — = —a=0.8
N —_—a=1.0 Q , )
7 25 x —a=1.0

04 0.5 0.6 0.7 0.8 0.9 1 11 12 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

Figure 19. Density functions of radial probability for second excited states
of cc meson plotted against of the radius 7 at different values of @

with /=1, m, =+1

S&)gé‘iﬁc heat capacity of ¢¢ meson with [ =1 and m; = +1

04 0.5 06 0.7 0.8 0.9 1 11 12

Figure 21. Density functions of radial probability for second excited states

Figure 20. Density functions of radial probability for second excited states
of bb meson plotted against of the radius 7 at different values of @

with /=1, m, =+1

Sa)gatiﬁc heat capacity of bb meson with [ = 1 and m; = +1

0.12 L L L L : L L )
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

Figure 22. Density functions of radial probability for second excited states

of cc meson plotted against of the radius 7 at different values of @  of hb meson plotted against of the radius 7 at different values of @

with /=1, m, =+1 with =1, m, =+1
6. CONCLUSION

In this work, we have investigated the effects of the gravitational field of a topological defect on thermodynamical
properties of heavy quarkonia. We have used the extended Nikiforov-Uvarov method to solve the radial Schrédinger

wave equation in the space-time of a cosmic string, for the potential V(r) =——+ar +£2+ br* . We obtain the radial
r r

wave functions of ¢z and bb mesons as well as the energy eigenvalues, which are shifted from the usual Minkowski
energies. From this, we have considered all the statistical quantities using the canonical partition function of the system.
The wave functions and the thermodynamic properties were analyzed graphically. It was observed that the peaks of radial
functions of probability densities are shifted toward the origin as @ decrease. The thermodynamic quantities present a
shift compared to the classic limit; this difference becomes more important for small values of the cosmic-string
parameter. The partition function shifts to lower values as @ decrease, the Helmholtz function increases monotonically
with increasing £, and the curves with @ # 1 are separated from the Minkowski curve, then the values of the internal
energy are shifted to lower values by increasing the parameter of the topology. Meanwhile the specific heat capacity and
the entropy are not influenced by the topological defect.

Declaration of competing interest. The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.
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Protein aggregation into highly ordered supramolecular aggregates (amyloid fibrils) is the hallmark of many human diseases
including the neurological disorders (Parkinson’s, Alzheimer’s and Huntington’s diseases), type II diabetes, systemic
amyloidosis, spongiform encephalopathies, etc. One of the simplest and effective methods for the identification and
characterization of amyloid fibrils in vitro and the visualization of amyloid inclusions in vivo is based on the use of optical
probes sensitive to the beta-pleated motifs. To design the new amyloid-sensing dyes or to optimize the use of the existing
amyloid markers, it is crucial to have the sufficient knowledge of the fibril-dye binding interactions at the molecular and atomic
levels. One of the most powerful tools capable of providing the atomic-level insights into the mechanisms of various types of
biomolecular interactions is the molecular docking technique. In the present study, the molecular docking has been employed
to investigate the interactions between the monomethine cyanine dyes and the lysozyme amyloid fibrils constructed from the
K-peptide of lysozyme, GILQINSRW (the residues 54—62 of the wild-type protein). Using the AutoDOCK and the protein-
ligand interaction profiler PLIP it was found that: i) the monomethines interact with the fibril surface (with the aromatic residues
on the top of B-sheet or with the edges of the B-sheet); ii) the dye-fibril binding is governed by hydrophobic interactions, salt
bridges and hydrogen bonds between the aliphatic substituents on the nitrogen atom of benzothiazole part of the dye molecules
and amino acid side chains; iii) the variations in the cyanine structure and the lysozyme amyloid twisting do not exert significant
effect on the binding mode of cyanines.

Keywords: Monomethine cyanine dyes, lysozyme amyloid fibrils, molecular docking.

