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Background: Cell volume maintenance by regulating the water and ion content is crucial for the survival
and functional fullness of human erythrocytes. However, cells are incredibly complex systems with
numerous, often competing, reactions occurring simultaneously. Hence, anticipating the overall behavior
of the system or acquiring a new understanding of how the subcomponents of the system interact might
pose a considerable challenge in the absence of employing mathematical modeling methods.

Obijectives: Creation of a mathematical metabolic model of erythrocyte ion homeostasis to study the
mechanisms of erythrocyte volume stabilization and intracellular pH in in vitro experiments.

Material and Methods: The mathematical model was developed using general approaches to modeling
cellular metabolism, which are based on systems of ordinary differential equations describing metabolic
reactions, passive and active ion fluxes. The generation of the model and all computations, relying on the
model, were executed utilizing the COPASI 4.38 simulation environment. Changes in intracellular pH,
Na*/K*-ATPase, and Ca?*-ATPase activities of donor erythrocytes incubated in saline solutions in the
absence and presence of Ca?* ions were used to test the model.

Results: The kinetic model of erythrocyte ion homeostasis was created. Using realistic parameters of the
system changes over time in cell volume, concentrations of metabolites, ions fluxes and transmembrane
potential were calculated. The simulation results were used to analyze the reasons for changes in the
resistance to acid hemolysis of erythrocytes under the conditions of their incubation in saline solutions of
different compositions.

Conclusion: We show that cation homeostasis in erythrocytes is maintained mainly by the active
movement of Na* and K* through Na*, K*-ATPase, combined with relatively lower passive permeability
through other transport pathways. In the presence of Ca?* ions and the activation of potassium release
through Gardos channels, the cell volume is stabilized due to a change in the transmembrane potential and
activation of electrodiffusion ion fluxes. The study demonstrated that the reduction in acid resistance of
erythrocytes during incubation in a saline solution is associated with a decrease in their cell volume,
whereas the increase in acid resistance during incubation in the presence of Ca?* ions is linked to the
activation of the Na*/H* exchanger.

KEY WORDS: mathematical metabolic modeling; ion transport; osmotic processes; electrochemical
membrane potential; permeant ions; Na*/K*-ATPase; Ca?*-ATPase; calmodulin; Band3 protein (AE1);
Gardos channels.

The viability and functional completeness of human erythrocytes is determined by their
ability to stabilize their volume. The volume of erythrocytes is about 60% of the maximum
possible value for a given surface area [1]. This is what determines its ability to strong
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deformation, which is necessary to pass through capillaries and transport oxygen [1, 2]. In this
regard, the erythrocyte must have special mechanisms to stabilize its volume against changes
in the permeability of the cell membrane [3].

It is believed that the erythrocyte volume is completely determined by ion homeostasis
[3, 4]. lon transport is crucial for maintaining ion-water balance and establishing the electrical
potential difference between the cell and its surroundings [1]. This is indicated by the fact that
the consequence of hereditary and acquired disorders is a change in ion homeostasis and
hydration of cells. Overall, the extent of disruption in water and ion content plays a crucial
role in determining the severity of hemolytic anemia [4, 5].

Genomic and proteomic studies identify numerous channels, transporters, and regulatory
proteins that respond to changes in the osmolality of the environment and are involved in
volume control in normal and diseased erythrocytes. The erythrocyte membrane contains a
number of carrier proteins that carry out the transport of monovalent cations and anions by the
mechanism of facilitated diffusion (Na*, K*, 2CI-, K*, Cl"-cotransport, Na*/H" and HCO3/CI-
exchange). These systems account for 20% of the total flux of monovalent ions, so it is
believed that their main physiological value consists in the regulation of cell volume and
control of intracellular pH. It has been shown that swelling of erythrocytes activates K*, CI-
cotransport, while a decrease in cell volume leads to activation of Na'/H* exchange and
Na*, K*, 2CI--cotransport [6, 7]. Activated by Ca?* ions potassium channels are also involved
in autoregulation of erythrocyte volume [8, 9]. Investigating the connection between
erythrocyte membrane permeability and cell volume holds significant importance in
unraveling the mechanisms that govern the functional integrity and viability of these cells.

Erythrocyte homeostasis encompasses a specific set of vital cellular processes aimed at
preserving and repairing cell volume and integrity amid the dynamic alterations induced by
physiological stress. [10]. The main participants of the erythrocyte’s homeostasis-related
processes are a complete set of passive and active membrane transporters, hemoglobin as the
main macromolecular colloid osmotic factor, proton and calcium buffer, cellular metabolites
affecting fixed negative charges and additional buffering capacity of the cytoplasm of
erythrocytes. Cells are incredibly complex systems with numerous, often competing, reactions
occurring simultaneously. Therefore, predicting the overall behavior of the system or gaining
a new understanding of how the components of the system interact is quite challenging
without the use of mathematical modeling methods.

Mathematical models have been instrumental in advancing the understanding of cell
volume regulation [11-15]. The models answered many questions that were either very
difficult or impossible to answer experimentally, predicted a number of unexpected
relationships in cellular metabolism, and helped to understand how cells use certain
biochemical processes. Most of them consider the dynamics of changes in cell volume and pH
in the process of blood circulation. We are particularly interested in the application of
mathematical models for the interpretation of experimental data obtained in in vitro
experiments.

The work aimed to create a mathematical metabolic model of erythrocyte ion
homeostasis to study the mechanisms of stabilization of erythrocyte volume and intracellular
pH in an in vitro experiment. The developed model represents only a subsystem of a much
more complex real system, which has already been described by mathematical models [16 —
18]. In this work, we model only ion hemostasis and will not consider the metabolic processes
that contribute to its regulation. We demonstrate that this model is sufficient for analyzing the
role of ion homeostasis in the regulation of pH and volume in erythrocytes. It enables us to
identify the factors contributing to changes in the hemolytic resistance of erythrocytes during
their incubation in various saline solutions.
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MATHEMATICAL MODEL AND MODELING METHODS

Common approaches to modeling cellular metabolism typically rely on coupled systems
of ordinary differential equations (ODEs), where the cell can be considered a well-mixed
chemical reactor. Each ODE represents the sum of all rates of change of a single cellular
component.

The model describes the dynamic behavior of a suspension of identical erythrocytes in a
saline buffer medium. The extracellular space was treated as a well-mixed compartment and
the unmixed layers around the cells were not considered. The size of the extracellular
compartment was precisely calculated and expressed in p3. The physiologically normal volume
of erythrocytes was taken as 90 p® [11, 13].

The physical laws limiting the behavior of such a system are the conservation of charge and
mass.

The incubation medium electroneutrality of (Na-phosphate buffer, NaCl) is represented
as a linear combination of extracellular ion concentrations. Subscripts in and out denote
intracellular and extracellular concentrations, respectively.

(Na;, +K:, +2-CaZ)-(Cl,, +HCO,, , +2-HPO;, +H,PO, . )=0. (1)
The ratio between the ion concentrations of the proton-binding buffer:
_ Ho. - HPOZO’u
H,PO,o = 612—10“;“ (2)

The electroneutrality of the intracellular medium was described by the equation:
(Na® + K’ +2.Ca’ +2-Mg> +H")—(Cl- + HCO;, +2HPO;, +H,PO, + 3
+z(Hb)-Hb+2z(2,3BPG)-2,3BPG) =0 - )

z(Hb) — the total charge on the hemoglobin molecule, represented by the Cass-Dahlmark
equation [12]
z(Hb)=a-(pH;, - pl) , (4)
a corresponds to the linear segment of the proton titration curve of hemoglobin in intact
erythrocytes [13], pl — pH at the isoelectric point of hemoglobin. Hb — total hemoglobin
concentration.
10PK1—pHin +2'102'(pK2_pHin)

2(2,3BPG) ='5+1+10pr<1—pHin L+ 2.102(PKepH)

()

pK, =7.31, pK, =6.2.
The osmolarity of the external and intracellular environment was described by equations

(6), (7):
Os,, = Na;, + K} +Ca’l +Cl  +HCO;, , +HPOZ

out out out out 3out 4out

Os,, = Na; + K, +Ca’" + MgZ" +Cl,, + HCO,, + H,: + HPOZ, + H,PO,,, +

+H,PO,, (6)

4out

7
+A+ f(Hb)-Hb+2,3BPG + N ")

f (Hb) — osmotic coefficient of hemoglobin, represented by the equation [12]:
f (Hb) =1+ 0.0645- Hb/cx +0.0258-(Hb/a)’, « =¥, 8,

0
A — the intracellular osmolytes content (20 mM), N — total concentration of cellular
nucleotides.
The processes involved in the model are shown in Table 1 and Figure 1
The dissolution of CO2 and O in a buffered extracellular solution, the process of CO>
hydration was described as in [16] under the experimental conditions: T=293 K,
PO,=160 mmHg, PCO, = 0.3 mmHg.
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The Jacobs-Stewart cycle is described in detail by us in [16]. In this model, the kinetic
equation of the HCO; / Cl~exchange involving AE1 was adjusted, considering the data on the
activation of the exchanger by intracellular Ca?* [19]

k(1207 Ca?
v=|k -HCO;,, - gF . HCOs, -(1+ < j 9)
I+
r
k,=k,=6,9-10°c™, pKa=6.3, r — Donnan's ratio, Ka=10nM (activation constant,

Ky, ).
12
The transport of CO2, the hydration of CO. with the participation of carbonic anhydrase
(CA), the buffering processes of H and CO2 by hemoglobin have been described in detail by
us previously [16] and are used without modification in this model.

A A 3Na'

Cr N\ Yad
_ e o "
nH,0HCO - - éb
2\ " Na' \ z } Cr
COTF // A S /—-b
co AQP\ T KA KCC
2. Na+ A/

\ l HCO;” K+ i
C I
! Oz,)/\l L > Hb buffer

A
\-va carbonylation 2H TP

Ca,CaM u
Z

~

S -

K G—
Electrodiffusion fluxes. - - - -~ a Jr
+ -
Na® K* cg2* \ AR

BT

NH+ K+ Ca2+
Fig. 1. Scheme of ion transport pathways of the human erythrocyte used in the model. Gradient-driven
transport pathways include AEL (the anion exchange protein 1, band 3), NKCC1 (Na*, K*, 2CI-
cotransporter 1); KCC (K*, Cl-cotransporters), NHE1 (the sodium/hydrogen exchanger 1), VDAC —
voltage-regulated ions channels. Membrane channels are the aquaporins (AQP1), Kca3.1 (KCNN4, the
Gardos channel, a calcium-activated potassium channel). Active transporters are the Ca?-ATPase
(PMCA), sodium-potassium ATPase. CA — Carbonic Anhydrase.

Transport of ions
There are several types of channels and carriers that carry out passive transport of ions in
the erythrocyte membrane. These are Na*, K*, 2Cl-cotransport K*, Cl*-cotransport, Na*/H*-
exchanger, HCO37/Cl-exchanger.
K", CI'- and Na*, K*, 2CI-cotransport was described as in works [14, 15]:
‘]Kﬁcr =Ky o - (Kgu - Cloy —Kii -Cl) (10)

k¢ o — the transport rate constant, k, ., =4.56-10°M™*.s™,

‘]K*,Na*,zcr = kK,Na,ZCI ) (K+ ’ Na;ut 'Clc;utz - KiE : NaiJ; 'C|i32) J (11)

out

Ky na2ci — the transport rate constant, k =4.37-10* M .s™,
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The rate of transport through the Na*/H*-exchanger was described by kinetics, according

to [20, 21]:
J

Na*/H*

V- Hi:n

=(7.2- ,
K+H'"

pHin)'

V =178-10°M /s, K=0.285mM, n=1.85.

Table 1. Reactions involved in the model (arrow type, — or <>, indicates whether the reaction is
considered irreversible or reversible in the analysis)

(12)

N | Reactions | Enzymes | Effectors
Medium
1 CO,,, +H,0 =2 HCO; , +H., Non: enzymatic | P, , T
reaction
reaction
Cell
Jacobs-Stewart cycle
CO,,, +H,0 2 HCO,,, + H, CA
4 CO,,, 2CO,, Transport
HCO,,, +Cl,, &2HCO;,, + Cl_, AET transport Cal’
lon’s transport
Electrodiffusional flux
6 | Na), = Na; VDAC transport
7 K! 2= K, VDAC Transport
KiK., Gardos channel Caizn+, E
(KCNN4)
9 | cal=cay VDAC transport E
Electroneutral transport
10 | K + Cl, 2K + Cl K*CI~ cotransporter
(KCC)
1T | K;, + Na!, +2Cl., 2 K;. + Na; + Cl, Na"K*2Cl~
cotransporter
(NKCC1)
12| Na;, +H; 2 Na; + H}, Na*/H* exchanger | pH, Ca’’
(NEID)
ATPase
13 | 2K}, + 3Na;* 22K, + 3Na, Na", K" — ATPase ATP
14 | ca’+ 2H;, —>Ca’l +2H,; Ca* — ATPase ATP,
(PMCA1) Ca,CaM
Hb-buffer’s capacity
15 | deoxyHb + H.' z HdeoxyHb
16 | oxyHb + H, == HoxyHb
17 | deoxyHb + CO, = carbHb + H
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Reactions Enzymes Effectors
18 | oxyHb + CO, = carbHb + H/
Binding of metabolites to hemoglobin
19 | deoxyHb + 23BPG = deoxyHb23BPG
20 | deoxyHb + ATP = deoxyHbATP

21 | deoxyHb + ADP == deoxyHbADP

22 | deoxyHb + MgATP = deoxyHbMgATP
23 | oxyHb+23BPG = oxyHb23BPG

24 | oxyHb + ATP & oxyHbATP

25 | oxyHb + ADP &= oxyHbADP

26 | oxyHb + MgATP = oxyHbMgATP
Ca’*, Mg’ interactions

27 | MgZ" + ATP == MgATP pH

28 | ca* + ATP =2 CaATP pH

29 | ca¥ + 23BPG = Ca23BPG pH

30 | MgADP + ADP == MgATP + AMP AK pH
Ca’*-calmodulin interactions

31 | caM + 2Ca’" =2 Ca,CaM pH

32 | ca,CaM + 2Ca’" =2 Ca,CaM pH

The electrodiffusion flux Na*, K*, Ca?* was described by the Goldman equation:
z-E-F

P-z-E-FC™-CMe~r
- F

- z-E-
! R-T 1_gRT

P, — the ion permeabilities. P_. =3.38-10°s",P . =3.44-10°s"[11]. In the absence of

: (13)

Ca’* in the incubation medium P_, =2.11.107"s™, in the presence of Ca*" P_.. was
calculated as function of Ca?* [14]:
ca’' ca’
P " = in - out - |- (14)
c 0.04+Ca;" ) ( 0.8+Ca,
The K* permeability through the Gardos channel was calculated as [11]:
Ca2+
PK*_Gardos = P'( K +Ca2*j ' (15)
P= 4 72105, K =0.25uM [11].
— the transmembrane potential was calculated as:
. P.-Ky+P,.-Nag+P_ _-Cl,
E=-— R-T In - <l — (16)
F P Ko+ P -Na,, + P, -Cl;
in the presence of Ca?" in the incubation medium
: P.+P Kin+P,. -Nag +P__-Cl,
E:_RTI ( KGado) Cl (17)

++P -Na* +P CI‘

out out cl-

F (P.+P.. . )K

K*Gardos
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F — the Faraday constant; R — universal gas constant; 7 — absolute temperature;

P.,P.,,P, — erythrocyte membrane passive permeabilities of the K, Na*, CI

respectively, K*, Na*, CI— the ion concentrations in the extracellular environment and in the
cell.
Active transport of ions

Ca?*-ATPase transports Ca®* independently and irreversibly, and when it binds to the
Ca-calmodulin complex, it transports Ca®* with a much higher affinity and rate of exchange
[22]. It is known that the activity of the Ca®*-ATPase is depended on the concentration of
ATP [23] and is inhibited by high concentrations of intracellular calcium [24]. The equation
for the rate of active Ca?* transport given in [23] was modified by us as follows:

V.(Ca?)" ATP
( ) C - (1_’_ Ca4}§:aM ] ,
(K +Ca2+)n(1+a j a
KI
V=003M/s, K=1.1uM [23], K, =1uM , K, =0.6 «M (was set during simulation). n —
the cooperativity factor that characterize Ca?* activation of the enzyme (n = 2 in the absence
of Ca?* ions, n = 4 in the presence of Ca?* in the incubation medium [11, 14]).

Na", K*-ATPase activity was described by using the kinetic equation given in [18], taking
into account the inactivation of the enzyme by Ca?* ions [25].

_ATP | (Va ). (K;ut)ﬁm
. ATP+K, 2 2
= 2+ i)
Pump~£1+cz j
|

3
2 B + 2 +
) +[Na31+n +1] (B, B, kK, +ky Ky (Ko ) +2-B,-Kg,),

V= (18)

(19

Pump =B, -B, +2B,- K, +(K;

out out

V, =0.452mM /s, B, =6.17-10°M, B, =1.33-10°M (was adjusted during simulation),
values of other parameters of the equation are taken from [18] without changes.
K, =0.398 uM (Na*, K*-ATPase inhibition constant ( Ky) by Ca?"ions).

2

The kinetics of 2,3BPG, ATP, ADP, Mg-ATP binding with oxy- and deoxyhemoglobin,
Mg?" and Ca®" binding with ATP and 2,3BPG are described in works [17, 18], and the
parameters and kinetic equations of these reactions are applied in the model without
modification.

Interaction of Ca?* with calmodulin
The interaction of calcium with calmodulin was described by mass action kinetics. The
rate constants given in [26] were normalized by the parameter r (cooperativity factor), which
considers the dependence of Ca?* binding with calmodulin on pH. Experimental dependences
of r on pH for two types of Ca?" binding centers with calmodulin are given in [27]. The
regression dependence of r on pH was obtained by us and applied in the model

CaM +2Ca** 2 Ca,CaM, v= % .CaM -(Ca*")* -k, -r-Ca,CaM, (20)

k,, =2.669-10°M 2.5, k_, =2.682s™ [26],
r =—0.0403pH* +1.0126 pH? —8.5561pH + 25.966.
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Ca,CaM +2Ca* &= Ca,CaM, v= k—;Z-CaM -(Ca**)*-k_,-r-Ca,CaM , (21)

k, =1.704-10“ M ?.s™, k , =1.551s7[26].

The change in intracellular ATP content was specified as a time dependence obtained by
a result of approximating experimental data [28] with the 4th-order regression equation.

The kinetics of adenylate kinase (AK) was described by the equation used in the model of
human erythrocyte metabolism [17], which is in the BioModels Database
(www.ebi.ac.uk/biomodels/MODEL5950552398#Files). The flux through this reaction is
represented as pH-dependent Kinetics.

The volume of the erythrocyte is determined by the balance of osmotic values inside
(Os,,) and outside (Os,,) the cell. The volume of the cell was described by the equation:

dv
—=J,=PR,-R-T(Os,, —0Os_,),
dt w w ( in out) (22)

P, =6.02-10"u/s,
P, — permeability coefficient for water.

The developed model is a system of differential and algebraic equations that describes
changes in ion concentrations, cell’s volume and transmembrane potential, fluxes through all
regulatory elements depending on ion permeability, kinetic parameters of enzymatic and non-
enzymatic reactions, concentrations of impermeable ions and osmolarity of the extracellular
medium.

Model creation and all numerical calculations based on the model were performed using
the COPASI 4.38 simulation environment.

The determination of numerical values for certain kinetic parameters within the reaction
rate equation, along with the initial values of intracellular CO2 and HCO3', involved a search
for optimal conditions that yielded the best agreement between the experimental and
calculated dependencies of pHin values. This process was carried out during the solution of
the systems of equations incorporated in the model [16].

The objective function has the form:

0(p)=>" 3 (PH,, — PH,;(P)) . (23)

pH, ; the experimental value of pHin when measuring j in experiment k and the

corresponding calculated value pH, ;(p), p — vector of estimated parameters during

modeling [16].