PACS: 87.14.C++c, 87.16.Dg

In the recent two decades the molecular docking technique have continuously attracted tremendous interest as a
successful structure-based in silico method to gain atomic-level insights into the mechanisms of various types of
biomolecular interactions [1-3], high-throughput drug screening [4-6] or understanding structure-activity relationships
without knowing a priori the chemical structure of target modulators [7,8]. More specifically, the molecular docking has
been used i) to develop antiviral drugs against the SARS-CoV-2 [9,10], inhibitors of hepatitis B [11] and HIV viruses
[12]; ii) to determine a potential anticancer chemotherapeutic agents [13,14]; iii) for enzyme engineering [15]; iv) to
assess the antithrombotic activity of the peptides [16]; v) to characterize the ligand-macromolecule of macromolecule-
macromolecule interactions [17,18]; vi) to evaluate the ligand-receptor binding affinity [19, 20], to name only a few. In
the above studies the molecular docking approach was used to pursue two basic goals: i) prediction of the ligand
conformation along with its position and orientation within binding sites and ii) evaluation of the binding affinity [1]. One
area where molecular docking appeared to be especially useful concerns the atomic-level characterization of the
interactions between ligands and proteins in the amyloid state [21-24]. In this context, the detailed knowledge of the
molecular interactions involved in the ligand-protein complexation made it possible to design the inhibitor compounds
against amyloid aggregation [21,22] and to develop and improve the specific markers for spectroscopic detection of
amyloid fibrils [23,24]. Notably, despite significant progress in the synthesis and characterization of the optical probes
for detection of protein aggregates, the highly effective amyloid markers are still needed. Among the compounds
possessing the excellent amyloid-sensing potential are cyanine dyes [25-33]. More specifically, cyanines have been
applied: 1) for detection of amyloid fibrils in vitro [25-27], ii) for in vivo fluorescent imaging of AP plaques in the
Alzheimer’s disease brain [28,29]; for monitoring the fibrillization kinetics of amyloid paired helical filaments [30]; for
preventing and modulating protein fibrillization [31-33], to name only a few. Despite the numerous applications of the
cyanine dyes in the amyloid research, the structural requirements for an ideal amyloid tracer remain unclear. Besides, the
substituents in heterocyclic residues as well as the N-alkyl chain length have been found to modulate the amyloid-sensing
ability of cyanine dyes [25,31].
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In the present work the molecular docking approach was used to investigate the atomistic details of the interactions
between the novel monomethine cyanine dyes (Figure 1) and the model amyloid fibrils of lysozyme. The aim of the study
was to determine both the potential binding sites of the cyanine dyes in the fibrillar lysozyme and to uncover the impact
of the cyanine structure on the molecular interactions involved in the dye-protein complexation.

\ \
N N
Q; ]e 3@

7, / '~ /
N N I@
KL © \ o
SO, SO,
AK1-2-17 AK1-2-18

\ \
N ~N
LS R0 O ) °)
0 O F O P % S
/ N I / N !
\o KL
S0,

AK1-2-19 AK1-2-20

)
SO;

Figure 1. Structural formulas of monomethine cyanine dyes

METHODS

The model fibrils were built from the K-peptide of lysozyme, GILQINSRW (the residues 54-62 of the wild-type
protein), using the CreateFibril tool as described previously [34]. More specifically, the lysozyme dimer was initially
generated from the K-peptide monomer in the -strand conformation using the PatchDock and Firedock tools [35,36].
Then, the CreateFibril software was used to generate the identical copies of the lysozyme dimer through stacking them
side-by-side [37]. In such a manner, the lysozyme model fibrils with the length of 10 protein monomers were constructed.
The distance between B-strands along the fibril axis and protofilament separation perpendicular to fibril axis were set as
5 A. While creating the lysozyme fibrillar structures, we varied the rotation angle of monomers along the fibril axis from
0 to 20° degrees. In such a manner, five lysozyme fibrillar structures were created with the twisting angle 0°, 5°, 10°, 15°
and 20°, referred to here as LzF-0, LzF-5, LzF-10, LzF-15, and LzF-20, respectively.

To define the most energetically favorable binding sites for the examined monomethine cyanine dyes on the firbrillar
lysozyme, the molecular docking studies were performed using the AutoDock (version 4.2) incorporated in the PyRx
software (version 0.8) [38]. AutoDock belongs to the non-commercial docking programs that implement a stochastic
Lamarckian genetic algorithm for computing ligand conformations [38]. The thermodynamic stability of the ligand-
receptor complexes was achieved by minimization of the scoring function which is based on the AMBER force field
including van der Waals, hydrogen bonding, electrostatic interactions, conformational entropy and desolvation terms [38].
The AutoDock approach assumes the flexible ligand while the receptor is kept rigid during the docking procedure. The
dye structures were built in MarvinSketch (version 18.10.0) and optimized in Avogadro (version 1.1.0) [39,40]. The
docking poses were visualized with the UCSF Chimera software (version 1.14) [41]. To characterize the nature of the
dye-protein interactions the protein-ligand interaction profiler PLIP (https://plip-tool.biotec.tu-dresden.de/plip-
web/plip/index) was used [42].

RESULTS AND DISCUSSION

Amyloid fibrils, the cross-f-sheet structures with B-strands orienting perpendicularly to the fibril long axis and -
sheets propagating in its direction, are known to provide several binding sites for small molecules (drugs, dyes, etc)
[43,44]. These binding sites are located in the channels formed by the amino acid side chains of B-strands; exposed
grooves on the -sheet surface and the ends of the extended -sheet [43,44]. At the first step of the study, to identify the
monomethine-protein binding sites, as well as the nature of interactions involved in the dye complexation with the
lysozyme fibrils, the AutoDock tool was used. The widely accepted model of amyloid structure assumes that the stacked
pleated B-sheets are twisted in such a way that a repeating unit of 24 B-strands constitutes a full helical turn around the
fibril axis [45] representing the twist of 15° between the neighboring B-strands [45]. Besides, assuming the heterogeneous
nature of amyloid fibrils and the dye ability to display the different binding modes depending on the amyloid fibril
structure [46,47], the molecular docking studies were performed using the lysozyme fibrils created with the twisting
angles 0°, 5°, 10°, 15° and 20°. The energetically most favourable dye complexes with the fibrillar lysozyme structures
are presented in Fig. 1, indicating that all cyanine dyes under study are capable of forming the stable complexes with the
lysozyme fibrils.
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Figure 2. Schematic representation of the energetically
most favourable dye complexes with the fibrillar lysozyme,
obtained using the AutoDock blind docking. The panels A-
E represent monomethines (AK1-2-17 — yellow, AK1-2-18

— green; AK1-2-19 — cyan and AK1-2-20 - blue )
interactions with the fibrillar lysozyme structures LzF-0
(A), LzF-5 (B), LzF-10 (C), LzF-15 (D), and LzF-20 (E),
respectively.

To characterize the nature of the interactions stabilizing the dye-fibril complex, the protein-ligand interaction profiler
PLIP (https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index) was used [42]. It is well- known that the binding of
specific probes to amyloid fibrils is governed by various types of intermolecular interactions among which hydrophobic
and electrostatic interactions are the main contributors [31,43,46]. The examined monomethine dyes consist of large
hydrophobic groups with a cationic charge. Therefore, it might be expected that these dyes interact with the lysozyme
amyloid fibril predominantly via hydrophobic interactions. The above assumption was made based on the fact, that the
lysozyme amyloid fibrils which were created from the K-peptide of lysozyme (GILQINSRW), contain only the positively
charged amino acid residues. For this reason, electrostatic interactions cannot account for the anchoring of fluorophore
molecule on the lysozyme fibril surface during the dye-protein complexation. Figure 3 represents the most favorable
modes of interactions between the monomethine cyanine dyes and lysozyme amyloid fibrils obtained using the PLIP.

The results obtained with the PLIP server indicate that the dye association with amyloid fibrils LzF-15 is
predominantly driven by the hydrophobic dye—protein interactions (dashed grey lines in the Figure 3). More specifically,
the monomethine dye AK1-2-17 tends to form the hydrophobic contacts with Asn 16 B, Arg 18 B, GIn 23 C, Asn 25 C,
Gln 32 D, Asn 34 D, whereas the AK1-2-18 probe interacts with Asn 52 F, Arg 54 F, Ile 57 G, Gln 59 G, Arg 72 H, Asn
79 I amino acid residues. The binding of the cyanine AK1-2-19 is governed predominantly by hydrophobic interactions
between the dye molecule and the lysozyme residues Asn 142 P. Arg 114 P, GIn 149 Q, Asn 151 Q, Arg 153 Q, Gln 158 R,
Asn 160 R, Asn 169 S, while the binding of the AK1-2-20 dye is characterized by the hydrophobic contacts with
Arg 126 N, Gln 140 P, Asn 142 P, Arg 144 P, Asn 151 Q and Arg 153 Q. The binding affinity for the docked poses was
equal to -14.37 kcal/mol (AK1-2-17), -22.16 kcal/mol (AK1-2-18), -20.58 kcal/mol (AK1-2-19) and 17,97 kcal/mol
(AK1-2-20). The dye-LzF-15 complexes are additionally stabilized by the hydrogen bonds (blue solid lines in Figure 3)
and salt bridges (orange dashed lines). More specifically, the hydrogen bonds were observed between the aliphatic
substituents on the nitrogen atom of benzothiazole part of the dye molecules and GIn 14 B (AK1-2-17), Gln 68 N
(AK1-2-18), Ser 125 N (AK1-2-19) and GIn 158 R (AK1-2-20) of the lysozyme amyloid fibrils. Moreover, it was found
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that the cyanine dyes bearing the methylpyrrolidin group in the quinoline fragment (AK1-2-17, AK1-2-19) form the salt
bridges between sulfonic acid in their structure and Arg 27 and Arg 126 amino acid residues, respectively.
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Figure 3. The binding of monomethines (AK1-2-17 — A, AK1-2-18 — B; AK1-2-19 — C and AK1-2-20 - D) to the fibrillar
lysozyme analyzed by PLIP. The grey dashed lines represent the hydrophobic interactions between the dye molecules and
amino acid residues, while the blue solid and orange dashed lines display the hydrogen bonds and salt bridges, respectively.

Notably, the differences in the cyanine structures as well as in the twisting of the lysozyme fibrils (Table 1) did not
significantly affect the mode of cyanine binding. As can be seen in the Table 1, the investigated cyanine dyes interact
with the fibril surface (with the aromatic residues on the top of B-sheet or with the edges of the p-sheet). The variation in
the cyanine structure and the twisting of amyloid fibrils used for the docking led to the changes in the surrounding amino
acid residues involved in the dye-protein complexation, whereas the binding energies remain almost unchanged. Besides,
in all docking dye-protein systems we did not observe the insertion of the cyanine dyes into the fibril groove. The above
binding mode is the most preferable for the ideal amyloid tracer [23, 25, 43, 46]. Specifically, the highest amyloid-sensing
potential was observed for the probes, capable of associating with the superficial grooves of amyloid
fibrils [23, 25, 43, 46].