In the work, the search for some parameters of the model is performed using the
Evolutionary Programming method. The result of searching for parameters is a set of kinetic
parameters characterizing the speed of each process in the system.

Using of the model, families of kinetic curves describing changes in concentrations of
substrates and products, fluxes of relevant processes over time for the studied system were
obtained.

EXPERIMENTAL STUDIES
The experimental protocol in this study adheres to the principles of biological ethics and
has received approval from the Local Ethics Committee of the Vasyl Stus Donetsk National
University, Faculty of Chemistry, Biology and Biotechnology (Vinnytsia, Ukraine) [30-32].
The experiments employed freshly obtained blood from donors within a similar age
group and of the same gender [30]. Erythrocytes were separated from plasma by
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centrifugation and washed three times with Na-phosphate buffer (0.015 M, pH 7.4) containing
0.15 M NaCl (medium 1) [31, 32]. The total hemoglobin content in the acquired packed
erythrocytes was assessed through the standardized cyanmethemoglobin method.

Erythrocytes were incubated for 3 hours at a temperature of 20°C:

- in medium 1,

- in medium 1 with the addition of calcium chloride in the amount of 2 mM (simulation
of changes in calcium hemostasis). During the experiment, the investigated system was in
contact with ambient air.

The hemoglobin content in the studied suspensions was at the level of 3+0.18 mg/ml.

Determination of intracellular pH value
pH,, levels were examined in hemolysates of erythrocytes before the initiation of the

experiment and subsequently every 20 minutes during the incubation in a buffer solution, with
and without Ca®" ions. After certain time intervals, 2 ml of erythrocyte suspension was
subjected to centrifugation at 3000 rpm for 1 min. The supernatant was carefully removed; the
cells were lysed by adding 1 ml of deionized water. The pH value was measured using a
laboratory ionomer using a combined electrode (ESK-10614/7) [16, 18].

The study of the dynamics of acid hemolysis

The study of the dynamics of acid hemolysis was carried out as in [33]. Every 20 min of
cell incubation, 2 ml of the suspension was taken. Changes in the optical density of the
erythrocyte suspension after adding an equal amount of hemolytic agent (4 mM HCI) were
recorded at a wavelength of 650 nm with a time interval of 1 s in automatic mode. As the
main Kinetic parameters characterizing the structural properties of erythrocytes, the kinetic
parameters of hemolysis were used: lag phase time (tiag) and the rate constant of hemoglobin
release from the cell (k). A sample without incubation was used as a control.

Study of the activities of Na*,K*-ATPase and Ca?*-ATPase

Enzymes activities were determined in the hemolysate of cells, which was added to the
medium containing ATP. The composition of the medium for determining Na*, K*-ATPase:
3 mM MgCl, 125 mM NaCl, 25 mM KCI, 3 mM ATP, 0.5 mM EDTA, 50 mM Tris-HCI,
pH 7.4, £0.5 mM ouabain [34]. The composition of the medium for determining Ca?*-
ATPase: 3 mM MgCl, 100 mM KCI, 3 mM ATP, 0.06 mM EDTA, 50 mM Tris-HCI, pH 7.4,
+0.9 mM CaClo.

Samples were incubated for 15 minutes. The reaction was stopped by adding 0.1 ml of
cold trichloroacetic acid. A color reaction with ammonium molybdenum was used to
determine the content of inorganic phosphate (Pn) [28]. The optical density of the solutions
was recorded spectrophotometrically at a wavelength of 590 nm in cuvettes with a thickness
of 1 cm. The pH value was determined using a calibration graph constructed for a standard
solution of the exact concentration. The activity of Na*,K*-ATPase was evaluated by the
difference in the accumulation of Pn in the medium without ouabain and with ouabain. Ca?*-
ATPase activity according to the difference in Pn accumulation in Ca?*-containing and Ca?*-
free media. The activity of marker enzymes was expressed in uM Pn, formed for 1 minute,
related to the amount of protein (Hb) in the sample (uM/min-mg Hb).

All experiments were carried out in triplicate. Experimental data were analyzed in the
Statistica 8.0 program (StatSoft Inc., USA). Experimental data are presented as x+SE (x is the
mean, SE is the standard error of mean) [16]. The regression dependence of the studied
parameters on the time of the experiment was constructed using the Distance Weighted Least
Squares function, p=0.25.
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RESULTS AND DISCUSSION

pH regulation in erythrocytes (a comparison between experiment and theory)
Changes in intracellular pH (pHin) during incubation of erythrocytes in the absence and
presence of Ca?" in the medium are shown in Figure 2 a, b. The calculations (Figure 2 a, b,
solid lines) show that, under the chosen parameters, the model accurately describes the
obtained experimental data, which indicates its adequacy and the possibility of its application
to the analysis of ion homeostasis and prediction.

7.20 7.04
7.16 7.00
L 712 T 6.961% b
o o
7.08 6.92 %
o
7.04 6.88
0 20 60 100 160 0 30 60 90 120 160
Time, min Time, min
a b

Fig. 2. Changes in pH in erythrocytes during their incubation in Na-phosphate buffer medium
(0.015 M, pH 7.4) containing 0.15 M NaCl without Ca*" (a), in the same medium containing 2 mM
Ca?" (b). Each point is represented as x + m for n = 5. The solid line is the calculated dependence of pH
in obtained by the model.

As we have shown previously [16], the main contribution to pH regulation is made by the
Jacobs-Stewart cycle (reactions 3-5, Table 1) and the combined processes of H* buffering and
carbonylation (reactions 15-18, Table 1). The intracellular and extracellular activity of HCOz
is related to the corresponding activity of H* through hydration/dehydration reactions between
HCOs™ and carbon dioxide. This reaction is catalyzed by the enzyme carbonic anhydrase in
the intracellular compartment [35] and proceeds at an uncatalyzed rate in the extracellular
compartment (reaction 1), which makes extracellular reactions limiting for acid balance
across the erythrocyte membrane [36].

Calculation of the flux through the HCO37/CI- anion exchanger

The calculated flux through the HCO3/CI™ anion exchanger (AE1, CDB3) is shown in
Fig. 3 a. During incubation in an environment without Ca?*, the outflux of CI- from the cell
gradually slows down (Fig. 6 a) and the reverse process of exchanging intracellular HCO3 for
extracellular CI" becomes dominant. It is known that the presence of Ca?* in the medium
activates AE1 [19]. The mechanism of AEL activation has not been precisely investigated. It
is believed that AE1 can be activated either during the direct interaction of Ca?* with AE1 or
with the participation of intracellular enzymes sensitive to an increase in the content of Ca?*
in the cell. It is known that CDB3 serves as a binding site for phosphatases and kinases that
regulate protein activity [19, 37]. An intracellular rise in Ca?" causes phosphor tyrosine
phosphatase to dissociate from CDB3, leaving a tyrosine kinase that activates CDB3.

AE1 (CDB3) activation is modeled by us using Michaelis—Menten kinetics, which
formally describes the stimulated activation of CDB3. The activation constant (K, =1 uM)

was found by us in the process of parameters optimization. Based on the simulation results, as
intracellular Ca?* levels rise, the flux through AE1 rapidly undergoes a sign change (with the
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reverse flux direction prevailing, as indicated in Table 1) and attains a steady-state level 18
times higher than the flux of HCOjs through the carrier in the absence of Ca®" in the
incubation medium.
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Fig. 3. Fluxes through an HCO37/Cl" anionic exchanger (a) and Na*/H* exchanger (b) in the absence (1)
and presence of Ca?* (2) in the incubation medium. Dependencies obtained during mathematical
modeling.

The present model incorporates the Na®/H* transport system, a shared feature among
eukaryotic cells, as a regulatory element for intracellular pH and volume control in
erythrocytes. The contribution of this carrier has not been considered in existing models. The
activity of the Na*/H" exchanger in human erythrocytes is very low [21]. It is believed that the
expression of this transporter in mature anucleated erythrocytes may be a remnant of its
activity in progenitor stem cells, which at later stages of differentiation receive hemoglobin
and an anion exchanger [21] to transport H* from the tissue to the lungs. However, it was
shown [20] that an increase in cytosolic calcium, a decrease in intracellular pH, and osmotic
compression of cells stimulate the influx of Na through this transporter. The sodium gradient
across the erythrocyte membrane contributes to the general outflux of protons, Na*/H*
exchange creates opportunities to increase intracellular pH [38]. Na*/H* exchange causes a
net influx of Na* and efflux of H*, displacing H+ from electrochemical equilibrium within the
first minutes of activation. This is possible, even though anion exchange is functional because
the rate of Na'/H" exchange approaches the rate of extracellular uncatalyzed
hydration/dehydration reactions between HCO3s™ and carbon dioxide. Thus, a large number of
protons can be extruded through the Na*/H" exchanger and accumulate in the extracellular
compartment before the carbonic acid formed from the accumulated H* and HCOs™ is largely
dehydrated to carbon dioxide [35].

The flux through the Na*/H" exchanger of erythrocytes incubated in the absence and
presence of Ca?* ions is shown in Figure 3 b. In the presence of Ca?*, the intracellular pH is
lower (Fig. 2 b), so the flux through the Na*/H" exchanger increases. The inverse correlation
of the flux through Na*/H* with intracellular pH shows its contribution to the regulation of the
latter.

Na*, K*- and Ca?*-ATPases
To verify the simulation results, we obtained experimental dependences of Na*, K™ and
Ca?*-ATPase activities. Fluxes through these enzymes obtained by model (a) and experiment
(b) are shown in Figures 4 and 5. Despite the fact that these indicators have different units of
measurement (the flux is determined by the kinetic equation of the model, and the activity is
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the change in the concentration of the substrate per unit of time), there is much in common in
the nature of the change of these indicators.

According to modern views, the human erythrocyte maintains its volume due to the
unbalanced distribution of ions created by the transporter Na*K™-ATPase between the
intracellular compartment and the extracellular environment [1, 23], if changes in the
permeability of the cell membrane are relatively small.

The kinetic behavior of Na*K*-ATPase is very complex, and has been studied in detail,
and many rate equations describing this behavior are proposed in the literature. In the model,
we use the kinetic rate equation [18], that considers additional regulation of Na*K™-ATPase
due to changes in ATP concentration, which are responsible for changes in the adenylate pool.
The value of the adenylate pool depends on the ratio of ATP to AMP, which, in turn, depends
on the rate of ATP consumption by Na'K*-ATPase [1, 23]. The importance of ATP for
Na*K*- and Ca?*-ATPase functioning is indicated by the fact that ATP is located in a
structurally isolated compartment formed by proteins of the cytoskeleton of erythrocytes,
which is the main source of the latter for both enzymes [39]. As shown [23], this regulation
provides a good stabilization of intracellular concentrations of ions and, accordingly, the
volume of erythrocytes.

We tried to model the changes in the adenylate pool with reactions 27-30 (Table 1),
however, using only the adenylate kinase reaction (reaction 28, Table 1) turned out to be
insufficient, since the ATP content is regulated by many processes. Previously, we
investigated in detail the changes in ATP content in erythrocytes incubated in medium 1
without glucose [28]. To reproduce the similar nature of changes in fluxes through
Na*K*-ATPase with experimental data, in the model we set the dependence of the change in
ATP concentration on the incubation time, which was obtained for the experimental data.
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Fig. 4. Fluxes through Na*, K*-dependent ATPase obtained during simulation (a). Experimental
dependences of Na*, K*-ATPase activity (b). 1 — Ca®" is absent, 2 — 2 mM Ca?* in the incubation
medium

Based on the information about the inactivation of Na*K*-ATPase by high concentrations
of intracellular Ca?*, the kinetic equation for Na*K*-ATPase was modified (Equation 19,
Research Materials and Methods). In the model, we use the inactivation constant (K,) for
Ca?* ions equals 0.398 uM.

According to literature [25], K, is within 1-10 uM. According to [25], at least part of the

inhibitory effects of the internal calcium of Na*K*-ATPase is secondary to calcium-induced
changes in the level of ATP in the cell, which arise because of Ca*-ATPase-mediated ATP
hydrolysis, which exceeds, at least temporarily, the rate of glycolytic production of ATP. In



19
lon homeostasis in the regulation of intracellular pH and volume of human erythrocytes

this model, we believe that the level of ATP in erythrocytes does not depend on Ca in the
incubation medium. It is known that the activation of PMCA leads to a rapid depletion of
ATP [11], so this effect is compensated by a smaller value of K, .

The mechanism of Ca?" ion extrusion is mediated by Ca?*-ATPase (PMCA). The
presence of the B-splice isoform of PMCA1 was shown for the membrane of human
erythrocytes [40]. The latter contains a Ca?*-calmodulin-binding domain, phosphorylation
sites and a PDZ-binding domain, which is a docking terminal for a number of proteins [40].
An increase in intracellular free Ca®* is sensed by PMCA and occurs in response to the
interaction of the Ca?* calmodulin complex with the C-terminus of the enzyme. In Ca?*-
loaded erythrocytes, the limiting factor of PMCA transport capacity is the availability of ATP.

The activity of Ca**-ATPases (Fig. 5) significantly depends on Ca?*. According to the
simulation results, the flux through this enzyme is an order of magnitude lower in the absence
of Ca?* (Fig. 5 a). In the absence of Ca?*, an increase in flux (calculation) and enzyme activity
(experiment, Fig. 5 b) is observed at the beginning of incubation. It is possible that Ca?* ions
appear in the cytosol due to a decrease in intracellular pH and increased dissociation of the
Ca?*-calmodulin complex.

In the presence of Ca®*, we detect cooperative Ca®* effects manifestations. Since the
exact kinetic equation for Ca?*-ATPase is unknown, we propose a kinetic equation that
considers the literature data regarding the direct effect of Ca®* on the enzyme (we increase the
degree of cooperativity to 4). We also consider the cooperative effects of Ca?* binding to
calmodulin. This made it possible to obtain similar time dependences for the flux and activity
of this enzyme. The decrease in Ca?*-ATPase activity at the end of the experiment is
associated with a decrease in ATP content.
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Fig. 5. Fluxes through Ca?*-ATPase obtained during simulation (a). Experimental dependencies of Ca?*-
ATPase activity (b). 1 — Ca?* is absent, 2— 2 mM Ca?* in the incubation medium.

lonic homeostasis
The results of calculations of changes in the content of K*, Na*, Ca®* and ClI" in cells
during incubation in saline solutions, in the absence (1) and presence (2) of Ca?" ions are
shown in Figure 6 a, b. Under the conditions of incubation in a medium without glucose and
calcium (1), cells lose K™ and CI" ions and increase the content of Na*, but the influx of Na*
ions is very small (0.4 mM after 3 hours of incubation). Incubation with Ca?* increases the

intracellular Ca?* content due to a sudden increase in calcium permeability ( P_.) caused by a

steep inward gradient. It is believed that the influx of Ca?* occurs through an electrodiffusion
conductive pathway [40, 41]. It is known that an increase in intracellular Ca®" leads to
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activation of Gardos channel (known as KCa3.1 or KCNN4 channels [42]) and outflux of K*
from cells. The calculated flux through the Gardos channel for erythrocytes incubated in the
presence of Ca?* ions is shown in Figure 8 b. The outflux of K* ions occurs in parallel with
the outflux of CI~ and osmotically bound water. The result of these processes is a decrease in
cell volume (Fig. 7 a). However, based on the simulation results, the content of K* ions in
erythrocytes under conditions of Ca?* activation remains higher than when the Gardos
channel is not activated.
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Fig. 6. Changes in the content of Ca?* and CI- (a) and K*, Na* (b) ions in erythrocytes during 3 hours of
incubation in saline solutions in the absence (1) and presence (2) of Ca?* ions.

According to the calculations, the activation of the Gardos channel leads to a decrease in
the membrane potential (Fig. 7 a), which results in an increase in electrodiffusion fluxes into
the cell, especially for Na* ions (Fig. 7 b). A significant part of passive ion fluxes occurs by
the mechanism of electrodiffusion. Under physiological conditions, full experimental
activation of Gardos channels induces a massive outward flux of K* and membrane
hyperpolarization. A shift in the membrane potential creates a driving force for the extrusion
of ions through conductive pathways. In this regard, the cell volume decreases equally during
incubation without and in the presence of Ca?* ions. Cell volume loss upon Gardos channel
activation is largely limited by the rate of CI- efflux after K* efflux [41].

Na*, K*, 2ClI-, K*, Cl-cotransport
Na*, K", 2ClI-cotransporter is a member of the cation-chloride cotransporter (CCC)
superfamily. It moves one Na* ion, one K*, and two CI" ions in one direction across the cell
membrane in an electroneutral fashion. The operation of the transporter does not generate a
current and changes in the transmembrane potential do not affect the flows mediated by the
cotransporter [43]. A cotransporter can work in either direction, moving ions into or out of
cells depending on chemical gradients. When the carrier is in equilibrium, the

fraction: [Nag, - [K,, J-[Cla, I*/[Na; 1 [Ki1-[CI T =1.

If the quotient is >1, activation of the transporter causes ions to enter the cell (positive
flux value), and if it is <1, they leave of cell (negative flux value). The calculated flux through
the Na*, K*, 2CI*-transporter of erythrocytes incubated without Ca?* and in the presence of
Ca?* ions are shown in Figure 8 a. Since the incubation medium did not contain K* ions, the
flux of ions out of the cell takes place under the experimental conditions, which becomes
slower over time. A negative correlation was shown between the maximum speed of
cotransport and the potassium content in the cells, which indicates that the erythrocyte
transporter can work in the efflux mode in vivo [43]. Activation of the Gardos channel by
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Ca?" ions (Fig. 8 b) creates an additional flux of K* from the cell, therefore, under these
conditions, the flux through the Na*, K*, 2CI*-transporter reaches equilibrium faster (Fig. 8 a,
dependence 2).
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Fig. 7. Calculation of changes in volume (V) and membrane potential (E) of erythrocytes (a),
electrodiffusion flux for Na* ions (b) during incubation in the absence (1) and presence (2) of Ca?*
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Fig. 8. The flux through the Na*, K*, 2Cl'-cotransporter (a), electrodiffusion flux for K* ions (b) in
erythrocytes during 3 hours of incubation in saline solutions in the absence (1) and presence (2) of
ions Ca?*. The flow through the Gardos channel (b, dependence 3) is modeled only for erythrocytes
activated by Ca?* ions.

Analysis of erythrocytes acid resistance

Next, we apply the simulation results to the analysis of acid resistance data of
erythrocytes incubated in media of the same composition. The change in the time of the lag
phase of hemolysis and the rate constant of hemolysis are shown in Fig. 9. According to
experimental data, under the conditions of the presence of Ca®" ions in the incubation
medium, the time of the lag phase of hemolysis is reduced, but this reduction is reliably
smaller compared to erythrocytes incubated in a medium without Ca?*.

The entry of H* into the erythrocyte takes place with the participation of the Jacobs-
Stewart cycle. The passage of H™ through the anion exchanger is the limiting stage of
hemolysis. Lysis of erythrocytes in an acidic environment is caused by denaturation and
subsequent aggregation of membrane proteins [33]. As we show, during incubation, the
volume of erythrocytes decreases, and the time of the lag phase is shortened compared to the
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control, since for the same amount of transported H*, their content in dehydrated cells will be
higher. It is known that dehydrated cells have increased fragility and are more prone to
hemolysis [4]. All the listed processes are the cause of both the reduction of the lag phase and
the increase in the rate of hemolysis.
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Fig. 9. Changes in the time of the lag phase of hemolysis (a) and the hemolysis rate constant (b) of
erythrocytes during 3 hours of incubation in saline solutions, in the absence (1) and presence (2) of
Ca?* ions relative to the control level. Indicators in freshly isolated erythrocytes before the start of
incubation were taken as the control level.

In erythrocytes incubated in the presence of Ca?* ions, Ca?*-ATPase is activated,
intracellular pH decreases and Na'/H* exchange is activated. High activity of the Na*/H"
exchanger can remove a certain amount of H* from the cell, which will reduce the efficiency
of hemoglobin denaturation, and subsequently, less reduction of the lag phase is observed
together with a decrease in the hemolysis rate constant.