Table 1.The parameters of the dye-fibril complexation predicted by PLIP.

Lysozyme Hydrophobic interactions Hydrogen bonds Salt bridges Global energy,
fibril kcal/mol
AK1-2-17
LzF-0 Gln 113, Gln 122, Asn 124, Arg 126, | GIn 140 GIn140 - Sulfonicacid -26.93
Asn 133, Asn 142
LzF-5 Gln 32, Gln 41, Asn 43, Arg 45, Gln 50, | Gln 41 -18.42
Asn 52, Arg 63
LzF-10 Gln 95, Asn 97, Gln 104, Gln 113, Arg | Gln 95, Ser 107, Arg 108 - Sulfonicacid -17.89
117, Gln 122, Asn 124 Gln 113
LzF-15 Asn 16, Arg 18, Gln 23, Asn 25, Gln 32, | GIn 14 Arg 27 - Sulfonicacid -14.37
Asn 34
LzF-20 Asn 88, Arg 90, Asn 97, Arg 99, Asn 106, - -20.58
Asn 115
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AK1-2-18
LzF-0 Gln 113, Gln 140, Asn 142, Arg 144, Gln -21.03
149, Asn 151
LzF-5 Gln 113, Asn 115, Gln 131, Arg 135, Gln | Gln 113, GIn 131 -22.19
140, Asn 142
LzF-10 Gln 77, Asn 79, Asn 88, GIn 95, Asn 97, Arg 90 - Sulfonicacid -24.25
Arg 99, Gln 104, Asn 106
LzF-15 Asn 52 F, Arg 54 F, Ile 57 G, GIn 59 G, | Gln 68 -22.16
Arg 72 H, Asn 79 1
LzF-20 GIn 5, Asn7,GlIn 14, Asn 16, GIn 23, Asn | Ser 17 Arg 18 - Sulfonicacid -18.24
25, Arg 27, Gln 32, Asn 34
AK1-2-19
LzF-0 GlIn 5, Asn 7, Gln 14, Asn 25, Arg 27 Gln 32, Gln 50 -26.62
LzF-5 Asn 52, Asn 61, Gln 68, Asn 70, Arg 72, Arg 108- Sulfonicacid -20.91
Asn 79, Agr 81
LzF-10 Arg 72, Gln 77, Gln 86, Asn 88, Asn 97, | Trp 118, Gly 119 Gln 68 - Sulfonicacid -16.55
Arg 117 M
LzF-15 Asn 142. Arg 114, GIn 149, Asn 151, Ser 125 Arg 126 - Sulfonicacid -20.58
Arg 153, Gln 158, Asn 160, Asn 169
LzF-20 Asn 133, Asn 151, Arg 153 -16.94
AK1-2-20
LzF-0 Asn 79, Arg 81, Gln 86, Asn 88, Asn 97 | Gln 68 -18.16
LzF-5 Asn 61, Arg 63, Gln 68, Asn 70, Asn 79, | Gln 50 Arg 54- Sulfonic acid -20.29
Arg 81
LzF-10 Asn 34D, Arg36 D,GIn 41 E,GIn 50 F, | GLn 59 -17.16
Asn 52 F, Arg 63 G
LzF-15 Arg 126, Gln 140, Asn 142, Arg 144, Asn | GIn 158 -17.97
151, Arg 153
LzF-20 Asn 16, Arg 18, Gln 23, Gln 32, Asn 34, | GIn 41, Gln 50 Arg 63- Sulfonic acid -19.16
Arg 36, Asn 43, Arg 45

In this context, it should be noted that insertion of many cyanine dyes into fibril grooves can also be driven by
electrostatic (along with hydrophobic, H-bonds, n-stacking) dye-protein interactions [24, 31, 46]. However, the amyloid
fibrils from the K-peptide of lysozyme (GILQINSRW) contain only the positively charged amino acid residues, while the
dyes under study are also cationic in nature. Therefore, we expect that significant variations in the docking results may
appear using amyloid fibrils created with other amino-acid sequences. Overall, the docking results presented here can be
regarded as a starting point for elucidating the nature of cyanine-fibril binding that is important for the development and
optimization of the fluorescent probes for amyloid fibril detection.