However, it cannot be ignored that the effects of increasing the content of intracellular
Ca?* are more extensive. Increased intracellular Ca?* activates Ca?*-sensitive proteases, cross-
linking of the cytoskeleton and formation of heme radicals. Therefore, Ca?* homeostasis is an

integrative function, and all processes regulating the content Ca’" and their interactions must
be taken into account when considering the activation of erythrocytes by Ca?* ions.

CONCLUSIONS

The developed model is a tool for the quantitative analysis of the homeostasis of ions
important for the regulation of intracellular pH and erythrocyte volume. The result of
calculations based on the model are the time dependences of fluxes, concentrations of ions
and metabolites, which allow to reproduction of the behavior of the metabolic system after
disturbance in the conditions of the in vitro experiment and to establish the mechanisms of
cell volume recovery.

We demonstrate that cation homeostasis in erythrocytes is primarily sustained by the
active transport of Na* and K" through Na*, K*-ATPase, supplemented by comparatively
lower passive permeability through alternative transport pathways. We show that with the
presence of Ca?* ions in the incubation medium and the activation of potassium release
through Gardos channels, the cell volume is stabilized due to a change in the transmembrane
potential and activation of electrodiffusion ion fluxes. We model the operation of the Na*/H*
exchanger and show its role in the presence of Ca®'-ATPase activation. We show that a
decrease in the acid resistance of erythrocytes during their incubation in a saline solution is
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associated with a decrease in their cell volume and an increase in the acid resistance of
erythrocytes during their incubation in the presence of Ca?" ions is associated with the
activation of the Na*/H* exchanger.
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AxtyaibHicTs. [linTpuMka KIITHHHOTO 00’€My LUITXOM pETYJIIOBaHHS BMICTY BOJHM Ta IOHIB Mae
BUpIIIAIbHE 3HAYCHHS [UIsl BIDKUBAHHS 1 QyHKIIOHAIBHOI MOBHOIIHHOCTI €pUTPOLMTIB JItoANHH. Paszom 3
TUM, KJIITHUHU € HEHMOBIPHO CKJIaJHHUMH CHCTEMaMH 3 YHCJICHHUMHM, YaCTO KOHKYPYIOUHMH pPEakKilisiMu,
IO BiIOYBalOThCS OXHOYACHO. TOMy, IPOTHO3YBaTH 3aralbHy MOBEAIHKY CHCTEMH 200 OTpUMAaTH HOBE
PO3YMIHHS TOTO, SIK B3a€MOIIOTH ITIJKOMIOHEHTH CHCTEMH, JOCTaTHBO CKIAaJHO O€3 3aCTOCYBaHHS
METO/IiB MAaTEMaTHYHOTO MOJETIOBAHHS.

Meta po6orn. CTBOPEHHS MaTeMaTHYHO! METa0OIIYHOI MO/ENI I0HHOTO TOMEOCTa3y €pUTPOLUMUTIB JUIs
MOCTIDKCHHST MEXaHi3MiB cra0imizamii 00’eMy epUTPOIMTIB 1 BHYTPIIHBOKIITHHHOTO pH B
eKCrepuMenTax in vitro.

Marepianu i meroam. MaremaruuHa MoOJieNib CTBOPEHA 3 BHUKOPHCTaHHSM 3arajbHUX MIAXOMAIB 10
MOJICTIFOBaHHs KJIITHHHOTO MeTaboii3My, siki 0a3yloThCs Ha CHCTeMax 3BHYAWHHUX IudepeHIiaIbHuX
PIBHSIHB, L0 OMUCYIOTh META0OJIIUHI peakliiii, MacuBHI i aKTUBHI MOTOKH 10HIB. J{J1s1 po3poOkK Mojeni Ta
PO3paxyHKIB 3a MOJEIUI0 BHUKOPUCTaHO cepemoBuie MmogemoBanus COPASI 4.38. Jlns mepeBipku
MoJieli BUKOPHCTOBYBAJIM 3MiHM BHYTpilIHbOKJIiTHHHOro pH, aktmBHOCTi Na'/K*-AT®asu ta Ca?-
AT®da3u epuTpouunTiB TOHOPA, IHKYOOBAaHHUX Y COJBOBHX PO3UMHAX 3a BIIICYTHOCTI Ta MPHUCYTHOCTI 10HIB
Ca?*,

PesyabraTn. CrBOpeHa KiHETHYHAa MOJENb IOHHOTO TOMEOCTasy EpUTPOLMTIB. 3 BUKOPHCTAHHIM
peaNiCTHIHUX TapaMeTpiB CUCTEMHU PO3paxoBaHi 3MiHHU y Yaci 00’eMy KIIITHHH, KOHIIEHTPAIIiH 1 TOTOKIB
MeTa0oMITIB Ta i0HIB, TPAaHCMEMOpPaHHOTO MOTeHIiany. Pe3ynbTaTH MOJCTIOBaHHS BUKOPUCTAHI IS
aHaJ3y MPUYUH 3MIHEHHS CTIHKOCTI JO KHCIOTHOTO TeMOJIi3y €pUTPOLUTIB 32 YMOB iX iHKyOyBaHHS Y
COJIbOBUX PO3YUHAX PI3HOTO CKIATY.

BucHoBkHn. My moka3zyemMo, 1[0 KaTiOHHUHA TOMEOCTa3 B CPUTPOLHUTAX MIATPUMYETHCS B OCHOBHOMY
aktuBHUM pyxoM Na' i K' uepes Na', K*-ATPa3zy y moeqHaHHi 3 BiJHOCHO HIKYOK MACHBHOIO
IPOHUKHICTIO Y€PE3 iHIII TPAaHCHOPTHI UIAXM. 3a NpucyTHOCTI ioHie Ca?* i akTuBalii BUXOMy Kaliro
yepe3 [apioc-kaHanmu, 00’€éM KIITHH CTaOLTi3yeThCSl 332 PpaxyHOK 3MIiHEHHS TpaHCMeMOpPaHHOTO
MOTEHINAMy 1 akTHBallii enekTpoaudy3iiHUX MOTOKIB i0HIB. [loKa3aHO, IO 3HUKEHHS KHUCJIOTHOT
PE3UCTEHTHOCTI EPUTPOIHTIB MPH iX IHKYOYBaHHI y COTFOBOMY PO3YHHI 3B’S3aHO 31 3MEHIIICHHSIM 00’ €My
KIITHH, a MiJBUIIEHHS KUCIOTHOI PE3UCTEHTHOCT] KIITHH MpM iX iHKyOyBaHHI B IpUCyTHOCTI ioHiB Ca®*
— 3 akTuBauiero Na'/H -o0MmiHHuKa.

KJIFOYOBI CJIOBA: wmartemartiyHe MeTa0oOJiuHE MOJCIIOBAHHS; TPAHCIOPT 10HIB; OCMOTHYHI MPOLIECH;
€JIEKTPOXiMiuHUI MeMOpaHHMH MOTEHIia; NPOHUKHICTh i0HiB; Na*/K*-ATPase; Ca**-ATPase; kanbMoayliH; 60K
cmyru 3 (AE1); lNapnoc-kananu.
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Background: The magnetic stereotaxic system is a new type of neurosurgical intervention that is in the
experimental stage. This method allows the implant to be controlled non-contact by an external magnetic
field, allowing it to move along an arbitrary trajectory to a lesion located in a deep structure of the brain
tissue to deliver hyperthermia to the lesion site or deliver medication through a catheter. In previous
studies, we have found that it is completely feasible for the implant to move along the arc trajectory, so
we need to determine the relationship between the movement speed of the large permanent magnet that
constitutes the external magnetic field and the implant movement trajectory, so as to control the implant
movement more precisely.

Obijectives: Investigate the effect of the speed of motion of large permanent magnets, which constitute
the external magnetic field, on the trajectory of implants (small permanent magnets).

Materials and Methods: Firstly, three sets of computer simulation experiments were conducted, each
group of experiments only changed the operating speed of large permanent magnets, and the changes in
the trajectories of small and medium-sized permanent magnets in the three sets of experiments were
observed and compared. After that practical experiments are carried out to validate the results of the
computer simulation experiments by means of the slide rail system controlled by an Arduino
microcontroller.

Results: The relationship between the moving speed of the large permanent magnet and the trajectory of
the small permanent magnet was determined by simulation experiments, and the changes in the strength
of the surrounding magnetic field during the movement of the implant were calculated. Afterwards, it was
verified by practical experiments. The faster the large permanent magnet moves, the shorter the distance
that the small permanent magnet moves along the linear trajectory, and the longer the distance that moves
along the arc trajectory; The slower the large permanent magnet moves, the longer the small permanent
magnet travels along a straight trajectory and the shorter the distance it travels along an arc trajectory.
Conclusions: In this research, we have determined the relationship between the running speed of the
large permanent magnet that constitutes the external magnetic field and the implant's moving trajectory
by combining computer simulation experiments with practical experiments, i.e., the faster the large
permanent magnet moves, the shorter the implant's moving distance is along a straight line trajectory, and
the longer the moving distance is along a curved line trajectory. This means that we can control the
distance and steering angle of the implant more accurately, which makes the study of the magnetic
stereotaxic system further, and lays a theoretical foundation and provides a large amount of experimental
data for the implant to be able to reach the diseased site located in the deep structure of the brain tissue
along complex pathways in neurosurgical interventions with the participation of the magnetic stereotaxic
system.
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Magnetic stereotaxic system [1-3] is a new experimental high-precision neurosurgical
method. In traditional high-precision neurosurgery, stereotaxic devices [4-6] are often used to
guide directly surgical intervention by mechanically controlled surgical instruments.
However, due to the fact that mechanically controlled surgical instruments can only move
along a straight trajectory, the surgical access is limited, which is more harmful to the
surrounding tissues on the movement path of the surgical instruments, and it is difficult to
reach the deep structure of the brain tissue. As a result, it is difficult to effectively treat
brainstem tumors and many extrapyramidal nervous system disorders.

In contrast to traditional surgical methods, the magnetic stereotaxis system consists of a
computer-controlled, variable external magnetic field and an implant connected by a catheter.
The idea of this method is to first probe the catheter-connected micro-magnetic implant into
the brain tissue, and then control the external magnetic field changes through the computer,
and guide the implant to move to the lesion located in the deep structure of the brain tissue
along the pre-calculated trajectory, so as to provide hyperthermia to the lesion site or deliver
drugs through the catheter.

The advantage of this method is that the patient's brain tissue can be scanned by CT and
MRI to build an accurate model [7, 8], non-contact control allows the implant to reach almost
any position in the brain along any trajectory, less harmful to the surrounding tissues on the
path. Therefore, the magnetic stereotaxic system is one of the most promising methods for
neurosurgical intervention of brain tissue under current conditions, and at the same time one
of the least invasive.

The purpose of this research was to investigate the effect of the speed of motion of large
permanent magnets, which constitute the external magnetic field, on the trajectory of implants
(small permanent magnets) in the magnetic stereotaxic system. In order to achieve this, we
designed a new experimental protocol [9, 10].

MATERIAL AND METHODS

Experimental design: Use two cylindrical large permanent magnets [11-13] to form an
external magnetic field, small permanent magnets as implants, and at the same time construct
a cylindrical shape with a diameter of 0.1 [m] as a boundary, according to the previous
experimental results, the first large permanent magnet is located on the boundary side, the
second large permanent magnet is located on the adjacent other side, when the first large
permanent magnet runs 0.05 [m], the second large permanent magnet is started, and the two
large permanent magnets have the same speed. We set three different sets of large permanent
magnet moving speeds, compare the moving distance and angle of small permanent magnets
at three speeds, and draw conclusions.

First of all, we carried out computer simulation experiments in COMSOL 6.0 software
[14, 15].

Computer simulation experiments

Experimental Objective: To explore the influence of the running speed of large
permanent magnets on the motion trajectory of small permanent magnets.

Experimental design: Establish a three-dimensional spatial coordinate system, set small
permanent magnets in the center position, set boundary conditions, and set large permanent
magnets on the +X and +Y axes respectively. Three sets of experiments were carried out,
each of which only changed the running speed of large permanent magnets, and the changes
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of the movement trajectories of small and medium-sized permanent magnets in the three
groups of experiments were observed and compared.

Parameter settings:

Large permanent magnet radius: R_ion = 50 [mm] = 0.05 [m];

Large permanent magnet height: H_ion =10 [mm] = 0.01 [m];

Small permanent magnet radius: r_NFB =0.5 [mm] = 0.0005 [m];

Small permanent magnet height: h_NFB =2 [mm] = 0.002 [m];

The distance that a small permanent magnet travels along a straight trajectory: O[m]<<ds
<0.1 [m].

The angle between the small permanent magnet and the +X axis after moving along the
arc trajectory: 0°<n<90°.

Distance from a large permanent magnet on the +X-axis to the center of three-
dimensional space: 0.11 [m]<<dis_ion<< 0.41 [m], That is, the range of movement of large
permanent magnets in the X-axis is 0.11-0.41 [m];

Distance from a large permanent magnet on the +Y-axis to the center of three-
dimensional space: 0.11 [m]<<dis_ion1<<0.41 [m], that is, the range of movement of large
permanent magnets in the Y-axis is 0.11-0.41 [m];

Diameter of cylindrical container: d_con =200 [mm] = 0.2 [m];

Cylindrical container height: h_con =500 [mm] = 0.5 [m];

Before the simulation experiment, we actually measured the existing rail system and used
the code “delayMicroseconds” to control the speed of the slide rail, and the results were as
follows:

Slide rail system running distance: S = 0.3 [m];

DelayMicroseconds (1200), the running time of the slide rail is 57.3 [s], and the speed of
the slide rail is 0.0052 [m/s];

DelayMicroseconds (800), the running time of the slide rail is 38.16 [s], and the speed of
the slide rail is 0.0079 [m/s];

DelayMicroseconds (400), the running time of the slide rail is 18.7 [s], and the speed of
the slide rail is 0.016 [m/s];

Simulation experiment material property settings:

Conductivity o = 1/1.4 [S/m];

Relative permittivity & = 1 [1];

Recovery permeability p. = 1.02;

Residual flux density norm B_ = 1.3 [T];

The above parameters can be changed according to the actual material data. Based on the
above parameters, the geometry is established in COMSOL, as shown in Fig. 1.

In this simulation experiment, we choose a permanent magnet as the external magnetic
field, so we need to select “mfnc” (magnetic field, no current) in the software, and select the
magnetization model — residual flux density in constitutive relations B-H, and the required
equation is as follows:

B = poltrecH + By (1)
e
Br - ”Br” m (2)

Where H is the magnetic field strength, B is the magnetic flux density, p, is the vacuum

B.|[ is residual flux

permeability, p_. is recoil permeability, B, is residual flux density, |

density norm, e is residual flux direction.
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Fig 1. Geometric models based on parameters in COMSOL software.

The first set of experiments

We set up large permanent magnets to move at a slower speed, i.e. 0.0052 [m/s], after
the first large permanent magnet moves 0.05 [m], the second large permanent magnet
begins to approach the center position, when the first large permanent magnet is 0.18 [m]
from the center position, its magnetic field touches the small permanent magnet, the small
permanent magnet is affected by its magnetic field, and begins to move to the first large
permanent magnet along a straight trajectory, until the first large permanent magnet reaches
the maximum moving distance, that is, dis_ion = 0.11 [m], and then the first large
permanent magnet begins to gradually move away from the center position, The second
large permanent magnet is still approaching the center, which is dis_ion<dis_ionl in the
process, as shown in Fig. 2. The coloured bands on the right indicate the strength of the
magnetic field in [T] represented by the different coloured areas in the picture.

a114[T]

large permanent
10°

107

R=0.1[m] R|

1072
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y

L.,

Fig 2. The small permanent magnet begins to move along a straight trajectory towards the first large permanent
magnet. The boundary radius is R. The maximum radius of motion of a small permanent magnet is R.
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When the first large permanent magnet gradually moves away from the center position,
0.13 [m] from the center position, and the second large permanent magnet gradually
approaches the center position, 0.14 [m] from the center position, that is, dis_ion = 0.13 [m],
dis_ion = =0.14 [m], at this time the small permanent magnet stops moving, 0.09 [m] from the
center position, that is, the small permanent magnet moves 0.09 [m] along a straight trajectory,
that is, ds = 0.09 [m], as shown in Fig. 3, a.

After that, the first large permanent magnet continues away from the center position, the
second large permanent magnet is close to the center position until it is 0.11 [m] from the
center position, that is, dis_ionl = 0.11 [m], and the second large permanent magnet begins to
gradually move away from the center position. In the process, dis_ion>dis_ionl, the small
permanent magnet begins to move along an arc trajectory towards the second large permanent
magnet. When the second large permanent magnet moves 0.2 [m] from the center position,
and the first large permanent magnet moves 0.25 [m] from the center position, the small
permanent magnet is free from the influence of the external magnetic field and stops moving,
at this time the angle between the small permanent magnet and the +X axis is n=30°, that is,

the small permanent magnet moves 1/12 of a circle along the arc trajectory, as shown in
Fig. 3, b.

The second set of experiments

We set large permanent magnets to run at moderate speeds, i.e. 0.0079[m/s], other
conditions remain unchanged. When dis_ion<dis_ionl, the small permanent magnet moves
along a straight trajectory towards the first large permanent magnet. When dis_ion = 0.13
[m], dis_ionl = 0.14 [m], we can clearly see that the small permanent magnet has not
reached the position of the previous set of experiments, and the small permanent magnet is
ds = 0.0675 [m] from the center, as shown in Fig. 3, c.

After that, the first large permanent magnet continues away from the center, the second
large permanent magnet first approaches and then moves away from the center, and at this
stage, the dis_ion>dis_ionl, small permanent magnet begins to move along an arc trajectory
towards the second large permanent magnet. When dis_ionl = 0.2 [m], dis_ion = 0.25 [m],
the small permanent magnet breaks away from its magnetic field and stops moving. At this
time, we can clearly observe that the angle between the small permanent magnet and the +X
axis exceeds the data of the previous set of experiments, and the angle between the small

permanent magnet and the +X axis is n=45°, that is, the small permanent magnet moves 1/8
of a circle along the arc trajectory, as shown in Fig. 3, d.

The third set of experiments

We set large permanent magnets to run at a relatively fast speed, i.e. 0.016 [m/s], other
conditions remain unchanged. When dis_ion<dis_ionl, the small permanent magnet moves
along a straight trajectory towards the first large permanent magnet. When dis_ion=0.13[m],
dis_ionl = 0.14 [m], we can clearly see that the small permanent magnet has not reached the
position of the previous two set of experiments, and the small permanent magnet is ds =
=0.045 [m] from the center, as shown in Fig. 3, e.

After that, the first large permanent magnet continues to move away from the center, the
second large permanent magnet first approaches and then moves away from the center, and at
this stage, the small permanent magnet dis_ion>dis_ionl begins to move along an arc
trajectory towards the second large permanent magnet. When dis_ion = 0.25 [m], dis_ionl =
0.2 [m], the small permanent magnet breaks away from its magnetic field and stops moving.
At this point, we can clearly see that the angle of movement of the small permanent magnet
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along the arc trajectory exceeds the angle of the previous two sets of experiments, and the
angle between the small permanent magnet and the +X axis is n = 60°, that is, the small

permanent magnet moves 1/6 of a circle along the arc trajectory, as shown in Fig. 3, f.
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Large 1.14[T1 Laris 123(1]
N = +_ permanent 10°
magnet
N {1
|
Small 107*
permanent
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magnet

Fig 3. a, b are the first set of simulation experiments; c, d are the second set of simulation experiments; e, f are
the third set of simulation experiments. The boundary radius is R. The maximum radius of motion of a small

permanent magnet is R. Fig 3, a. dis_ion = 0.13 [m], dis_ion1 = 0.14 [m], the small permanent magnet stopped
moving, and ds = 0.09 [m]. Fig 3, b. dis_ion = 0.25 [m], dis_ionl = 0.2 [m], the small permanent magnet stops
moving, and the angle to the +X axis is n = 30°. Fig 3, c. dis_ion = 0.13 [m], dis_ionl = 0.14 [m], the small
permanent magnet stopped moving, and ds = 0.0675 [m]. Fig 3, d. When the movement stops, the angle between
the small permanent magnet and the +X axis is n = 45°. Fig 3, e. dis_ion = 0.13 [m], dis_ionl = 0.14 [m], the
small permanent magnet stopped moving, and ds = 0.045 [m]. Fig 3, f. dis_ion = 0.25 [m], dis_ion1 = 0.20 [m],
n = 60°, the small permanent magnet stops moving.
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In order to see the results of the computer simulation experiments more intuitively, we
made tables of the moving speed of the large permanent magnet, the distance moved by the
small permanent magnet along the straight line trajectory, and the angle between the final
resting position of the small permanent magnet and the +X axis according to the above
experimental data as shown in the table below.