CONCLUSIONS

To summarize, in the present study the molecular docking technique was used to investigate the interactions between
the novel monomethine cyanine dyes and the model amyloid fibrils of lysozyme. Using the AutoDOCK and the protein-
ligand interaction profiler PLIP it was found that: i) the monomethines do not insert in the fibril groves and interact with
the fibril surface; ii) the dye-fibril binding is governed by the hydrophobic interactions, salt bridges and hydrogen bonds
between the aliphatic substituents on the nitrogen atom of benzothiazole part of the dye molecules and 6oxoBumMu
3aJMIIKaMU aMiHOKHCJIOT; iii) the variations in the cyanine structure and in the lysozyme fibril twisting do not
significantly influence the binding mode of cyanines under study. Overall, the obtained results can be useful for extending
the application of cyanine dyes to amyloid fibril sensing.
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MOJIEKYJISIPHUI JOKIHI' MOHOMETHHOBHUX IIIAHIHOBUX BAPBHUKIB
3 AMUIOITHUMHA ®IBPAJIAMM JII30LIAMY
O. Kurnskiscbka?®, Y. Tapa6apa?, A. Kypyroc®<, K. Byc?, B. Tpycosa?, I. F'op6enko?
“Kagheopa meduunoi ¢izuxu ma 6iomeduunux Hanomexnonoziu, Xapkiscokuil HayioHanbHuil yHisepcumem imeni B.H. Kapasina
M. Ceob00u 4, Xapxis, 61022, Ykpaina
bInemumym opzaniunoi ximii ma gimoximii Axademii Hayx Boneapii, eyn. Axao. bouuesa, 9, 1113, Cogis, Boneapis
‘Kagpeopa papmayesmuunoi ma npukiaonoi opeaniunoi ximii, @axyremem ximii ma gpapmayii
Coditicvoruti ynisepcumem imeni Ce. Knumenma Oxpudcvkoeo, 1164, Coghis, boneapis

Arperaitis OUIKIB y BHCOKOBIIOPSIKOBaHI CyNpaMOJICKYJISIPHI arperaTd € 03HaKOI 0araThboX 3aXBOPIOBAaHb JIIOJWHM, BKIIOYAIOUU
HeBpoJsoriuHi po3nagu (xBopobu Ilapkincona, AumbureiiMepa Tta Xastinrrona), miader II Ttumy, cucremHuil aminoinos,
enuedanomnarito, tomo. Camuii mpocTHil i epEeKTHBHUI METOJ JSTEKTYBaHHsS Ta XapakTepu3auii aminoignux ¢ibpua in vitro ta
Bi3yaiizallil aMiIoiIHMX BKIIOYEHb in Vivo 0a3yeThcsi Ha BUKOPHCTAaHHI 30HIIB, YyTIMBHX 10 OeTa-CKiIaadacTuXx MOTHBIB. [lst
CTBOPCHHS HOBHX aMiJIOiA-cienu(iuHIX OapBHUKIB 1 ONTHMI3aIi]l yKe iICHYIOUHX CIOJYK, BaKIMBO PO3YMITH Ha MOJEKYIIIPHOMY Ta
aTOMHOMY PIBHAX MEXaHI3MH IX B3a€MOil y IeHTpax 3B’ s3yBaHHA. OIHUM 13 0COOIMBO TOTY)KHUX METOJIB, 3MaTHHX 3a0€3IMEYUTH
PO3YMIHHSI MEXaHI3MIB Pi3HUX THUIIIB OIOMOJICKYIISIPHUX B3a€MO/Ii Ha aTOMHOMY PiBHI, € METOJ] MOJICKYJIIPHOTO JOKIHTY. Y maHii
po6oTi MeTOJ MOJEKYJSIPHOTO JOKIHTY BHKOPHUCTOBYBABCSI JUIS JOCII/DKCHHS B3a€MOAIl MK MOHOMETHHOBHMH IliaHIHOBUMH
OapBHHKAaMH Ta MOJCIBHUMH aMiJoiiHUMU (BiOpriiamu, mo Oyiau nodynosani 3 K-nenruny nizormumy GILQINSRW (3anumku 54-62
Oika JMKOro THIy). 3a IOMOMOror mporpamHoro intepdeiicy AutoDOCK 1 mpodaiinepa Oumok-miranaHoi B3aemomii PLIP
BCTAHOBJICHO: 1) MOHOMETHHH B3aEMOIIOTH 3 MIOBEpXHEt0 (iOpmiu (3 apoMaTHIHUMH 3aIMIIKAMK Ha BEPIINHI [3-11icTa ab0 3 KpasMu
B-nmucra); ii) 3B’s13yBaHHs OapBHUKIB BiIOYBAETHCS 32 PAXyHOK TiAPOGOOHUX B3a€EMO/Iii, COTbOBHUX MICTKIB Ta BOJHEBUX 3B’sI3KiB MiXK
amipaTHYHUMHU 3aMiCHUKAaMHd Ha aToMi a30Ty OEH30Tia30JI0BOI YaCTWHH MOJEKYJIH OapBHHKA Ta aMiNOinHOI (iOpmiau Ji3onumy;
iil) Bapiamii B CTPYKTypi WiaHIHIB Ta B CTYIEHI CKpY4YyBaHHS aMiJOIly Ji30IIMMYy CYTTE€BO HE BIUIMBAIOTH Ha XapaKTep B3aeMOIil
0apBHUKIB 3 QiOpuIaMu.