Table 1. Effect of large permanent magnet movement speed on small permanent magnet movement trajectory.

V [m/s] Ds [m] N [°]
0.0052 0.09 30
0.0079 0.0675 45
0.016 0.045 60

Where V is the operating speed of the large permanent magnet; ds is the distance moved
by the small permanent magnet along the straight line trajectory; n is the angle between the
location of the small permanent magnet after moving along the arc trajectory and the +X axis.

Practical experiments

Experimental Objective: The results of computer simulation experiments were verified
to determine the influence of the movement speed of large permanent magnets on the
movement trajectory of small permanent magnets.

Experimental design: The working environment of the implant is simulated by a slightly
solidified jelly-like gelatin solution, and a small permanent magnet connected by a catheter is
placed in the center of the container containing the gelatin solution, and the external magnetic
field consists of two slide rail systems equipped with large permanent magnets, which are
controlled by the Arduino UNO [16, 17]. Three sets of experiments were carried out, and the
slide rail system was based on 0.0052 [m/s], 0.0079 [m/s], 0.016 [m/s] three speed
movements, observe the running trajectories of small permanent magnets in each group of
experiments and compare them.

Equipment and materials required for the experiment: Two Arduino UNO
microcontrollers, two large permanent magnets, one small permanent magnet, 5% gelatin
solution, two sets of ball screw slides with 57 X 56 stepper motors, stepper motor controller,
external power supply, cylindrical container with a diameter of 0.2 [m], conduit, several wires.

Experimental equipment assembly: The ball screw slide rail equipped with a large
permanent magnet is controlled by the Arduino controller, and the slide rail system is driven
by a 57 X56 stepper motor with a running distance of 0.3[m]. The stepper motor has four
wires that connect it to the four interfaces of the stepper motor controller: The red wire is
connected to A+; Green wire is connected to A-; Yellow wire connected to B+; Blue wire
connection to B-. Then connect the stepper motor controller with the Arduino controller:
Connect PUL-, DIR-, EN- together, and connect to the Arduino’s GND, PUL+ is connected to
the 9-pin of the Arduino and controls stepper motor operation, DIR+ is connected to the
Arduino's 8-pin and controls the stepper motor's direction of rotation, EN+ is connected to the
Arduino’'s GND or can also be left unconnected. Then connect the V+ of the external power
supply to the VV+ of the stepper motor controller, connect the V- of the external power supply
to the GND of the stepper motor controller, and finally connect the computer and the arduino
controller through the data line, so that a set of slide rail system is completed. The two sets of
assembled slide rail systems were placed on the adjacent sides of the container, the configured
5% gelatin solution was poured into the container, and it stood for two hours, and after the
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gelatin solution in the container was jelly-like, the small permanent magnet was connected to
the catheter and placed in the center of the container, at this point, the experimental equipment
is assembled. The practical experimental equipment is shown in Fig. 4.

Fig 4. Slide rail system controlled by an Arduino controller.

The first set of experiments

First we set the slide rail system to run at a slower speed, that is, the large permanent
magnet runs at a 0.0052 [m/s] movement. Start the first slide rail system after the power is
applied, and start the second slide rail system after it runs 0.05 [m]. When the distance from
the first large permanent magnet to the container boundary is less than the distance from the
second large permanent magnet to the container boundary, that is, dis_ion<dis_ion1, as shown
in Fig. 5, a, we can clearly see that the small permanent magnet has moved a long distance
along a straight trajectory and is very close to the container boundary.

After that, the first large permanent magnet continues to move away, and the second large
permanent magnet first approaches and then moves away, that is, dis_ion>dis_ion1, the small
permanent magnet moves along the arc trajectory towards the second large permanent magnet.
When they were far enough away, the small permanent magnets stopped moving, and we
could clearly see that the small permanent magnets had only moved a short distance along the
arc trajectory, as shown in Fig. 5, b.

The second set of experiments

We set the slide rail system to run at a moderate speed with a movement speed of 0.0079
[m/s]. After the first large permanent magnet runs 0.05 [m], the second large permanent
magnet begins to move. In the dis_ion<dis_ionl phase, it is clear that the small permanent
magnets move along a straight trajectory, but the distance is less than the distance that the
small permanent magnets moved along the straight trajectory in the first set of experiments.
As shown in Fig. 5, c.

After that, in the dis_ion>dis_ionl phase, the small permanent magnet begins to move
along an arc trajectory towards the second large permanent magnet. When they were far
enough away from the small permanent magnets to stop moving, we were able to observe that
the small permanent magnets moved a distance along the arc trajectory, significantly more
than the distance the small permanent magnets in the first set of experiments moved along the
arc trajectory. As shown in Fig. 5, d.
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Fig 5. a, b are the first set of experiments; c,d are the second set of experiments; e, f are the third set of
experiments.

Fig a. When the slide system runs at a slower speed, small permanent magnets move along a straight trajectory
and approach the container boundary.

Fig b. At dis_ion>dis_ion1, small permanent magnets can only move a short distance along an arc trajectory.

Fig ¢. When the slide rail system moves at moderate speeds, the small permanent magnets move less distance
along a straight trajectory than the results of the first set of experiments.

Fig d. The small permanent magnet moved some distance along the arc trajectory.

Fig e. Small permanent magnets move shorter distances in a straight line than in the first two sets of
experiments.

Fig f. The small permanent magnet traveled a long distance along the arc trajectory.
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The third set of experiments

We set the slide rail system to run at a faster speed, i.e. move at a speed of 0.016 [m/s].
During the dis_ion<dis_ionl phase, as shown in Fig. 5, e we were able to see the small
permanent magnets moving along a straight trajectory, but the distance traveled was the
shortest of the three sets of experiments.

After that, in the dis_ion>dis_ionl phase, the small permanent magnet begins to move
along the arc trajectory towards the second large permanent magnet. When they moved far
enough from the small permanent magnets to stop moving, we could clearly see that the small
permanent magnets moved significantly farther along the arc trajectory than the previous two
sets of experiments. As shown in Fig. 5, f.

In addition, it should be noted that because the gelatin solution will gradually solidify
with time, and the change of external temperature will also have a certain impact on the
gelatin solution, which leads to certain errors between the results of the actual experiment and
the results of the computer simulation experiment, so it is necessary to try to ensure that the
three sets of experiments are completed within a certain time.

RESULTS AND DISCUSSION
Simulation experiment conclusion

Through computer simulation experiments we found:

1. When large permanent magnets move slowly, i.e. 0.0052 [m/s], in the
dis_ion<dis_ionl stage, the small permanent magnet traveled the longest distance along the
linear trajectory, ds= = 0.09 [m]. In the dis_ion>dis_ionl stage, the angle between the small
permanent magnet and the +X axis is the smallest after moving along the arc trajectory, n =
30°.

2. When large permanent magnet moves at a moderate speed, i.e. 0.0079 [m/s], in the
dis_ion<dis_ion1 stage, the small permanent magnet moved along a straight trajectory in the
middle position of the three sets of experiments, ds = 0.0675 [m]. In the dis_ion>dis_ionl
stage, the angle between the small permanent magnet and the +X axis after moving along the
arc trajectory is also in the middle position of the three sets of experiments, n = 45°.

3. When large permanent magnets move at a relatively fast speed, i.e. 0.016 [m/s], in the
dis_ion<dis_ionl stage, the small permanent magnet travels the shortest distance along the
linear trajectory, ds = 0.045 [m]. In the dis_ion>dis_ion1 stage, the angle between the small
permanent magnet and the +X axis after moving along the arc trajectory is the largest, n = 60°.

Practical experimental conclusions

The results of this practical experiment show that the results of computer simulation
experiments are real and reliable. By comparing the three sets of actual experiments, we
found that:

1. The slide rail system starts with 0.0052 [m/s] speed operation, in the dis_ion<dis_ionl
stage, small permanent magnets move along a straight trajectory, and their travel distance is
the longest in the three sets of experiments; In the dis_ion>dis_ionl stage, the small
permanent magnet moves along the arc trajectory, and the angle between the position of the
small permanent magnet and the linear trajectory is the smallest in the three sets of
experiments, that is, the distance of the small permanent magnet moving along the arc
trajectory is the shortest.

2. The slide rail system starts with 0.0079 [m/s] speed operation, in the dis_ion<dis_ionl
phase, small permanent magnets move along a straight trajectory, and their moving distance is
in the middle position in the three sets of experiments; In the dis_ion>dis_ionl stage, the
small permanent magnet moves along the arc trajectory, and the angle between the position of
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the small permanent magnet and the linear trajectory is also in the middle position in the three
sets of experiments, that is, the distance of the small permanent magnet moving along the arc
trajectory is in the middle position of the three sets of experimental results.

3. The slide rail system starts with 0.016 [m/s] speed operation, in the dis_ion<dis_ionl
stage, small permanent magnets move along a straight trajectory, and their travel distance is
the shortest of the three sets of experiments; In the dis_ion>dis_ionl stage, the small
permanent magnet moved along the arc trajectory, and the angle between the position of the
small permanent magnet and the linear trajectory was the largest in the three sets of
experiments, that is, the distance traveled by the small permanent magnet along the arc
trajectory was the longest in the three sets of experimental results.

Through computer simulation experiments and practical experiments, we get the
following conclusions: the faster the moving speed of the large permanent magnet that
constitutes the external magnetic field in the magnetic stereotaxic system, the shorter the
distance that the small permanent magnet as an implant moves along the straight line
trajectory, and the longer the distance that it moves along the arc trajectory; the slower the
moving speed of the large permanent magnet, the longer the distance that the small permanent
magnet moves along the straight line trajectory, and the shorter the distance that it moves
along the arc trajectory.

CONCLUSION

In this research, we have determined the relationship between the running speed of the
large permanent magnet that constitutes the external magnetic field and the implant's moving
trajectory by combining computer simulation experiments with practical experiments, i.e., the
faster the large permanent magnet moves, the shorter the implant's moving distance is along a
straight line trajectory, and the longer the moving distance is along a curved line trajectory.
This means that we can control the distance and steering angle of the implant more accurately,
which makes the study of the magnetic stereotaxic system further, and lays a theoretical
foundation and provides a large amount of experimental data for the implant to be able to
reach the diseased site located in the deep structure of the brain tissue along complex
pathways in neurosurgical interventions with the participation of the magnetic stereotaxic
system.
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BU3HAYUTH 3B'SI30K MDK IIBUAKICTIO PYXY BEIHMKOIO IMOCTIfHOTO MarHiTy, II0 CTaHOBHUTbH 30BHIIIHE
MarHiTHe MoJje, 1 TPAEKTOPI€I0 PyXy IMILIAHTATY, 00 OUTBII TOYHO KEPYBATH PyXOM IMIUIAHTATY.

MeTa — OCHIIUTH BIUIMB IIBUJIKOCTI PYXY BEJIMKHX IOCTIHHMX MarHiTiB, IO CKJIaJalOTh 30BHIIIHE
MarHiTHe IoJje, Ha TPAEKTOPII0 PyXy IMIIAHTATIB (MAJIUX IMOCTIHHUX MarHiTiB).

Martepianu i meToau. CriouaTKy OyIio MPOBEACHO TPH cepii KOMITIOTEPHUX IMITAIHHUX €KCIICPUMEHTIB,
B KOXHIH TPpyHi eKCIIEPUMEHTIB 3MiHIOBaJIacsA TUIBKU MIBHIKICTH POOOTH BEIMKUX ITOCTIHHIX MArHITIB, a
TAKOXX CIIOCTEpIraiics i MOPIBHIOBATHCA 3MIHH TPAEKTOPIH MaluX i CepeqHiX MOCTIHHMX MAarHiTiB B
TPHOX cepisix excrepuMeHTiB. Ilicia mporo Oynm mpoBeneHi MPaKTHYHI €KCHEPUMEHTH U TEepPeBipKH
pe3ysIbTaTiB KOMI'FOTEPHOTO MOJICIIIOBAHHS E€KCIIEPUMEHTIB 32 JIOTIOMOTOI0 PEHKOBOi CHCTEMH, KEPOBAHOL
MiKpoKoHTpoJepoM Arduino.

PesynbTraTH. 3a J0NMOMOrOMH IMITAIIfHMX CKCICPUMEHTIB BH3HAYCHO 3B'I30K MIXK IIBUAKICTIO
HepeMillleHHs BEIUKOT0 OCTIHHOTO MarHiTy Ta TPAa€KTOPI€I0 PyXy Majloro MOCTIHHOTO MarHiTy, a Takox
PO3paxoBaHO 3MiHU HANpPYXEHOCTI HABKOJIMIIIHBOI'O MArHITHOTO IOJISI IiA 4ac pyxy imrutantary. [licms
pOro e Oyjo mepeBipeHO NPaKTUYHUMH EKCIIEpUMEHTaMu. UuM MIBUAILIE PYXa€ThCs BEIUKUH
MOCTIMHHMI MarHiT, THM MEHIIY BiICTAHb MaJMi MOCTIHHMIA MarHiT MPOXOJUTh O JiHIHHIA TpaekTopii, a
OiMBIIYy — IO AYTOBIii; YUM TOBUIBHIIIE PYXAa€ThCS BEMUKUN MOCTIHHWN MarHitT, TUM OLIBITY BiJCTaHB
MaJU# MMOCTIHHUI MarHiT IPOXOIUTH MO TPsMI TPAeKTOpii, a MEHIITy — IO AYTOBIi TPAEKTOPIi.
BucHOBKH. Y 1bOMY AOCTI/UKEHHI MU BU3HAYMIM B3a€MO3B'I30K MK IIBUAKICTIO PyXY BEJIHKOTO
MOCTITHOTO MAarHiTy, IO CTaHOBHUTH 3OBHIIIHE MAarHITHE MOJE, 1 TPAEKTOPIEI0 pPyXy IMIDIAHTATY,
MOETHABIIM KOMITIOTEpHI CHMYJIALINHI €KCHEPHUMEHTH 3 NPAKTUYHMMHU EKCIIEPUMEHTaMH, TOOTO YHM
MIBUALIEC PYXAETHCS BETUKHH MOCTIMHUI MarHiT, THM KOPOTIIA BifICTaHb NEPEMINICHHS IMIUIAHTATy IO
IpsMii TpaekTopii, i TUM JOBIIA BiJICTaHb MEPEMIILIEHHS 110 KPUBOJiHINHHINA TpaekTopii. Lle o3Havae, 110
MH MOYKEMO OLJIbIII TOUHO KOHTPOJIIOBATH BiJICTaHb 1 KYT MOBOPOTY IMILUIAHTATY, LIO CIPUSE MOJAIbLIIOMY
BUBUCHHS MAarHITHOi CTEPEOTAKCUYHOI CHCTEMH, a TaKOX 3aK/IaJae TEeOpeTUUHHH (yHAaMeHT i
3a0e3Meuye BeJUKY KiIbKICTh CKCIIEPUMEHTAIBHHUX JaHUX IS TOTO, 100 iIMILIAHTAT MIT TOCATTH XBOPOT
JUISTHKHM, PpO3TAllOBaHOi B TINIMOOKIM CTPYKTYypl TKaHMHM MO3KY 10 CKJIaJHHX NUIXax IpH
HEeWpOXipypriYHUX BTPYYaHHSIX 32 y4acTIO MAarHiTHOI CTEPEOTAKCHYHOT CUCTEMH.

KJIFOUYOBI CJIOBA: 3510poB's TIoAWHK; MardiTHe moJje; nporpamue 3abesneuenns COMSOL; mocriiiHi MarHiT;
cunoBuit aHaii3; Arduino; MiKpOKOHTpPOJIEPH.
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Axryaabhicts. Kowmm'torepHa Ttomorpadis (KT) Bu3Hana ogHMM i3 HaWNOTYXKHIIIMX METOJIB
JIIAaTHOCTUKU Ta KOHTPOJIIO HaJ MPOIECOM JIIKYBaHHS IMHPOKOTO PsAy 3axXBOpiOBaHb. BoHa 3a0e3smeuye
MOXIIMBICT OTPHMATH JeTajbHy iH(QOpMalil0 NpO BHYTPIIIHIO CTPYKTypy OpraHiB Ta KicTok. [lpu
[bOMY, HE AMBJISYKCH Ha YCIiX B 32aCTOCYBaHHI KOMIT'IOTEpHOT ToMOrpadii y Takux cdepax IoCiipPKeHHs
SK TPUBUMIpHA pEHTI¢HIBCbKa Mamorpadis abo peHTreHorpadist JereHb, He BIAETHCA JOCITTH TaKOTO
MOIMIMPEHHS K, HANPUKIA[, Y BUMAAKY BUKOPUCTAHHS MarHiTHO-PE30HAHCHOT TOMOTpadii, HaBITh MONPH
Oimpmry Tounicts KT. Lle moB’s3aHo, B mepmry depry, 3 OOMEKEHHSAMH, 3 TOYKH 30py Oesrneku, Ha
JOITyCTUMY KITBKICTBH JOCIHIIKEHb Yepe3 IIKi[UIMBICTh PEHTTCHIBCHKOTO ONPOMIHEHHS U TaIi€HTA.
OpHi€l0 3 TOJXOBHUX Hpo0ieM, sKi AOCI CTOATH Mepel, TOCTiHUKAMH, € HEOOXITHICTh 3MEHIICHHS 4acy
MOBHOTO JOCII/DKEHHS Ta 3MEHIIEHHS pa/liallifHOro HaBaHTAXXCHHS Ha marienTa. [logonanus nux 3amad
Mae BHUpilIabHE 3HAYCHHS JUIS MiABMIIEHHS 3arajbHOi e(EeKTHBHOCTI MEJAMYHUX IMOCIYT, ONTHUMIi3alii
IUIAHIB JIIKyBaHHS Ta, 3PEIITOI0, IOKPAIEHHS PE3yNbTaTiB JIKYBaHHsS mNalieHTiB. Takum 4YHHOM,
BUPIIIEHHS [IUX MMPO0JIeM 32 JONOMOTOI0 IHHOBAI[IHHUX aJTOPUTMIB 1 METO/IiB KOMIT FOTEPHOI ToMOTrpadii
Ma€ 3HAYHI MEPCIECKTURH IS PEBOJIIOLIT B MEAMYHIN JIarHOCTHII Ta 3a0€3MEUYCHHS IOCTIHOTO MPOorpecy
Cy4acHOi OXOPOHHU 37I0POB .

Mera po6oT. MeTor aaH0i poOOTH cTaja Po3po0Ka aIrOPUTMy TPUBUMIPHOT PEKOHCTPYKIIIT, SIKUH HE
3aJIe)KUTH Bil KOHYCHOCTI ITyYKa BUIPOMIHIOBAHHS, a TOMY JI03BOJISIE IPOBOJANUTH TOYHY PEKOHCTPYKIIIO
BCHOTO 00°€KTa, 32 €MHE 00EPTaHHS KepeJia BUIIPOMIHIOBaHHS HABKOJIO 00 €KTa JIOCITIPKEHHS.
Marepiann i meroam. Y poOOTi BHUKOPHCTOBYIOThCS METOAW IHTETPAIbHHUX II€PETBOPEHb Ta
KOMIT FOTEpHE MOJICIIOBAHHS JUISl PO3B’sS3aHHS OOEpPHEHMX 3a/ad, II0 BUHUKAIOTH y KOMII IOTEpHIN
Tomorpadii.

PesyabraTu. OTprMano aHaniTH4HY GOpMYIy 00CpHEHHS IJIsl TPUBUMIPHOT KOMIT toTepHOT ToMorpadii 3
JHIHHOIO TEOMETPIEI0 CKAaHYBAaHHS 3 CETMEHTAIlIE0, TAaKOX OYJIO NEPEeBIPEHO MOXKJIMBICTh NPAKTUYHOTO
3aCTOCYBaHHSI PO3POOJICHOTO aJIrOpuTMY Ta PO3POOJEHO METOAWKY NOCIHIIKEHHS 3 BUKOPHUCTAHHSIM
JHIHHOTO PyXy KOHYCHOI'O BHIIPOMIHIOBaua Ta JETEKTOPIB.
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KJIOYOBI CJIOBA: xomm’totepHa ToMorpadis; KOHYCHHH INpoMiHb; ainroput™m @enbaxamma;
TPUBUMIpPHA PEKOHCTPYKIisl; MEINYHA JA1arHOCTHKA.

OcnoBu koM totepHoi ToMorpadii (KT) Oynu 3aknaneni B mioHepchKiii podoti Pagona
[1], B skiii Oys10 3aIIPONIOHOBAHO PO3B’SI3aHHS 3a/1adi PO BiAHOBICHHS (YHKIIH B IUIOIIKHI 3
Habopy npoekuinHux nanux. Lleit MmeTon 103BoJIs€ BiIHOBIIIOBATH ABOBUMIpHY (DYHKIIIO 32 ii
MPOCKIIHHUMH JTaHUMH ¥ HAJICKUTh 10 aHATITHYHHMX ITIJIXOJIB, sIKI B CBOI YEpry MOKHA
MOJITUTH Ha TOYHI Ta HaOmmkeHi. JIo TOYHUX METOIIB [2—6] BIAHOCATHCS TakKi, IO MAalOTh
MOBHY I€OMETPi0 CKaHyBaHHS 00’€kTa, TOOTO TakKi, IO 3aJ0BOJBHSAIOTH YMOBI, IO KOXKHA 3
IUIOIIMH, SIKA TIEPETUHAE 00’ €KT, Ma€ CHiBIAJATH 3 KPUBOK PyXy KOHYCa BUIIPOMIHIOBAHHS
[3, 11].

[loBHa reomMeTpis CKaHyBaHHS Ma€ OCHOBHY II€peBary B TOMY, 1[0 BOHA JI03BOJISE
oTpuMaTH iHGOpMaIlito MPo 00'€KT 3 PI3HUX KYTIB 1 mepcrekTuB. Lle mpu3BoaAUTh 0 SIKICHOT 1
TOYHOT PEKOHCTPYKIIii 00'€KTa Ta ToTIOMarae Bi3yalizyBaTH HOTO CTPYKTYpY.

Opnak TOBHAa TEOMETpis CKaHyBaHHS MoOXKe OyTW OuIbIl BUMOIJIMBOIO IO
00YMCITIOBAIEHUX PECYPCIB 1 Yacy, OCKUIBKM BUMarae 300py OUIBIIOI KITBKOCTI JaHUX Ta
00poOKHM X NJIs1 OTpUMaHHS peKOHCTPYKIii. KpiMm Toro, BoHa mMoxe OyTH CKIAIHIMIOW IS
peaiizanii Ta BAKOPHCTaHHS MOPIBHSIHO 3 OOMEKECHHUMHU T€OMETPUIHUMHU KOHITryparismu. Y
IPAaKTUYHUX 3aCTOCYBAHHSAX BUOIp MK IOBHOI I'€OMETPIEI0 CKAaHYBAHHS Ta OOMEXKEHOIO
TEOMETPIEI0 3AJICKHUTh BiJl KOHKPETHHMX BHUMOI Ta OOMEXKEHb CHCTEMH, BKIIIOYAIOUU
00YMCITIOBANIbHI PEeCypCH, MIBUIKICTh CKaHYBaHHS Ta MOTPIOHY AKICTh peKOHCTPYKIii. OTxe,
TOYHI METOJIMKH MAIOTh TOM HEJOMIK, 10 iIXHE MPAKTUYHE 3aCTOCYBAHHS BUSBISETHCS CHIIBHO
0oOMEXeHEe TeXHOJIOTITYHMMHU TPYJHOLIAMU Ta BUMOTaMHM MEAWYHOIO XapakTepy, 30Kpema,
0OMEKEHHSIM pajliallifHOro HaBaHTA)KEHHS Ha MaIli€HTa.

Jlo HaOMMKEHUX BIIHOCSTH TaKi METOJH, 1€ BUKOPUCTOBYEThCS HE MOBHUM Ha0lp JaHHUX
CKaHyBaHHS, B TAKOMY BHIIQJIKy Ma€ BHKOHYBATHCh YMOBA JTOCTATHOCTI JUISI PEKOHCTPYKILii:
IUIOLIMHA PEKOHCTPYKIIT MEPETUHAETHCS 3 TPAEKTOPIEIO PyXY BUIIPOMIHIOBada xo4ya O OJUH
pa3. A TOMY 3aCTOCOBYIOTh EKCTPAmoOJALII0 Ta MPOBOAATH (inbTpalilo HeOakaHUX
apredakTiB y peKOHCTPYKIIii 300paxens [7-9]. HabmwkeHi METOUKH IPUPOIHO MArOTh CBOI
BHYTpIIIHI OOMEXEHHS BIJHOBJIEHHS KOHTPACTIB Ta MPOCTOPOBOI PO3JIBHOI 3AaTHOCTI, SKI
00yMOBJIEHI XapaKTepOM ITUX HAOIMKEHb. 3aUIsi Kpalloro HaOJIMKEHHS OCTaHHIM YacoM
HaOupae TOMYJISAPHICTh BHUKOPUCTAHHS IUTYYHOIO 1HTEJNEKTY, JUId CHUHTE3y BIIACYTHIX
npoekuiiaux nanux [10].

B Toif cammii yac icHye mNeBHHI Ki1ac METOAMK Yy KOHYCHIM Tomorpadii, skuii
3aJI0BOJIbHAE€ MaTEeMaTHYHUM yMOBaM BiJHOBJICHHS, ajle IMPH IIbOMY XapakKTep TPaeKTOpii
JOCHTh MPOCTHH Ut TX TexHosoriunoi peamizamii [11-15]. To Takux MeTOiB BiIHOCHTHCS
BUKOPHUCTAHHS CIIpalbHOI TpaekTtopii [16] Ta TpaekTopii, IO CKIAAA€TBCA 3 JBOX
NEepHEeHNKYIApHUX Kitenb [17], ame Ha mpakTUil OUIBLIOrO MOIIMPEHHS Ta MOAAJBIII
BJIOCKOHAJICHHS OTpUMaJia caMe cripajibHa ToMorpadis yepes ii 3pyyHICTh 3aCTOCYBaHHS MPH
JIOCITIJIKEHHSX TOBTUX TiJI.

[le oxHi€rO 13 TAKUX METOAUK KOHYCHOT TOMOTpadii € pyx Jkepela B310BXK MPsSMO] JIiHii,
napanesiabHoi mockomy aetekropy [11, 14]. Taka reomerpisi MOBHICTIO 33/10BOJIBHIIE YMOBAaM
MOBHOTU Ui BIJHOBJEHHS TPUBUMIPHOI CTPYKTypU 00'€ekTa, TOOTO yMOBaM I1CHYBaHHS
PO3B 3Ky 3BOPOTHOI 3a/1a4l BiIHOBJIEHHS TPUBHUMIPHOTO PO3MOJILTY TYCTUHHU 00'€KTa 3a HOro
JIBOBUMIPHUMH TPOEKITISIMHU.

VY 1poMy MeTO/I1 3pi3H 00'€KTa, 110 BiHOBIIOIOTHCS, SBISIOTH COO0I0 MHOXKHUHY TUTOIIHH,
K1 TIOXOMATH Yepe3 OAHY 3araibHy 3a/aHy npsmy. [loHax Te, 151 3arajapHa MmpsiMa CITiBIaIae 3
OPSAMOJIIHIHHOIO TpPA€EKTOpi€l0 Jpkepena. Y KOXHIM 3 TakuxX TIUJIOMIMH — BiJHOBJICHHS
JBOBUMIPHOTO PO3MOAUTY 3BOJUTHCSA A0 3BHUYAiHOI BisuioBOI 3aaaul Pagona. Brnepie taka
MeToaMKa OyJa 3armpornoHoBaHa y po6oti [13].
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He3Baxkarounm Ha TPOCTOTY Ta OYEBUAHICTH I[LOIO METOAY HE MEHII OYEBHIHI HOTO
Henouiku. [leprne — 11e 0OMeXeHHs 3a JOBKHHOIO TPAEKTOPIT pyXy JKepena, IKe BUKITUKAHO
CKJIATHOCTSIMM TIPAKTUYHOI peaizaiii TOCTaTHHOTO BEJIHMKOTrO NUISAXY JDKEpena, a TaKOXK
TPYAHOIAMH y BUTOTOBJICHHI KOMIIAKTHUX NPHUCTPOiB. Jpyruii Hemomnik Oe3rnocepenHbo
NOB'SI3aHUN 13 MEAMYHUM 3aCTOCYBaHHSM — Ii¢ 3a0e3leueHHs] TPAaHWYHUX paJialiiHuX
HABAaHTA)XCHb Ha JAJICKUX BiJ 00'€KTa MiCIISIX pO3TallyBaHHS JPKEpelia Ta mpuiiMada.

[TomonaHHs 1UX HEIOJIKIB MPHU3BEIO JO0 TOSBU MOIU(PIKOBAHUX METOIMK, Y SKHX
TPAEKTOPist JpKepella € KyCKOBO-NIHIWHOI 1 3aMKHEHOr. Taka TEeXHOIOTis BKe OIHM3BKO
HaOJIMKAETHCS 10 KJIACMYHOI KOHYCHOI TOMOrpadii, B SKii JHKepeso pyXxaeThes 3a KOJIOM 1 3a
oJIuH 00epT 30Mpae TOCTATHIO KUIBbKICTh iH(pOpMaLii Ui BiHOBICHHS.

VY 1iif poOOTi MU pPO3TISIAEMO METOAMKY, B SIKIH JDKEPEIO PYXa€eThCs IO MEPUMETPY
KBagpara. Y poOOTi TOKa3aHO, IO TAaKWUK MiAXiJ MOXe 3a0e3MeUnuTH JOCHTHh SIKICHE
BiJTHOBJICHHS TPUBUMIPHOI CTPYKTypHU 00'€KTa 1, HE JUBISYNCH HA CBOIO HAOJIMKEHICTH, J1a€
pe3yabTATH, IO MEPEBUIIYIOTh PE3YAbTATH 1HIINX KOHYCHUX METOMMK.

JIBOBUMIPHU BUIIA JTOK JIIHIMHOI'O CKAHYBAHHS

OcHoBa OUIBIIOCTI AITOPUTMIB KOMII'IOTepHOI TOoMorpadii monsirae B TOMY, IO
JOCTIPKEHHST TIPOBOIMTHCS IO KOJIy, OOEpTaroYM BHUIPOMIHIOBAY Ta JETCKTOP HABKOJIO
00’ekTa. AJe Ti cami IPOEKIIIHHI JJaHI MOXJIMBO OTPUMATH HE TUIBKH SKIIO BUIIPOMIHIOBAY
OyJie pyXaTUCh TI0 KPYroBill TPAEKTOPIi, @ i Y BUMAJKY PYXY B3JIOBXK MPSMOT.

Po3rnsiHeMO BUTIIAJIOK KOJIM BHUITPOMIHIOBAY PYXa€ThCs B3JIOBXK MPsIMOI Ha (ikcoBaHIil
BIJICTaHI BiJ JETEKTOpa, a MJOCTI/DKEHHS TIPOBOJUTHCSA BY3bKHM BISJIOBUM ITYYKOM
PEHTICHIBCHKOTO BUIIPOMIHIOBAHHS SIK 11€ 300paskeHo Ha Puc. 1.

-

A

5/ / XO
X >
/ 7 v
J’T X

t

Y

Puc. 1. JliniliHa reoMeTpisi CkKaHyBaHHS B IUIOLHHI.
Fig. 1. Linear scanning geometry in the plane.

[TonoxkeHHs TpOMEHs B TAaKOMY BHIIQAKY 3aJa€ThCs JABOMa MapamerpamMu X — 1€
KOOpJIMHATa TOTPAIUISHHA NpPOMEHS B CTaTHYHUU JeTekTop, Ta Xo — 1€ KOOpAMHATa
BUIIPOMIHIOBAYA.

3 Puc. 1 MoxHa mobauuTH, MO JIiHIAHA TeOMETpisl CKaHyBaHHS MOXKE HaJaTH TaKul
caMMii Hallp JaHUX SK y BUMAJKy HapalelbHOro CKaHYBAaHHS 3 KUIbIIEBOIO TPAEKTOPIEIO
BurnpomMiHioBaua. Koopaunara t Ha getekTopi 3 reoMeTpii CkaHyBaHHS 10 KOJIy TOB’s3aHa 3
TOPU30HTAILHUM HATPSIMKOM CriiBBigHOIIEHHM t = X cos(8).

[To3naunMo BijicTaHb MIXK JIIHIMKOIO AETEKTOPIB Ta BUIIPOMiHIOBaueM Ak H Ta 3anuiemo
piBasiHHs xc0s(0) + y sin(6) — t = 0, o0 BU3HAYa€ MPOMiHb B3J0BXK SKOTO IHTETPYEMO:

20 (1)

xcos(8) + ysin(f) —Xcos(f) =x —X +ytan(8) =x — X + T
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3BIAKM OTPUMAEMO BHpa3 HJis meperBopeHHs Pangona y mapamerpax JiHIMHOTO
CKaHYBaHHS:

1(X,Xy) = f flx,y)6 (x -X —yXOT> dxdy. (2)

Temnep 3a JA0MOMOrOK TEOPEMH IMPO 3B’A30K mepeTBopeHHs Dyp’e Ta MepeTBOPEHHS
Panona 3anumemo o6epHeHY (QYHKITIIO:
(o]

1 ; Xo-X
Fay) =1 f f f IX, XO)%elq[x_X_yT] dXdX,dq, (3)

JIe g BUCTYIIAE B SIKOCTI MPOCTOPOBOI YaCTOTH, SIKa BiAMOBiAa€ 3a nmepeTBopeHHs Dyp’e.

Bupas (3) € mykanuii pe3ynpTar A BU3HAUCHHS PO3IMOJLTY T'YCTHHH IPU JTOCIIKEHHI
BISUIOBHM ITy4KOM, KOJM JI€TEKTOp PYXA€ThCS B3IOBXK NpsMoi JiHil. B skocti cremeHs
SKCIIOHCHTH BHCTYIIa€ BUpA3, IO BIANOBiae mpoMmeHio (1), 3 SIKOr0O PEKOHCTPYHOEMO
300pakeHHS 00’ €KTA.

TPUBUMIPHUIL BUIIAJTOK TEOMETPII JIIHIMHOI'O CKAHYBAHHS (LSG)

PosrisiHemo Temep y3araabHEHHS Ha JIOCHIKCHHS OO0 ’€KTa KOHYCHHM ITYYKOM Ta
TPUBUMIPHHUI aQITOPUTM PEKOHCTPYKIii. [lpumyctuMo, 10 TOYKOBUH BHUIPOMIHIOBAY
PEHTTEHIBCHKOTO TPOMIHHSI PYXa€ThCSI B3JOBXK HECKIHYEHHOI mpsmoi y HampsMmky Xo. Ha
BijicTaHi H BiJ BUIPOMiHIOBaYa 3HAXOAUTHCS TIJIaCKa MaTPHILI JETEKTOPIB, 110 MTO3HAYAIOTHCS
koopauHatamu (X,Y). Cxemy Takoro JOCiKeHHS 300paxkeHo Ha Puc. 2.

B Takomy Bumnaaky oTpuMaeMo Takui BUIJISA U1 TPUBUMIPHOTO MepeTBopeHHs Pagona
GyHkIii ryctunu 06’ekra f(x,y, z):

[0/0)

I(X,Y,X,) = U fx,y,2)8 (x —X - zX"T_> B (y —y - Y%) dxdydz.  (4)

Xo

Puc. 2. TpuBnmipHE TOCTiKEHHS KOHYCHUM ITyYKOM B3I0BK IPSAMOI JiHii.
Fig. 2. Three-dimensional scanning with a cone beam in a straight line.

VY BUMNAAKY KOJHM BUIPOMIHIOBAY PYXA€ThCS B3JOBXK MPSAMOI JIiHIT 00’ €KT JOCHIHKEHHS
PO30MBAETHCA HA MOXWII TUIONIMHY, IO BHPI3AIOTHCS JeibTa (DYHKINEO, 1 HE BiAOYBaeThCs
3MIITyBaHHS JAHUX 3 PI3HUX IUIOIIMH. B TakoMy BHUNajKy TpUBMMIpHA 3a/1a4a PEKOHCTPYKIIT
3BOJUTHCS 10 HA0OpYy ABOBUMIPHMX 3a7au PEKOHCTPYKLII B MOXUJIMX IUIOIIHMHAX, K1 MAIOTh
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TOYHE PO3B’s3aHHS Y BHUIIAJKY JIIHIHHONO CKaHYBaHHS, OCKUIBKM BHKOHYETBCS YMOBA
HIOBHOTH reoMeTpii ckanyBaHHs. CaMe TOMY pe3yJIbTyroue 300paKeHHs He 3a3Ha€ HaOIMKEHb
Ta apTe(aKTiB, K y BHIAJIKY 3BUYHHX ITOPUTMIB PEKOHCTPYKII KOHYCHOTO IPOMEHS, a
cama o0epHeHa (PYHKIIis Ma€ TaKUi BUTIIAL;

oo

(x,y,2) = ! ﬂH_ZI(XY— yH X)G( X(1 Z) XZ)dXdX (5)
[y =gm || T I\ XY =g, %) Gx )~ H o

—o0
Tyt G(x) = [|q|e'?*dq — ue anpo niniiinoi dinsrparii nepersopenns Pagona [18].

Bukopucransas npsmoi JiHIT B SIKOCTI reoMeTpii CKaHyBaHHA 3a0e3nedye MpOeKIiHy
MMOBHOTY JIaHUX, OCKIJIbKH BC1 TOUKH 00'€KTa MOXYTh OYTH 31CKaHOBaHi 3 OY/b-SIKOTO KyTa, Ta
BUKOHYETHCS yMOBa TIOBHOTH JaHuX. Lle mo3Bosisse oTpumaT OUTBII JNETANbHY Ta TOUYHY
PEKOHCTPYKIIiI0 00'€KTa, 10 OCOOJMBO BAXIWBO JUIsl CKIATHUX CTPYKTYp abo obmacteil 31
3MIHHOIO IIUTHHICTIO.

3arayioM, BUKOPHCTaHHsI O€3KIHEYHOI MPsIMOi B SIKOCTI IMOBHOI reOMETpii CKaHyBaHHSI €
NpUBa0JIMBUM BapiaHTOM JUIS OTPHUMAHHS BHUCOKOSIKICHHX PEKOHCTPYKLiH 00'ektiB. OmHaK,
BUOIp MDK OC3KIHEYHOI NPSIMOI0 TEOMETPI€I0 Ta IHIIMMU BapiaHTaMH 3aJICKHUTh Bif
KOHKPETHHX BUMOT Ta OOMEKEHb CUCTEMH.