KutiouoBi cj10Ba: MOHOMETHHOBI LIiaHIHOBI 30HIH, aMiIOinHI GiOpHIN JTi301IMMY, MOJEKYJISIPHAI TOKIHT
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The sample preparation method and the results of experimental measurements of the concentration of beta-radioactive aerosols (the
decay products of Radon-222 in the air) are presented. The experimental equipment includes an electrostatic aerosol collector and a
time spectrometer based on the PMT with a plastic scintillator. The accumulation of aerosols on the foil lasted for about 12 hours. The
activity of accumulated aerosols was measured in the time interval of 0 to 300 minutes. The use of the time analyzer spectrometer, the
proposed aerosol accumulator and the method of processing the accumulated spectrum makes it possible to increase the sensitivity of
the radiometer in comparison with the collection method based on air filters. Applying the time-spectrum development procedure
to the constituent components makes it possible to reliably establish the connection of aerosols registered in the room with B-active
decay products of radon-222: Po-218, Pb-214, Bi-214.

Keywords: Radon-222; beta — activity, decay, electrostatic methods, sample preparation

PACS: 87.66.-a, 23.60.+e, 23.40.-s, 89.40.Dd, 29.40.-n, 07.88.+y

Radioactive aerosols are a mixture of dust and radioactive particles, which are a-, - and y emitters. Decay products
of Rn-222, Ty, = 3.823 days; Rn-220, Ty, = 0.9267 min; Rn-219, T, = 3.96 s and their daughter products — Po-218,
Tip = 3.167 min; Pb-214, Ty, = 26.833 min; Bi-214, Ty, = 19.833 min are deposited on particles suspended in the air.
Radon continuously enters the atmosphere from terrestrial rocks: Rn-222 - during the alpha decay of Ra-226 nuclei
(uranium-radium family), and Rn-220 — during the alpha decay of Ra-224 nuclei [1]. The Rn-222 isotope gives
approximately 50-55% of the effective radiation dose every Earth inhabitant receives annually. The Rn-220 isotope adds
another ~ 5-10% to this [1].

No less dangerous are the decay products of radon - beta-radioactive isotopes of lead, bismuth, and polonium, since
they form aerosols that when they enter the human lungs and cause micro burns.

The combination of the developed method of analysis and electrostatic aerosol accumulator and time analysis of the
sample activity makes it possible to associate aerosols recorded in a room with B-active decay products of radon-222.
It also increases the reliability of recording Rn-222 and significantly reduces the measurement time compared, for
example, with a technique based on the use of CR-39 films [2].

The references have known methods for assessing the radioactivity of aerosols - radon decay products by measuring
gamma and beta radiation [3-5]. In these works, the registration of radon decay products is carried out, as a rule, using
spectrometric amplitude analysis. The use of multilayer filters in the registration of beta aerosols is not effective enough
because, simultaneously with the accumulation, the outflow of accumulated particles occurs.

In work [6] was used a two-electrode filter, which provides for the capture of radon beta- products, is considered
but does not allow obtained a high sensitivity. The paper [7] considered the approach of direct deposition of decay
products on the spherical surface of the Si detector. The potential on the surface is -3 kV. The concentration of aerosols
and the sample activity are not high; the data accumulation and processing speed are also low. In [8] work is represented
a multilayer filter for collecting aerosols. The air in the room was blown through a filter, allowing radon decay products
to accumulate. The method's efficiency is low due to the complexity of sample preparation for analysis and the low
efficiency of the blowing way.

SAMPLE PREPARATION AND MEASUREMENT TECHNIQUE
Reliable registration of radon isotopes and decay products [2] for gas mixture is an unfinished problem. Mainly
significant difficulties are determined the low adsorption of radon by the filters. For the quantity determined of radon
isotopes, it is also necessary to have radioactive gas samples. Their creation is significantly complex, especially for the
long-term isotope - radon-222. The decay products, being positively charged, can be subject to electrostatic precipitation.
The alpha particle escapes produce the positive charge of the ionization of the atomic shell. It is also possible to have
ionization by the kinetic energy of the recoiled atomic nucleus. To accumulate the radioactive sample was used an

7 Cite as: G. Onyshchenko, 1. Yakymenko, O. Shchus, and A. Lokha, East. Eur. J. Phys. 3, 149 (2022), https://doi.org/10.26565/2312-4334-2022-3-19
© G. Onyshchenko, I. Yakymenko, O. Shchus, A. Lokha, 2022
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electrostatic method. On a sheet of aluminum foil (~ 0.02 mm) with an area of ~ 1 m?, which was placed on a horizontally
stretched insulating thread, a potential of mines 1500 V was applied. The time exposure was 12 hours. Due to the
difference in the potentials of the dust particles in the air and the filter (foil), it was possible to deposit the aerosols
efficiently. After the exposure, the foil sheet was reduced to a cylinder, @5x0.2cm. The additional reduction of the sample
allows us to significantly increase the concentration of radioactive particles per unit area of the scintillation detector.
Fig. 1 shows a circuit of a voltage converter used for an electrostatic filter. Fig. 2 shows a detector part of the measurement
setup.
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Figure 1. Power supply for an electrostatic filter Figure 2. Detector system. 1 — PMT

R1307 Hamamatsu, 2 — UPS-923A
plastic detector, 3 — lead background
shield, 4 — probe sample

RESULTS AND MEASUREMENTS
In this work, it was assumed that the activity of particles in the indoor air aerosol collected on the filter is mainly
determined by the decay products of the isotope of radon: Rn-222 (T;,=3.82 days). The contribution of other isotopes —
Rn-220 (T2 = 55.6 s), Rn-219 (T1» = 3.96 s) was neglected due to the short half-life compared to Rn-222 and lower
prevalence. It was assumed that possible isotopes that were in the room and got on the radiometer filter and then
disintegrated during the measurement process are isotopes Rn-222, Po-218, Pb-214 and Bi-214:

22Rp S 28pg > 24ph > 214Bj S..; 215pg > 24ph > 24B{ S 24ph > 2B >, 2B > ... (1)

The decay of isotopes accumulated in the filter is described by the following system of equations:

dN.
d—tl =-1N, — decay of the accumulated products on the filter 22?Rn (N1)
dN, N — 1N — production 2'8Po (N2) from decay of ???Rn (Ni) and decay of the accumulated
T products on the filter (N2)
()
dN; ANo — AN — production of the 2'“Pb (N3) from decays of 2!8Po (N2), 22?Rn (Ni) and decay of the
Tar 2T s accumulated products on the filter 21“Pb (N3)
dN, AeNe — LN — production 2'“Bi (N4) from decays of the 2!“Pb (N3), 2'3Po (N2), 2?Rn (N1) and decay
Tde 3T M of the accumulated products on the filter 2'“Bi (N4)

where N;, N2, N5, Ny~ quantity of the radioactive nuclei ?Rn, 2'8Po, 2'“Pb, 2B respectively.

The activity of the source A can be related to the number of radioactive nuclei N and the detector efficiency ¢
as follows: (-dN/dt) = A; (-dN/dt) - ¢ = A'N-e = A-¢. In the calculation was assumed that € = 1.

The change over time in the total activity of the isotopes accumulated on the filter could be described by the system
of the following equations:

— decay of the accumulated products on the filter 22Rn (N;(0)):
Ni(D) = Ny(0)e™™", 3)

— production 2!8Po from the decay **?Rn, and decay of the accumulated products on the filter 2'8Po (N2(0)):

Np() = 228 e Mt — ¢ 2] 4 Ny(0)e o, “)
(A2-21)

— production 2'4Pb from the decay ?'*Po, ???Rn, and decay of the accumulated products on the filter 2'“Pb (N3(0)):

ApA1N1(0) [e Pt A3t o -A2t_p -2zt AN2(0) 1 _3 _2 i)
N5 (t) = =222 — + e M2t — g ~43t) 4 N,(0)e 43t 5
2(0) (A2-21) (A3=11) (A3-12) ] (3-12) ( ) + N3 (0) ’ ©)
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— production 2'*Bi from the decay 2!“Pb, ?'8Po, 2??Rn, and also decay of the accumulated products on the filter 2'4Bi

(NA0)):

A3A541N1(0) 1 e—)tlt_e st e—l3t_e st 1 e—lzt_e A4t e—)t3t_e st ]
Ny (t) = -~ - -
1O (/12—/1/%)t (/33—31)( 1(34_Ai)t (A4=23) ) (/13—/12)( (A4—12) (A4=23) )
A312N5(0) [e_ 2t—e 4 e "3t—e 74 ] A3N3(0) 1 _ .t .t .t
- e t—e ™M)+ N,L(0)e M4t 6
(A3-12) (A4-22) (A4-23) (14—13)( ) 4(0) ©)

Figure 3. shows the results of the analysis of the activity of the sample (analysis time 300 min.), accumulated on
the filter for a time interval of 12 hours using the system of equations (3-6).

The total activity of aerosols was measured in a closed room on the 1st floor of the building. The time of collecting
aerosol particles by the electrostatic method was 12 hours. After installing the filter on the scintillation counter
(detector - plastic), the change in the total beta activity of the filter was recorded duration 300 minutes, and the time of
the accumulation of one channel was 1 minute. The time spectrometer was used from [8].

3000 Model: 222Rn + 218Pg + 214Pp + 214Bj;  y?=1.7
2500 <
Experiment (circl
- e xperiment (circle)
c 2000
[=
2
S Xx400; ’?’Rn; Ny,=6,2; T,» = 5501 min
£ 1500 - ,
5 218pg N, = 475; Tyj2 =3,17 min
S ,
1000 - 219ph; N, = 1874; T, = 26,8 min
214Bj; N, = 585; Ty, =19,8 min
500
0 -
0 50 100 150 200 250 min

Figure 3. Results of processing the counts (counts/channel) of the decay products of the measured sample. The event pulse
recorded by the detector is plotted along the vertical axis. Nio — calculated initial values (activities) for beta-components

The analysis of the decay curve and determination of the initial activities of the components is performed by
approximating the experimental data of the theoretical curve, which is the sum of the calculated activities on the aluminum
foil (N;(t), 22*Rn) + (Na(t), 2'3Po) + (N3(t), 2!4Pb) + (Nu(t), 2'“Bi) duration 300 minutes.