AJITOPUTM FDK

B dKocTi  KOHTPOJNBHOTO JAOCTIKEHHS OyAeMO BUKOPHCTOBYBAaTH  aJTOPUTM,
3anpornioHoBanuii  Penpakamnom, Jlesicom Ta Kpeiicom (FDK) [9]. Lleit naGmwxeHwii
QITOPUTM IIHUPOKO 33aCTOCOBYETHCS B MPAKTUYHUX JIOCIIHKEHHSX Yy OUIBLIOCTI ICHYHOUUX
tomorpadiB. FDK anroputm 103BoJisi€e OTpUMATH TOYKY PEKOHCTPYKIIIT y CepeaHiil TUIOMUHI
(momuHa, siKa MICTUTh KPYroBy OpOiTy), a TaK0oX JOCTaTHbO SIKICHO PEKOHCTPYIOBATU
300pakeHHS 1] MATMMH KyTaMH KOHYCa, X04a y TUIONIMHAX, 10 BiJAalIeH] BiJ cepeauHHOT
TUTOIINHH, SKICTh 3HAUHO 3HMKYETHCS.

T + Y

v

(a) ©)
Puc. 3. (a) CkaHyBaHHS y cepeMHHIl MUIOIIKMHI, (0) reoMeTpis CKaHyBaHHS KOHYCHOTO TPOMEHSI.
Fig. 3. (2) mid-plane scan, (b) cone beam scanning geometry.

AJNTOPUTM 3BOPOTHOTO NMPOEKTYBAHHS I KOHYCHOTO BUIIPOMIiHIOBaya, 110 300pa)KeHO
Ha Puc.30, oTpumyeThCsi 3 BISUIOBOTO BHMAJAKY MUIIXOM 3acCTOCYBaHHS (opmyr
NIEPETBOPEHHSI KOOPINUHAT.

flx,y,2z) = ﬂj\/ﬁl(u,v,d)) *

D? Dt Dz ’
D —s)2 Gy (D < u) G, <—D < v) dudvd®

(6)
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1e G, (w) = [lqlei®dq Ta G,(v) = 22o?)

v

{ t = x cos(®) + y sin(P)
s = —x sin(®) + y cos(®)’

KOMITI'IOTEPHE MOJEJIIOBAHHSI

[TepeBipky poOoTH anropuTMiB OyIEMO MPOBOIUTH 32 JOIIOMOTOK) MOBH IPOTPAMYBaHHS
C# Ha mogeni Tijna 3 TBEPAOK OOOJIOHKOK, IO CKiIanaeTbes 3 13 mapiB TOBIIMHOKO B 1
BOKCEJI Ta PO3MipamMH 300pakeHHs B HomnepeyHomy nepetuni 198x198 mikceniB 3 po3mipom
omHOro mikcens 1 MM?, TiZIo BIHCYEThCS B 3arajibHy MAaTpUIO po3MipamMu 256x256x20
BOKCEJIIB, JI€ PO3Mip OHOTO BOKcens 1 MM°.

OCHOBHOIO TPOOJIEMOIO TIPH JOCIIKEHH1 3 JIHIHHOIO TPAEKTOPIEIO PYXY € OOMEKEHICTh
¢i3uyHuX  po3MipiB  ycTaHOBKU. OCKUIBKM s TOYHOTO BIJHOBJIECHHS HEOOXimHE
BUKOPUCTAHHA HECKIHYEHHOI MpsIMOi, TO B peaJlbHOMY JOCTiAl PEKOHCTPYKIis Oyzae
HESKICHOIO, sIK IIe 300pakeHo Ha Puc. 4. BBenmeMo JOBXUHY MPOXOAY JJII BUIPOMIHIOBaYa
HaJ JETEKTOPOM TaKoi JOBXHMHHU, 100 mpH (HiKCOBaHI BUCOTI MPOIBOTY PiBHINA 256 MM Haj
JETEKTOPOM BIAMOBIAATH JOCITIKSHHIO Ha KYTH BITHOCHO HOpMaJi 0 JeTeKTopa Bix -45 1mo
+45 rpaayciB y Bunaaky a), Big -60 go +60 rpagyciB y Bunaaky 0), Big -70 o 70 rpagyciB y
BUTIAJIKY B), Ta Bix -80 10 +80 rpagyciB y BUNIQAKY T).

(®) (™)
Puc. 4. Pe3ynbrat g0CHiIKEHHS 3 PI3HOIO TOBXHHOIO X0y JUIS BUIPOMIHIOBAYA:
(a) 768 mm, (6) 1142 mm, (B) 1662 MM, (T) 3159 mm.
Fig. 4. The result of the scanning with different lengths of the emitter stroke:
(a) 768 mm, (b) 1142 mm, (c) 1662 mm, (d) 3159 mm.

I{ro mpoGneMy MoOKHa IOJOJATH BUKOPUCTOBYIOUM KilIbKa cepidl JIociiiB, TOOTO
MOCIIJOBHUX JOCTIPKEHb 3 JIOBXKHMHOIO XOJly BHUIIPOMiHIOBaya y 768 MM Ta HOBOPOTOM
CHCTEMH BHIIPOMiHIOBaYa Ta JETeKTopa Ha KyT KpaTtHuil 90 rpagycam. B Takomy BUmajaky
JIOCJIIJDKEHHS B JIB1 cepii AopiBHIOE mociimxeHHio Bix 0 qo 180 rpamyciB, mocmimkeHHs B 4
cepii BiamoBigae pocuimpkeHHto Biax 0 10 360 rpanycis. Ockinbku gaHi orpumMani Big 180 mo
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360 rpamxyciB 1yOI0OTE PO3MOALUT rycTHHE oTpuManuid Big 0 1o 180, To HegomiIbHO poduTH
JOCIIJKeHHSI B TpU cepii. B TakoMy BUMagKy My MpOAyOIIOEMO TUIBKH YaCTUHY HPOEKIIii,
sKi BHeCYTh apredaktu BimHOBJIcHHS. Ha Puc. 5 mpencraBiieHo pe3yibTaTH PEeKOHCTPYKINT
HOPIBHSHO 3 OPUTIHAIBHUM 300paKCHHSM.

(8) (r)
Puc. 5. Pe3ynbrar pexoHcTpyKIii 1uist (a) ofHied, (0) 1BOX cepiil qociiiiB
(B) 4OoTHPBHOX cepiif JoCTiIiB, (T') OpUTiHAT 300paKeHHS.
Fig. 5. The reconstruction result for (a) one, (b) two series of experiments
(c) four series of experiments, (d) original image.

[Ilo6 mepekoHaTHCh B SIKOCTI PEKOHCTPYKILII JUIS PI3HMX YMOB HOPaxyeMO CEpeaHbO
KBaJIpaTUYHE BIXUJICHHS, 1110 MTPeIcTaBIeHo B Tab. 1.

Tabnums 1. [TopiBHSIHHS CepeTHROKBAIPATUIHOTO BiIXHIICHHS PEKOHCTPYKIIIT IS pi3HUX YMOB CKaHYBaHHS
Table 1. Comparison of standard deviation of reconstruction for different scanning conditions

Yorupu cepii
Opna cepist nociiay JIBi cepii nocmigiB JIOCIIIIIB
HynpoBuii mrap 13,48 6,4 3,04
[loctuii map 13,41 6,06 3,54
JIBaHaauaTuii map 11,40 7,73 7,18

B nanomy ekcriepuMeHTI picT MOXMOKHK y JaJIbHIX IIapax MOB’sI3aHUM 3 TUM, 110 YaCTHHA
MIPOMEHIB, SIKi MPOXOASTH KPi3h 00’ €KT, MPOXOANUTH TIOB3 JIETEKTOPA, SIK 300paskeHo Ha Puc. 6.
Pimennam i€l mpobimemMu Moke CTaTH BHMKOPHCTaHHS MAaTpUIl JETEKTOPIiB OUIBIIOrO
po3Mipy, a00 BUKOPUCTaHHS PyXOMOT0 HAOOPY JETEKTOPIB.
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Puc. 6. HegocTaTHiCTh po3Mipy AETEKTOPA.
Figure 6. Detector size insufficiency.

Jlns Kib1eBoi reoMeTpii CKaHyBaHHS BiI0YBa€ThCs 3 KPOKOM OOEpTaHHS B OJMH Ipajiyc.
OOepTaHHsl BUIPOMIHIOBaYa Ta JETEKTOPIB BiIOYBAETHCSI HABKOJIO HYJIHOBOTO HIApy 00'€KTa.
Jns niHiiiHOT TeoMeTpii CKaHyBaHHS BiJOYBaeThCA TakK, 1100 BIANOBIIATH MPOMEHAM
KIUJIBIIEBOI TEOMETpii CKaHyBaHHS B MOXHMJIMX IUIOIIMHAX 3 KpokoM B | rpamyc. Po3mip ciTku
JIETEKTOPIB CTAHOBUTH 256%20 MM 3 IUIOIIMHOKO OJIHI€T KIITHHKHU | MMZ. JloBkrHA TIPOXOAY
BUIIPOMIHIOBaYa JUIsI ITOPUTMY 3 JIIHIHHOIO TEOMETPI€I0 CKaHyBaHHS cCKiamae 768 M.
Pexonctpykitis npoBoaunack 3 360 mpoekiiid s KOXKHOTO 3 alrOpuTMiB. Y BHIAJKY
JiHIAHOrO cKaHyBaHHs 360 mpoekuiii poszOuBatoTbes Ha 4 cepii mo 90 mpoekuii npu
JOCIIJKeH] Ha KyTu -45-45, 45-135, 135-225, 225-315 rpaaycis, 1o 3abe3neyye MOBHE
ckanyBaHHs B 360 rpagyciB B mapamMeTpax KilblIEBOIO CKaHyBaHHS.

Ha Puc. 7. npencraBneno pe3yiabTaTtd poOOTH.

LSG
0 51 102 153 204 255

FDK

Origin

Puc. 7. PekoHcTpyKIis (haHTOMA Y TUIOMIKMHI 00EpPTaHHS JETEKTOpa 3a JJOIOMOTOI0 3apPOITIOHOBAHOTO
AITOPUTMY Y MOPIBHAHHI 3 OPUTiHAIFHUM 300paykeHHSIM Ta peKOHCTpYKIieto anroputmoM FDK.
Fig. 7. The reconstruction of the phantom in the detector rotation plane using the proposed algorithm
compared to the original image and the reconstruction by the FDK algorithm.
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Puc. 7. TlponossxenHs. PexoHcTpykiist haHTOMA Y IJIOIIMHI 00epTaHHS AETEKTOpa 3a JOIIOMOT 00

3alpOIOHOBAHOT0 AITOPUTMY Y MOPIBHSHHI 3 OPUTIHATBHUM 300pa)KEHHSIM Ta PEKOHCTPYKIIEIO alrTOPUTMOM
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Fig. 7. Continuation. The reconstruction of the phantom in the detector rotation plane using the proposed
algorithm compared to the original image and the reconstruction by the FDK algorithm.
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Puc. 8. PekoHcTpyKiisi paHTOMA TPETHOTO IIApy 3a JOMOMOTOI0 3aPOIOHOBAHOTO AIITOPUTMY Y

MTOPIBHSAHHI 3 OPUTIHATBHNAM 300paXEHHAM Ta peKOHCTpyKLieto anroputMom FDK.
Fig. 8. Reconstruction of the phantom's third-layer using the proposed algorithm compared to the original
image and the reconstruction by the FDK algorithm.
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Puc. 9. PekoHcTpyKilis (haHTOMA [IOCTOTO IIAPY 3a JOMOMOT'0I0 3alPOIIOHOBAHOI'O aJITOPUTMY Y
MTOPIBHAHHI 3 OPUTIHAIEHUM 300paKeHHSIM Ta peKOHCTpYKIieto anroputMoM FDK.
Fig. 9. Reconstruction of the phantom'’s sixth-layer using the proposed algorithm compared to the original
image and the reconstruction by the FDK algorithm.
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Puc. 10. PexoHcTpykiiis hanTOMA JIEB’ITOTO HIAPY 33 JOIIOMOTO0 3aPOIIOHOBAHOTO AJITOPUTMY Y MOPIBHSHHI 3
OpHUTiHAIBHUM 300paXEHHAM Ta PEKOHCTpyKIieto anroputMoM FDK.
Fig. 10. Reconstruction of the phantom's ninth-layer using the proposed algorithm compared to the original
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image and the reconstruction by the FDK algorithm.
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Puc. 10. [IponosxeHHs. PekoHCTpyKIlis paHTOMA AEB’ATOTO MIAPy 32 JOIMOMOTOIO 3aIIPOIIOHOBAHOTO alITOPUTMY

y TMIOPIBHSAHHI 3 OpPUTIHATHHAM 300paXKCHHSIM Ta PEKOHCTPYKIi€eto anroputMoM FDK.
Fig. 10. Continuation. Reconstruction of the phantom's ninth-layer using the proposed algorithm compared to the
original image and the reconstruction by the FDK algorithm.
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Fig. 11. Reconstruction of the phantom'’s twelfth-layer using the proposed algorithm compared to the original

image and the reconstruction by the FDK algorithm.
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Pe3ynpTaTt  peKOHCTPYKINi 0O0'€KTIB 3a JOMOMOIOK QJITOPUTMIB  BiIOOpa)KaroTh
e(EeKTUBHICTb IXHBOTO 3aCTOCYBaHHS, 1 BOXKJIMBOIO XapaKTEPUCTHUKOIO € Yac, KU MOTpiOeH
JUIE BUKOHAaHHS TIporecy. Y Wi poOOTI pO3paXyHKH BHKOHYBAJIHCS Ha IICHTPAJIbHOMY
npoiiecopi 11-th Gen Intel(R) Core i5-11400H i3 takToBoro yacrororo 2,70 I'T'i. BukoHaunus
KOJy BiIOYBaJIOCh B OJTHOMY MOTOIlI O€3 BUKOPUCTAHHS MapaJieIbHUX O0UYHCIICHb.

Y Bumanky oOpoOKH OIHOTO IHapy JOCHIKYBAHOTO OO’€KTYy, IO MPEACTaBICHUN
300pakeHHSAM po3MipamMu  256X%256 mikceniB, Yac PEKOHCTPYKIi 3 BHUKOPHUCTAHHSIM
crangaptHoro anroputmy FDK cknamae 2,7 xBunuHu, B TOM 4ac Sk 0OpaxyHOK 3BOPOTHOI
npoekiii 3a gornomoroto anroput™my LSG ckiamae 1,2 xBuauau. OTKe, MOXKHA BiA3HAYUTH
MPUCKOPEHHS Y Yaci BUKOHAHHS MIX IIMMH JJBOMA aJTOpUTMaMu y 2,25 pasu.

[IpyuumHOIO Takoi PiI3HUIN € MEHIA KUIbKICTh 3MIHHUX IHTETPYBAaHHS B pO3p0OJEeHOMY
anmroput™Mi LSG, 1m0 mpu3BOAMTH 1O MEHINOI KiTBKOCTI OmNeparii i, BiMOBIIHO JO IHOTO,
MIPUCKOPIOE TPOIEC PeKOHCTPYKIi. Taki BiIMIHHOCTI B €()EKTUBHOCTI aJTOPUTMIB BaXKIUBO
BpPaxOBYBaTH IpH BHOOpI METONIB OOpPOOKHM NaHMX y MEIWYHIA Ta IHIIMX OONacTsX, Je
BOKJIMBUN IIBUJIKMI Ta TOYHUH aHam3 iHdopMaIrii.

BUCHOBKUA

VY crarti Oyno HaBeIeHO HOBY METOAMKY CKAaHYBAaHHS, alTOPUTM PEKOHCTPYKIII st
KOHYCHOT'O Iy4Ka Ta IpEJICTaBJIEHO MNOPIBHSAHHA 3 KIACUYHUM AJITOPUTMOM TPHUBUMIPHOI
pexoHcTpyKuii. JlochmipkeHHsT TOKa3ajao, IO BUKOPUCTAHHS MpPsMOI JIiHII SK TeoMmeTpii
CKaHyBaHHS 3a0e3mnedye OIbIIY MPOEKIIWHY MOBHOTY JaHHUX 1 JO3BOJSE OTPUMATH OLIBII
TOYHY Ta JETAJIbHY PEKOHCTPYKIiI o00'ekta. IIOpiBHAHO 3 KOJOBHM pyXoM, JiHIlHA
reoMeTpisi CKaHyBaHHS X04 1 3a3Ha€ apTe(akTiB yepe3 HaOJIMKEHHs, aje BOHU BUSBIISIOTHCS
3HaYHO MEHIIMMH 1 BOJHOYAC JO3BOJIAIOTH OTPUMATH SKICHE MPEICTABICHHS MPO PO3IMOJILT
0COOJIMBOCTEM CTPYKTYpH TiJIa IMpU OUIBIIMX KyTaX KOHYCHOCTI MPOMEHs HIK MPU 3BHYHHX
METOAAX OCIIIKEHHS.

[le onHowo mepemaror pospobineHoro anroputmy LSG e mBugma obpoOka JaHHX
MOPIBHSIHO 3 KiIacuyHUM ainroputMom FDK, Tak Oyno oTpuMaHO NMpUCKOpPEHHS 0OpaxyHKY
peKoHCTpyKILii y 2,25 pa3u. Taka nepeBara 3alpONOHOBAHOTO AITOPUTMY € YK€ BasKIMBOIO
y BUIIAJKY, KOJIM HEOOX1AHO 0OpoOMUTH BENMKHI 00cAr naHuX abo X MpOBOAWUTH Oarato
PEKOHCTPYKIiH y pearbHOMY yaci. Takuil miJIXiJl J03BOJIUTh BUKOPHUCTOBYBATH TOMOrpadiro
OUIbII €PEeKTUBHO B KIIIHIYHIN Ta HAyKOBIM MpPaKTHIll, CIPHUSIIOYM TOYHIIIMM Ta IIBHILINM
JIarHOCTUYHUM MPOLEAYPaM.
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Background: Computer tomography is recognized as one of the most powerful methods for diagnosis,
and monitoring of a wide range of diseases. It provides the ability to obtain detailed information about the
internal structure of organs and bones. Despite the success of computed tomography in areas such as
three-dimensional mammography or lung radiography, it has not achieved the same level of widespread
as, for example, magnetic resonance imaging, even if CT offers greater accuracy. This is primarily due to
safety limitations on the permissible number of examinations due to the harmfulness of X-ray radiation to
the patient. One of the main challenges facing researchers is the need to reduce the time of the entire
examination and decrease the radiation exposure to the patient. Overcoming these challenges is crucial for
improving the overall efficiency of medical services, optimizing treatment plans, and ultimately
enhancing patient outcomes. Thus, addressing these issues through innovative algorithms and methods in
computed tomography holds significant potential for revolutionizing medical diagnostics and ensuring
continuous progress in modern healthcare.

Obijectives: The aim of this work was to develop an algorithm for three-dimensional reconstruction that
is independent of the conicity of the radiation beam. Therefore, it allows for accurate reconstruction of the
entire object with a single rotation of the radiation source around the investigated object.
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Materials and Methods: The work utilizes methods of integral transforms and computer modeling to
solve inverse problems arising in computer tomography.

Results: An analytical inversion formula was obtained for three-dimensional computer tomography with
linear scan geometry and segmentation. The feasibility of the developed algorithm was verified, and a
methodology for research with linear motion of the conical emitter and detectors was developed.
Conclusions: The developed algorithm improves the reconstruction of object layers significantly distant
from the plane in which the emitter and detector move, compared to existing algorithms.

KEY WORDS: computed tomography; conical beam; Feldkamp algorithm; three-dimensional reconstruction;
medical diagnostics.
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Background: Currently, an increase in the number of new cases of Covid-19 caused by the severe acute
respiratory syndrome virus (SARS-CoV-2) is recorded in Ukraine and the world. SARS-CoV-2 provokes
exacerbation of chronic diseases and activates inflammatory and allergic reactions. A severe course of
Covid-19 increases the duration of hospitalization and the mortality rate among the population. Pathogenetic
therapy is carried out with systemic corticosteroids, which suppress the cytokine storm by mitigating the
SARS-CoV-2-induced systemic inflammatory response and inhibit SARS-CoV-2 main protease Mpro, a
key component of viral replication.