Fit quality criterion is:

1 Nexp—N¢n 2
= e @
where n — the number of experimental points form a decay curve; Nex, — registered counts (activities); 6i(Ney,) — absolute
error of a single measurement, §; = \/N; ¢xp-

During the fitting, the initial activities of N;, N, N3 and N4 was varied. As a result, the following values of the initial
activities of beta-active components on the filter were obtained: Ajp = Nj(0) (***Rn) = 6.2; Az = N2(0) (*'®Po) = 475;
Az0=N3(0) (*'*Pb) =1874; A4 = N4(0) (*'*Bi) = 585. The relative error of approximation, estimated based on the root-
mean-square error (RMS) of the spectrum by expression (8) was 4.5%, y*> = 1.7.

1 1 2
Of = SN EZ?(Nz,exp —Niwm)', )]
RESULTS AND DISCUSSION

The results of the measurements and the analysis of the decay curves indicate the presence in the filter (Al-foil) of
the alpha-active isotope of radon Rn-222, beta-active products of decay of radon - Pb-214, Po -218 and Bi-214. The ratio
of initial activities of Pb-214 / Bi-214 for the studied room was 3.2:1.

The presence of Rn-222 alpha emitters in the filter leads to a noticeable improvement in the agreement between the
model and experimental curves. An exception to the analysis of the Rn-222 isotope worsens the quality of the fit, with
the value of y? = 6.5, RMS = 6.7%. Thus, the analysis results (y* values, activity values of the components) indicate that
the activity of aerosols accumulated in the filter is formed mainly by beta-active products of the decay of the radon isotope
Rn-222.
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CONCLUSIONS
The results of measurements and processing confirm a significant increase in the sensitivity of the method due to
the proposed electrostatic method of the sample preparation and an increase in the reliability of measurements due to the
use of time analysis of the decay curve and a scintillation counter.
Application of the proposed technique allows to reduce a sample accumulation time of ~ 12 hours and a processing
time of ~ 5 hours to obtain a statistical error of fitting ~ 4.5%.
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HIATOTYBAHHS ITPOB JIJ151 EPEKTUBHOI'O HAKOINMMYEHHSI TA PEECTPAILII BETA-AKTUBHHX
MNPOAYKTIB PO3IALY Rn-222
Tennaniii Onumenko™?, Isan SIkumenxo?®, Oaexcanap llycw?, Anarodiii Joxa®
“Xapriecvkuil nayionanenutl ynisepcumem imeni B.H. Kapa3zina, m. Ceoboou 4, 61022, Xapxie, Yxpaina
bluemumym cyunmunsayiiinux mamepianie, HTI] «Incmumym monoxpucmaniey, HAH Yipainu
np. Hayku, 60, 61001 m. Xapkis, Ykpaina

¢Vuisepcumem I pucopis Cxosopoou 6 Ilepesicnasi, 08401, m. Ilepescnas, Yrpaina
[pencraBnena MeToAMKa MiATOTYBaHHS P00 Ta pe3ybTaTH BUMIPIOBaHb KOHLICHTpANii OeTa-palioaKTHBHHUX aepO30JIiB - MPOIYKTIB
posnany Pamony-222 y mositpi. [[o ckiagy €KCHEPUMEHTAJIbHOIO TPAKTY BXOITH EIIEKTPOCTATUUHHMN 30Mpad aepo3oiiB Ta
CUMHTWIALIHHUN YacoBuil criekTpoMeTp Ha 6a3i OEIT 3 miacTHKOBUM CUMHTHIIsITOpoM. HakomiueHHst aepo30J1iB Ha (OJIb3i TPUBAIIO
Oomu3pKko 12 roauH. BuMiproBaHHS aKTHBHOCTI HaKOMMYEHHX aepo30iiB mpoBoaunocs B iHTepBaii 0-300 xpuiamH. BukopuctaHHs
YacOBOTO aHANI3aTOpPa, 3alPOMIOHOBAHOTO HAKONHMYYBada acpo30iIiB i MeTOLy OOpOOKH HAaKOMMMYEHOTO CIIEKTPa Ja€ 3MOTY CyTTEBO
IiABUIUTH Yy TJIMBICTH pajioMeTpa y IOPIBHSHHI 3 METOJUKOIO 300py Ha OCHOBI MOBITPSHUX (QUIBTPIB. 3acTOCYBaHHS IPOLEIYPH
PO3BMHEHHS YaCOBOTO CIIEKTPa Ha CKJIaJJ0BI KOMIOHEHTH Jla€ 3MOTY HaIiHHO BCTAHOBIIIOBATH 3B'I30K 3apPEECTPOBAHUX B IMIPUMIIICHHI
aepo30JIiB 3 -aKTUBHUMH NPOIYKTaMU po3nany paiony-222: Po-218, Pb-214, Bi-214.
Kurouosi ciioBa: Panon-222; 6eTa-aKTUBHICTb, PO3Majl, CICKTPOCTATUYHUI METOI, MiJrOTYBaHHS MPOO
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