Objectives: The aim of this study is to identify the potential corticosteroid binding sites on SARS CoV-2
main protease Mpro based on the analysis of the energetic and topological characteristics of the
complexes as well as to investigate the inhibitory activity of selected corticosteroids against Mpro.
Material and Methods: The crystal structure of Mpro (ID: 6LU7 from Protein Data Bank)
(www.rcsh.org) was chosen as a docking target. Molecular docking methods (AutoDock Tools 1.5.7,
AutoDock Vina 1.1.2) were used to gain insight into the binding affinity Mpro with systemic
corticosteroids such as dexamethasone (DEX), prednisone (PRED), prednisolone (PNL),
methylprednisolone (Medrol), triamcinolone (TAC), and hydrocortisone (HCT). Visualization of docking
results was done in PyMol 2.5. The protein-ligand interaction profiler (PLIP) and the LigPlot+ web tool
were used to identify non-covalent interactions between Mpro and ligands (https://plip-tool.biotec.tu-
dresden.de).

Results: In silico docking study demonstrated that all selected corticosteroids bound with amino acid
residues of Il and Il domains of Mpro with binding energy in the range -7.8...-6.6 kcal/mol. The high
binding affinity is found for dexamethasone-Mpro (-7.8 kcal/mol); for prednisone, prednisolone,
methylprednisolone, triamcinolone, and hydrocortisone the binding energies were -7.4, -7.0, -7.5, -7.6 and
-6.6 kcal/mol, respectively. It was shown that hydrogen bonds and hydrophobic interactions were
involved in the formation of ligand-protein complexes mainly through residues such as Arg131, Lys137,
Thrl99, Asp289, Leu272, Leu286, Leu287, Tyr239, and Gly275, which formed the catalytic and distal
sites for ligand binding. The inhibition constant of corticosteroids has ranged from 1.90 x 10 to
14.4 x 108 M.

Conclusion: Our results showed that the favorable binding sites for dexamethasone, prednisone,
methylprednisolone, and triamcinolone are located in the catalytic site of domain Il and the distal site of
domain 11l of SARS-CoV-2 main protease Mpro with high binding affinities confirming the stability of

In cites: Khmil NV, Shestopalova AV, Kolesnikov VG, Boiechko-Nemovcha AO. Identification of
potential corticosteroid binding sites on the SARS CoV-2 main protease Mpro — in silico docking
study. Biophysical Bulletin. 2024;51:53-63. https://doi.org/10.26565/2075-3810-2024-51-04
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the complexes. The low inhibition constants values for dexamethasone, prednisone, methylprednisolone,
and triamcinolone further confirm the effectiveness of the selected corticosteroids as inhibitors of Mpro
activity. Based on the binding energy as well as inhibition constants values dexamethasone, prednisone,
methylprednisolone, and triamcinolone were identified as potential inhibitors for Mpro.

KEY WORDS: Covid-19; SARS CoV-2 main protease Mpro; systemic corticosteroids; molecular
docking; human health.

Since the summer of 2023, COVID-19 infections and hospitalizations have been on the
rise worldwide. While they have remained below previous peaks, the World Health
Organization has reported over 1.4 million new COVID-19 cases and over 1800 deaths. The
Omicron variant is responsible for the recent rise in infection cases; its several subvariants
such as BA.2.86 (Pirola), EG.5 (Eris), FL.1.5.1 (Fornax) are spreading significantly faster
than the Delta variant B.1.617.2 [1].

Severe acute respiratory syndrome-related coronavirus-2 (SARS-CoV-2) is the
etiological agent of COVID-19 that causes respiratory illness ranging in severity from the
common cold to fatal pneumonia. SARS-CoV-2 is a positive-sense single-stranded genomic
RNA virus (+ssRNA) that uses +ssSRNA to store and replicate its genetic information [2]. The
SARS-CoV-2 genome comprises about 30,000 nucleotides flanked by two untranslated
regions (UTR) at the 5'- and 3'- ends. The 5" UTR contains the 5" cap structure as well as 3’
UTR consists of the poly(A) tail. SARS-CoV-2 RNA genome contains at least 14 open
reading frames (ORFs) and encodes 29 viral proteins, among which sixteen non-structural
proteins (NSPs), four structural proteins including spike glycoprotein (S), envelope protein
(E), membrane protein (M), nucleocapsid (N) protein, and eight accessory proteins [3]. The
+ssRNA genome expression starts with the 5’ cap end of two ORFs (ORFla and ORF1b)
which comprise about two-thirds of the genome [4]. As a result, the synthesis of two large
overlapping precursor polyproteins ppla and pplab (molecular weights of 486 kDa and 790
kDa, respectively), is realized on cellular ribosomes. Differences exist in the translation of the
SARS-CoV-2 +ssRNA due to a programmed —1 ribosomal frameshifting (—1 PRF) between
ORF1la and ORF1b [5]. Thereby, an overexpression of ORFla-encoded ppla protein relative
to ORF1b-encoded pplab protein occurs.

Then polyproteins ppla and pplab undergo the proteolytic processing into 16 NSPs by
two viral proteases — a papain-like protease (PLpro) and a 3-chymotrypsin-like cysteine
protease (3CLpro) also known as main protease Mpro. Among the two, the main protease
Mpro is a key protease of SARS-CoV-2 involved in viral RNA replication and transcription
and is important in the life cycle of COVID-19. The crystal structures revealed that Mpro is a
dimer, formed by two monomers. Each monomer consists of three domains — domain |
(amino acid residues 8-101) and domain Il (amino acid residues 102-184) have an
antiparallel B-barrel structure. Domain 11l (amino acid residues 201-303) contains five -
helices connected to domain Il by a long loop (amino acid residues 185-200) [6, 7]. The
Mpro is highly conserved in its amino acid sequence and three-dimensional structure, making
it a suitable drug target, especially for small molecules that have an inhibitory effect [8]. Most
inhibitors targeted the enzyme catalytic site, which has four sub-pockets (S1, S1', S2, S3) and
located in a cleft between domain | (amino acid residues 10-99) and domain Il (amino acid
residues 102-182). Cysteine (Cys145) and histidine (His41) compose the catalytic dyad and
are two key residues of the catalytic site. In addition, in stabilizing the catalytic site of the
SARS-CoV-2 Mpro and in the binding of ligands are involved amino acid residues such as
Serl0, Glyll, Glul4, Thr24, Asn28, Serl39, Phel40, Ser147, His163, Metl65, Glul66,
Hisl72, GIn189, and GIn192. However, there are distal sites on the SARS CoV-2 Mpro for
inhibitors binding through an allosteric mechanism, especially non-covalent inhibitors with
high selectivity for Mpro [9, 10].
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Corticosteroids have been considered the effective inhibitors of the replication of
influenza A and B viruses, herpes simplex virus as well as SARS-CoV-2 by binding and
inhibiting the catalytic activity of Mpro [11]. In the case of COVID-19, pathogenetic therapy
is carried out in the middle and severe course of the disease with systemic corticosteroids,
which suppress the cytokine storm by mitigating the SARS-CoV-2-induced systemic
inflammatory response. At the same time, systemic corticosteroids inhibit SARS-CoV-2 main
protease Mpro, which is a key component of viral replication. The cytokine storm has been
suggested to be associated with high levels of several key pro-inflammatory cytokines, such
as IL-1, IL-2, IL-6, TNF-a, IFN-y, IP-10, GM-CSF, MCP-1, IL-10, and chemokines (CCL2,
CCL3, CCL5, CXCLS8, CXCL9, CXC [12, 13, 14]. However, the mechanism of corticosteroid
inhibitory action against Mpro is currently unclear due to insufficient study of ligand-binding
sites of the main protease Mpro.

The aim of this study is to identify the potential corticosteroid binding sites on SARS
CoV-2 main protease Mpro based on the analysis of the energetic and topological
characteristics of the complexes as well as to investigate the inhibitory activity of selected
corticosteroids against Mpro.

MATERIALS AND METHODS

As a docking target was the SARS-CoV-2 main protease Mpro. The 3-dimensional (3D)
structure of Mpro was downloaded from the Protein Data Bank (www.rcsb.org ) (ID: 6LU7),
which is the result of X-ray diffraction at 2.16 A resolution. After deleting water molecules
and adding missing hydrogens, the protein in PDB format was converted to PDBQT format
using AutoDock Tools 1.5.7. Six well-known corticosteroids — dexamethasone (DEX),
prednisone (PRED), prednisolone (PNL), methylprednisolone (Medrol), triamcinolone
(TAC), and hydrocortisone (HCT) were downloaded in SDF format from an open chemistry
database PubChem at the National Institutes of Health and were subjected for molecular
docking studies as ligands. The ligands in SDF format were converted to PDB format using
the Open Babel 3.1.1 computer program. The structures of corticosteroids were optimized
using the Open Babel 3.1.1. The Gasteiger-Marsili partial charges were computed using the
UFF force field [15]. Protonation of amino acid residues at pH=7 was checked using Propka
3.1 [16]. First, the blind docking with the grid box dimensions set of 126 A x 126 A x 126 A
was performed. The center grid box had fixed coordinates x = -25.995, y = 12.591, and z =
59.151. The exhaustiveness parameter was 50; the distance between the grid points was 0.503
A. Following this, sequential docking was performed to explore whether any allosteric
mechanism of inhibition of the main protease among the considered ligands. AutoDock Vina
(version 1.1.2) was used to calculate the predicted docking poses and binding energies [17].
For the identification of non-covalent interactions between Mpro and ligands, the protein-
ligand interaction profiler (PLIP) and the LigPlot+ web tool were applied (https://plip-
tool.biotec.tu-dresden.de) [18]. DoGSiteScorer from Proteins Plus was used to detect some
characteristics of potential binding pockets such as the surface area, volume, and depth of
binding pocket [19]. Visualization of docking results was done in PyMol 2.5 [20]. To convert
PyMol files to PDB format, the interactive converter MichelaNGLo was used
(https://michelanglo.sgc.ox.ac.uk/pymol).

RESULTS AND DISCUSSION
The molecular docking methods are being used to predict energetically favorable
conformations and the orientations of ligands within the binding site of the protein as well as
to assess the binding affinity at the molecular level. The AutoDock Vina program searches the
topological space of the ligand relative to the receptor until a scoring function is minimized.


http://www.rcsb.org/
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https://plip-tool.biotec.tu-dresden.de/
https://michelanglo.sgc.ox.ac.uk/pymol
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The result is an affinity score. Then an affinity score is used to rank ligand poses; the top-
ranked conformation is selected as the predicted ligand-protein complex. In our recent work,
we have demonstrated the efficiency and accuracy of the AutoDock Vina tool to determine
the binding energies and amino acid residues involved in the interaction of penicillin G
determinants with human serum albumin [21].

In this study, corticosteroids — DEX, PRED, PNL, Medrol, TAC, and HCT were
subjected to docking studies. Autodock results demonstrated that DEX, PRED, PNL, Medrol,
TAC, and HCT can dock SARS-CoV-2 main protease Mpro by AutoDock Vina scores of -
7.8,-7.4,-7.0,-7.5, -7.6, -6.6 kcal/mol, respectively (Tabl. 1). The inhibition constant (ki) was
calculated to evaluate the inhibition potency of systemic corticosteroids toward Mpro using
Van’t Hoff equation:

L = AG
i = eXp(RT)

where AG is the binding energy in kcal/mol; R is the universal gas constant (1.987 cal- K -mol™);
T is the temperature (298 K).

It has been shown that the inhibition constants of six corticosteroids ranged from 1.9 x 10°®
to 14.4 x 10% M (Table 1).

The highest affinity was reported for DEX-Mpro with AutoDock Vina score of
-7.8 kcal/mol and interacting amino acids of Argl31, Lys137, Thr199, and Asp289 through
hydrogen bonds and Leu272, Leu286, Leu287, Tyr239, and Gly275 through hydrophobic
interactions. For DEX is predicted to sit in the domains Il and 111 of Mpro (Fig. 1). Therefore,
DEX showed favorable interactions with several residues of the catalytic pocket of domain Il
and several residues of the distal site of domain I11.

Recently Ghosh R. and colleagues have reported that dexamethasone exhibits a high
binding affinity of -7.9 kcal/mol toward Mpro; ki value at 298 K was 1.6 x 10° M [22].
Therefore, it can be considered as a high-quality drug to reduce the mortality rate of COVID-
19 patients [23]. According to our calculations, the inhibition constant for DEX was 1.9 x 10
M. It was evidenced that DEX efficiently interacted with different amino acid residues of
domain | as well as domain Il of Mpro. Ghosh R. et al. [22] showed that DEX formed
hydrogen bonds with His163, His164, and Cys145 of domain Il of Mpro. In contrast to R.
Ghosh's findings, our results suggested that DEX was docked to the distal active site of Mpro
with high binding energy (-7.8 kcal/mol). Our results align with the general trend identified in
[22], although with some notable distinctions that are primarily connected to the different
preparation and optimization of corticosteroids. While there are similarities between our
results and those of R. Ghosh, concerning the binding energy, it's important to note that high
binding energy can indicate the importance of the involvement of the distal domain in
dexamethasone binding to inhibit Mpro through an allosteric regulation.

From our molecular docking simulation, Medrol also demonstrated strong interactions
with Mpro. The binding energy of Medrol was found to be -7.5 kcal/mol, which was lower
compared to Ghosh R. et al. data which ranged from -5.1 to -5.5 kcal/mol [22]. The Medrol
formed hydrogen bonds and had hydrophobic interaction with the identical residues of the
catalytic pocket of domain Il and the distal site of domain 11l of Mpro as DEX. In addition, in
the case of Medrol, the carbonyl oxygen of Leu287 was involved in the interaction through
the hydrogen bond.

In general, the binding energies of different amino acid residues that bind the same ligand
can vary due to specific interactions and contributions of each residue in the binding site.
However, if the binding energies are observed to be relatively similar for different residues
binding the same ligand, it might be attributed to the following factors.
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- Conservation of binding motifs: proteins often exhibit conservation in their binding sites
or motifs. If different amino acid residues are part of a conserved motif that interacts with a
specific ligand, the overall binding energy may be similar because the essential interactions
are maintained.

Table 1. List of the potential inhibitors against the main protease SARS-CoV-2 Mpro with their binding energy
and inhibition constant

Corticosteroids 2D corticosteroid structure | Binding energy, Inhibition
interacting with AG, kcal/mol | constant, ki x 10,
Mpro M
Dexamethasone -7.8 1.90
Prednisone -1.4 3.74
Prednisolone -7.0 7.35
Methylprednisolone -1.5 3.16
Triamcinolone -7.6 2.66
Hydrocortisone -6.6 14.4
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Medrol

4

Fig. 1. The predicted docking poses of different corticosteroids in cyan cartoons rendering (coloring by
element, all C atoms of ligands are in green, red — O, gray — H, dark gray — F). Cyan ribbons represent
SARS-CoV-2 main protease Mpro; yellow-orange sticks are interacting amino acid residues (coloring by
element, all C atoms of Mpro are in yellow-orange, red — O, blue — N, gray — H). The amino acid residues
of Mpro forming hydrogen bonds with the ligand are colored in yellow-orange.
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- Structural constraints: the three-dimensional structure of the binding site can impose
constraints on the types of interactions that can occur. If the ligand interacts with a protein's
specific region, the available amino acid side chains in this region may be limited, leading to
similar binding energies.

- Functional requirements: different amino acids can have similar physicochemical
properties. If the binding site requires specific characteristics, such as a particular charge or
hydrophobicity, different residues with similar properties may contribute similarly to the
binding energy.

- Adaptability of proteins: proteins can exhibit a degree of adaptability in their structures.
This adaptability allows different amino acids to fulfill similar roles in terms of ligand
binding, resulting in comparable binding energies.

- Compensatory changes: even if individual amino acid residues change in the binding
site, compensatory changes in neighboring residues may occur to maintain overall binding
energy. This compensation can lead to similar net effects on ligand binding. It's important to
note that while the binding energies may be similar, the specific contributions and details of
the interactions can still differ among different amino acids. Additionally, experimental
techniques, such as site-directed mutagenesis combined with biophysical methods, are often
used to study and quantify the contributions of individual residues to binding affinity.

Among all ligands, TAC showed a sufficient binding affinity energy of -7.6 kcal/mol and
an inhibition constant of ki = 2.66 x 10°® M. These data are consistent with the findings about
the binding affinity and stability reported by Mishra A. et al. [24]. The high affinity of TAC
with Mpro is associated with the presence of hydrogen bonds with Arg131, Lys137, Thr199,
Leu287, and Asp289. There are also hydrophobic interactions with Tyr239, Leu272, and
Leu286, which are responsible for the conformational stability of TAC-Mpro complex.

The prednisone interacts with the Mpro with a binding energy of -7.4 kcal/mol and an
inhibition constant of 3.74 x 10°® M. In the case of PRED, the molecular binding stabilized
through hydrogen bonds with Lys137, Met276, and Leu287 as well as hydrophobic
interactions through four residues such as Leu286, Tyr239, Leu27l1, Gly275. The
prednisolone interacts with SARS-CoV-2 Mpro with a binding energy of -7.0 kcal/mol and an
inhibition constant of 7.35 x 10 M. The molecular interaction is facilitated through hydrogen
bonds with Arg131, Tyr239, Met276, Asp289, Leu287, and hydrophobic interactions through
residues (Gly286, Leu286, and Thr199).

Mpro showed the least binding affinity with HCT at -6.6 kcal/mol. For HCT is predicted
to sit in the domain Il of Mpro; there is a hydrogen bond with Trp218, Glu270, Gly275,
Leu220 and Arg279. Tiwari G. et al. [25] performed screening of several anti-inflammatory
drugs, including hydrocortisone and dexamethasone as the SARS-CoV-2 inhibitors, and
reported higher binding energy compared to our study. At the same time, Fadaka A. O. et al.
[26] reported that three amino acid residues (Asn142, Glul66, and Cys44) in the Mpro active
site were involved in the formation of hydrogen bonds with DEX atoms with a binding energy
of -6.7 kcal/mol.

Our study offers additional insights beyond the scope of publication [22] work by
estimating the surface area, volume, and depth of the ligand binding pockets that have high
binding affinity, such as dexamethasone, prednisone, methylprednisolone, and triamcinolone
(Fig. 2).

In general, the difference in binding pocket surface area, volume, and depth is due to
several factors. The first is steric hindrance, as even minor structural differences can lead to
variations in how the ligand fits into the binding pocket. Differences in the arrangement of
functional groups can result in steric hindrance, where certain parts of one ligand may come
into contact with residues lining the pocket, influencing its effective surface area and volume.
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Second, ligands with similar structures may interact differently with residues within the
binding pocket due to hydrogen bonding or hydrophobic interactions. These differences can
lead to alterations in the conformation of the ligand or the surrounding protein residues,
affecting the overall shape and size of the binding pocket. In addition, ligands may exhibit
inherent flexibility, allowing them to adopt different conformations upon binding to the
protein. Small structural differences can influence the preferred conformation of the ligand
within the binding pocket, leading to variations in the surface area and volume occupied by
the ligand-protein complex.

Fig. 2. The Mpro-ligand complexes. The ligand binding pocket of Mpro is marked in pale purple. The
structure of Mpro is represented by ribbons; the ligand is represented as balls. The Mpro-dexamethasone
ligand binding pocket has a depth of 20.59 A, the surface area and volume of the binding site are 595.23 A?
and 416.19 A3, respectively. The Mpro-prednisone ligand binding pocket has a depth of 19.86 A, the surface
area and volume of the binding site are 582.67 A% and 425.15 A2, respectively. The Mpro-methylprednisolone
ligand binding pocket has a depth of 19.45 A, the surface area and volume of the binding site are 578.47 A2
and 439.25 A3, respectively. The Mpro-triamcinolone ligand binding pocket has a depth of 20.45 A, the
surface area and volume of the binding site are 586.77 A2 and 420.34 A3, respectively.

Our results show the significance of distal sites in the ligand—Mpro affinity, especially
domain 1lI, through an allosteric mechanism. Domain Il (Aspl53-Aspl55 and Leul67-
Vall71) and 111 (Asn277-Thr292) exhibit high flexibility and elasticity compared to the stable
catalytic residues, His41l (from domain 1) and Cys145 (from domain I1) as was found by
Weng Y.L. et al. [27]. We showed that the amino acid residue such as Thr199 is included in
the Phel85-Thr201 linker loop (domain IlI-111) and can also cover the catalytic site in Mpro
beside the Cys44-Pro52 loop. Dexamethasone, prednisone, methylprednisolone, and
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triamcinolone were more stable due to the favorable packing and hydrophobic interaction
with Thy239, Leu272, and Leu286. Hydrocortisone was quite stable in domain Il with a
well-packed hydrophobic structure formed by Phe223, Phe219, Val227, and Gly275.

CONCLUSIONS

In this study, the potential binding sites of systemic corticosteroids on SARS CoV-2 main
protease Mpro were investigated. In silico docking studies were performed in the blind and
sequential docking mode using the AutoDock Vina program. Screening of six systemic
corticosteroids revealed that dexamethasone, prednisone, methylprednisolone, and
triamcinolone had the best interaction with the Mpro among all others. Dexamethasone,
prednisone, methylprednisolone, and triamcinolone showed promising results with binding
affinities -7.8, -7.4, -7.5, and -7.6 kcal/mol, respectively, confirming the stability of the
complexes. The low inhibition constants values for dexamethasone, prednisone,
methylprednisolone, and triamcinolone confirm the effectiveness of the selected
corticosteroids as inhibitors of Mpro activity. Considering the findings in [22], our research
provides further evidence that the favorable binding sites for dexamethasone, prednisone,
methylprednisolone, and triamcinolone may be located in the catalytic site of domain Il and
especially in the distal site of domain 111 of the SARS-CoV-2 main protease Mpro. The results
of our study complement R. Ghosh's conclusions that dexamethasone, prednisone,
methylprednisolone, and triamcinolone are promising inhibitors of the main protease Mpro
and can be potential candidates for the treatment of COVID-19 or drug development against
SARS-CoV-2.
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BU3HAYEHHSI IIOTEHLlIfIHMX MICLb 3B’S13YBAHHSI KOPTUKOCTEPOIIIB
HA OCHOBHIM ITPOTEA3I SARS COV-2 MPRO — IN SILICO JOKIHI" JOCJLI>KEHHS
H. B. Xmiasl?2', A. B. lllecronanosa®™’, B. I'. Kosnecnikos?, A. O. Boeuko-HemoBua®
Xapxiscokuii nayionansnuil ynisepcumem padioenexmpounixu, np. Hayxu, 14, Xapxis, 61166, Ypaina,
2Iucmumym paodiogpizuxu ma enexmponixu in. O. A Yeuxoea HAH Ypainu, eyn. Ax. Ipockypu, 12, Xapxie, 61085, Vipaiua
Hani#imna no penaxuii 14 rpyans 2023 p. Iepernsauyra 19 motoro 2024 p.
[puiinsra no apyky 1 tpasus 2024 p.

AxtyaabnicTs. Hapasi B YkpaiHi Ta cBiTi QikcyeTbcs 3pocTaHHs KiNbKOCTI HOBUX BHIaakiB Covid-19,
CIIPUYMHEHHUX BIPYCOM TSXKKOTO TOCTPOro pecmiparoproro cuuapomy (SARS-CoV-2). SARS-CoV-2
MPOBOKYE 3aroCTPEHHs XPOHIYHMX 3aXBOPIOBaHb Ta aKTHBI3ye 3amalibHi W anepriyfi peakuii. Baxkuit
nepeGir Covid-19 30iibL1ye TPUBaNICTh TOCHITANI3ALIT T CMEPTHICTH cepe]] HacesneHHs. [laTroreneTnyny
Teparilo MPOBOAATh CUCTEMHMMH KOPTHUKOCTEPOINaMH, SIKi NPUTHIYYIOTh HUTOKIHOBUH LITOPM LUISIXOM
MOM’SIKIIIEHHST CHCTEMHOI 3amanbHOi BigmoBimi, cupuamHeHOi SARS-COV-2, a TakoX NpHUTHIYYIOTH
ocHOBHY npotea3y Mpro SARS-CoV-2, sika € KIIF090BUM KOMIIOHEHTOM peIlTiKallii Bipycy.

Mera poGoru. MeTO0 [BOTO MOCHI/KCHHS € BH3HAYCHHSA IIOTCHIIHHUX CaiTiB 3B’SI3yBaHHS
KOPTHUKOCTEpOiniB Ha TonoBHiM mpoteasi SARS CoV-2 Mpro Ha OCHOBI aHali3zy EHEPreTUYHHX 1
TOTIOJIOTIYHAX XapaKTEPUCTHK KOMIUIEKCIB, a TAKOX JOCHIHKEHHS 1HTIOITOPHOI aKTUBHOCTI BHOpaHUX
KOPTHKOCTEPOiiB MpoT Mpro.

Marepiaan Ta meromu. Kpucramiuna ctpykrypa Mpro (ID: 6LU7 3 Protein Data Bank) (www.rcsb.org)
Oyna oOpaHa B SKOCTi JAOK-MiieHi. Metoau MojekyisipHoro aokinry (AutoDock Tools 1.5.7, AutoDock
Vina 1.1.2) Oynu 3acrocoBaHi 1yl oTpuMaHHs iHQoOpMalii Npo cropimHeHicTh 3B’s3yBaHHS Mpro 3
CHUCTEeMHUMH  KOPTHKOCTEpOiZaMu, TaKUMHU  SK  JEKCaMeTa3oH, IPEAHI30H,  MNpEeIHI30JI0H,
METHJITIPEIHI30N0H, TPIAMIIMHOJIOH 1 TiIPOKOPTH30H. Bisyamizamis pe3ynabTaTiB JOKIHTY Oyna
peamizoBana B PyMol 2.5. [Ing Bu3HaueHHS HEKOBAJICHTHHX B3aeMOJiil Mixk Mpro Ta jiranmamMu Oyiw
3actocoBati Be0-3acobu PLIP Ta LigPlot+ (https://plip-tool.biotec.tu-dresden.de).

PesyabraTu. PesynbraT MOJIENIOBAaHHS METOJOM MOJEKyisipHoro mokinry (in silico) mokasamu, o
BHOpaHi KOPTHKOCTEPOimu 3B’s3yBaiucs 3 amiHOKUCIHOTHUMH 3ammmkamu 11 1 I momeniB Mpro 3
eHepriero 3B’s13yBaHHs -7,8...-6,6 kkan/Monb. byna BusBneHa BUcOka aiHHICTD 3B'I3yBaHHI KOMILICKCY
nekcamerazon-Mpro  (-7,8  kkan/Monb); IS OPEAHI30HY, TPEIHI30JO0HY, METHIIPEAHI30I0HY,
TPIaMIIMHOJIOHY ¥ TiIPOKOPTU30HY eHeprii 3B's3ky craHoBwiu -7,4, -7,0, -7,5, -7,6 i -6,6 KKaJ/MOJIb,
BIIMOBIZHO. Byno mokasaHo, 110 BOJHEBI 3B’s3KH Ta TiApOoQPOOHI B3aeMOIi TOJIOBHUM YHHOM OEpYTh
yyacTh B YTBOPEHHI JIiraHA-OlJIKOBUX KOMIUIEKCIB uepe3 Taki 3amuinku, sk Argl31, Lys137, Thr199,
Asp289, Leu272, Leu286, Leu287, Tyr239 i Gly275, siki yTBOPIOIOTh KaTaTiTUYHI Ta AUCTAIbHI cailTu
IS 3B's3yBaHHs Jlirany. KoHcTaHTa iHTiOyBaHHS KOPTUKOCTEPOI/iB KoMBanacs B Mexax Big 1,90 x 107
1o 14,4 x 10 M.

BucnoBkH. PesynbraT ociikeHHs OKA3a/u, 0 CHPUSATINBI CAlTH 3B I3yBaHHS JJIs IEKCAMETa30HY,
MPeIHI30HY, METHIIIPEIHI30JI0HY Ta TPIaMIIMHOJIOHY PO3TAIIOBaHI B KaTATITHYHOMY caiTi gomeHy |l Ta
muctanbHOMY caiiti momeny |lI ocHoBHOi mporteasm SARS-CoV-2 Mpro; BOHH MarmTh BHCOKY
CHOPiMHEHICTh 3B’SI3yBaHHS, MO MiATBEPKYe CTaOUIBHICTH KOMIUIEKCiB. HH3bKI 3HaYeHHS KOHCTAaHT
iHTIOyBaHHS JUIT JIeKCAaMETa30HY, NPEAHI30HY, METHIIPEIHI30J0HYy Ta TPIaMIMHOJIOHY JOJATKOBO
MiATBEPIIKYIOTh €PEKTHBHICTh BHOPAHUX KOPTUKOCTEPOIAiB SK iHTiOiTOpiB akTrBHOCTI Mpro. Ha ocHoBi
eHeprid 3B’sA3yBaHHSA, a TakoX 3HA4YeHb KOHCTAaHT I1HTIOYBaHHS, JEKCAMETa30H, TPEAHI30H,
METHJITIPETHI30MIO0H 1 TPIaMI[MHOJIOH Oy/M BU3HAYEHI SIK MMOTEHIIiiHi iHTi6iTopu Mpro.

KJIFOUOBI CJIOBA: Covid-19; romoBra mnporeasa SARS CoV-2 Mpro; cHCTEMHI KOPTHKOCTEPOiau;
MOJICKYJISIPHUAHN JTOKIHT; 3I0POB'S JIIOAWHH.
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AkTyajbHicTh. BigHoBineHHs OioMeXaHIYHHMX NapaMeTpiB CKOPOYECHHS IMOIIKO/PKEHHUX AJIKOTOJIBHOIO
MIOMATIEF0 M’SI3iB € JOBOJI CKIQJHUM 1 TpPUBAJIMM IIPOLECOM. Biarak, momyk e(eKTUBHUX
TeparneBTUYHHUX 3aC001B AJIs1 HOTO MPUCKOPEHHS € BKpail akTyalbHUM 3aBJIaHHSAM y OiOMeIUIHHI.

Mera po6oru. JJociimkenns aii BogHoro po3unny Ceo ynepeniB (Ceo®BP) Ha nuHaMiKy CKOPOYCHHS
CKEJIETHUX M s3iB IIypiB MicisA 9-TH MicS9HOI XPOHIYHOI aimKorofizamii Ta uepe3 2 MICSI Ticis
MPUNAHEHHS BXKUBAHHS JIKOTOJIIO.

Martepiann Tta meromu. [Ipu aHamizi MIOTHYHOI BiIIOBiAI 3 BUKOPUCTAHHSIM TEH30METpIii OILIHIOBAJH
Taki OloMeXaHIUHI MapaMeTpH SK Jac 3MCHIICHHS CHJIOBOi BiATOBiAI M’si3a Ha 50% BiIl TOYaTKOBOTO
3HAUCHHS, BEJIMYMHH CHJIM CKOPOUYEHHS Ta IMITYJIbCY CHIJIN Msi3a.

PesyasTaTu. [TokazaHo, o y TBapuH, SKi MepopaibHO oAepkyBaiu ankorois i Ceo®@BP (monenna noza
1 mr/kr) pazom (cxema II) ynmposoBxk eKCliepuMEHTY, Ma€e Miclie 301IbIIEHHST CHIIOBOT BIAMOBII M'a3a Ha
40-45+2% nopiBHSHO 3 TPYIIOI0 AJIKOTOII30BaHUX TBapUH Ta Ha 12—154+1% MOpiBHSHO 3 IPYIIOIO MIYPIB,
aki oxepxkyBanu Ce®PBP uepe3 1 ron micns npuitomy ankoromto (cxema I). IlozutuBHui edexT
3acrocyBanHs Ceo®PBP 3a cxemoro II i cxemoro I ckimaB 34+2% ta 10£1%, BiAmOBiAHO, MOPIBHSIHO 3
IPYIOIO AJIKOTOJI30BaHUX TBApUH Y BUMAIKY PeecTpalil dyacy 3MEeHIICHHsS CHIIOBOT BIAMOBIII M’si3a Ha
50% Big mouaTkoBOro 3HaueHHs. [licis 2-x MicsiuHOT peabinitanii piBeHb MiHIMAIbHOT CHIIM CKOPOYEHHS
M’s3a npu 3actocyBaHHI Ceo®@BP B 000x cxemax BinpizHsBcs npubiamsHo Ha 15+1% mono rpymm
JIKOTOJII30BaHMX TBApHH, & dYacy 3MEHIIEHHs cuioBoi BiamoBimi Ha 50% pocroBipHO HE Oyio
3aikcoBano. Hapermri, 3acrocyBanHst CeoBP® BUSABHMIIO CyTTEBE 301NBIICHHS BEIMYUHH IMIYJIbCY CHIIA
M’si3a: 10 86+£4% (cxema ) i maibke 10 KOHTpONILHUX 3HAYeHb — 944+2% (cxema l).

SIx muryeatu: Hosnpenko JIM, Han B, Marsienko THO, Boryiska KI, Hlesuyk TS, Bepect BII,
Hpunynekuit FOI. Ceo ¢ynepeH mokpaiiye BiZHOBIEHHS OioMeXaHIYHMX MapaMeTpiB CKOPOYEHHS
muscle soleus mypis micmst xpowiunoi ankoromizamii. biodisuunmit BicHuk. 2024;51:64-74.
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BucnoBku. OpnepkaHi pe3yinbTaTH BKa3ylOTh Ha IepCHeKTHBHICTH BHKOpHcTaHHs Ceo®BP nns
BIZIHOBJICHHSI OlOMEXaHIYHUX NapaMeTpiB CKOPOYEHHS CKEJETHHMX M’S31B 3a TPHUBAJIOTO PO3BUTKY
QJIKOT0JIbHOT Miomarii.

KJIIOYOBI CJIOBA: Cg dynepen; muscle soleus; ankorosnpHa mMionaTist; BiJHOBICHHS; GioMexaHiuHi
HapaMeTpy CKOPOYCHHS CKEJIETHOIO M'si3a.

AnxoronbHa Miomaris, sika 3ycTpidaetbest 'y 40-60% XpoHIYHUX ankoroiikiB [1],
MPENICTaBIIsIE COOO0I0 CYKYIMHICTh META0OIIYHUX Ta 010MEXaHIYHUX 3MIH Y CKEICTHHX M'S3aX
[2]. XpoHiuHE 3JIOBKMBAHHS QJIKOTOJEM € OJHIEI0 3 TPUYMH 3arajibHoOi auchyHKIiH
CKeJIETHUX M’s3iB, iX aTpodii i3 CyNyTHBOIO BTPAaTOIO M'A30BOI Macu 1, SK HACIiJOK,
MOPYIICHHSI PYXJHMBOCTI KIHIIIBOK 3arajoMm [3]. AJKOTodb TOPYIIye YyCi JIAHKK OOMIHY
pEUOBHH M’s130BOi 1 KICTKOBOI TKaHWH. KOMIUIEKCHI MOCIHIKCHHSI BIUIMBY €TAHOIY Ha
M’SI30BY 1 KICTKOBY TKaHWHHM BHSIBHWJIM JOCTOBIpHI crenu@iyHi o3Haku atpodii M’sS30BUX
BOJIOKOH CEJIEKTUBHOTO Xxapaktepy [3, 4]. 3okpema, aTpodyroTscst M’ 130Bi BosiokHa [IB Tumy,
HalpUKiIaj, 31 3HWKEHHAM yciei M'si30Boi Macu 10 30%. BcraHoBieHno, 1o ajkorosibHa
POKCUMaJIbHA MiONaTis BeJe 10 3MEHIICHHS PO3Mipy BOJIOKOH 0€3 3MiHM iX KUTBKOCTI [4].
Cepenniif miameTrp M’sI30BUX BOJIOKOH 3a Mii eTaHony ckiamae 80% Bim iX niameTpy y
KOHTpONbHUX Tpynax [5]. Taki mnoOpymeHHs € HaWOUIbII MOMUPEHUM PO3JIAZAOM
(GyHKIIIOHYBaHHSI CKENIETHUX M'A31B, SIKI CIOCTEpiraroThbesa npubauzHo y 50% mnarieHris, 1o
3JI0BXKHUBAIOTh aIKorosieM [6]. BoHu ckopodyloTh yac BUHUKHEHHS M 30BOi BTOMU Ta MalOTh
JNOBroTpuBaiuii  mepebir.  BigHoOBIGHHS  OlOMEXaHIYHMX  IApaMeTpiB  CKOPOYCHHS
MOIIKO/DKCHUX AJTKOTOJILHOIO MIOTIATier0 M s131B MOKE TPUBATH MICsII, a iHOA1 i poku. Tomy
HouyK e(eKTUBHOT METOAMKH ITPUCKOPEHHS L[LOTO MPOLECY € BKPail akTyaJlbHUM 3aBJaHHAM
y OiOMeIHIIHHI.

3naTHICTh ByIJeleBUX HaHOYAaCTHMHOK Ceo (ysepeHiB Ta iX MOXIJHUX 1HAKTHUBYBaTH
akTuBHI ¢popmu kucHio (ADK) Bnepie Oyio npoaemoncrpoano Krustic 31 cmiBasT. [7]. Ceo
GbynepeH NposiBiIs€ CUIbHINIY JiI0, HIX HailleeKTUBHIMMNA NPUPOIHUN aHTHOKCHIAHT —
BiTamiH E, 3amo0iraroun MOMIKO/KEHHIO IUIICHOCTI KJIITUHHUX MEMOpaH, 1, TAKUM YHUHOM,
crpusi€ MATpUMII TpaHcMeMOpaHHoro noteHuiaty [8]. Ceo GynepeHH MposBIsAIOTh 3aXUCHUN
edexT 3a HeHpojereHeparlii PI3HOMAHITHOI €TIOJIOTii, 30KpeMa CIOCTEpITAEThCs 3HAYHE
3011bIIEHHS] TOJIEPAHTHOCTI HEPBOBOI TKAHWHU JO TiMOKCIi HIUISXOM BIUIMBY Ha T€HH, SIKI
BIJIMOBIIaJIbHI 3@ 30OUIBIIEHHS EKCIpecii TIyTaMaTHUX METa0OTPOMHUX PEIEenTOpiB Ta
aneHo3uny [9]. Lle € BaxmuBuUM (pakToM, ajKe OJHUM 3 TOJOBHHUX ACHEKTIB €()EeKTUBHOTO
BIJTHOBJIEHHS ()YHKIIIOHYBaHHS CKEJIETHOTO M si3a IICJISI aIKOT0JIbHOT MioNaTii € 30epexKeHHs
CTaHy 1HEepBYIOUOro M’si3 HepBa. HasiBHI ekcriepuMeHTaIbHI JJaHl BKa3ylOTh Ha €(EeKTHBHICTh
3actocyBaHHs Ceo (ynepeHiB npotu (HiOpo3HOI nereHeparrii MiXkXpeOIeBUxX IUCKIB, 1€ 1X Iis
HPOSIBIISIETHCS Y BUPAXKEHOMY IpoTu3anaibHoMy edekri [10].

Y nomepemHiX eKCmepuMeHTax IN  VIVO Oylo TOKa3aHO, M0 3aCTOCYBaHHS
Bo1opo3unHHUX Ceo (yNepeHiB 3a HU3BKHUX J103 NPHU3BOAUTH 10 3HAYHUX MO3UTHUBHHUX
edexTiB mics iHimiamii imemigaoro nomkokeHHs 11, 12], Bromu [13, 14], atpodii [15] Ta
MeXaHI4HO1 TpaBMH [16] ckeneTHUX M'sA3iB. 3po3yMiso, IO I e(eKTH ICTOTHO 3aleXaTh Bix
BUKOPHUCTOBYBAaHUX CXeM BBeaeHHS BomHoro po3unHy Ceo ¢ynepeniB (Ceo®BP) nHa Tmi
iHimiami Tiel 4M 1HI101 HaToJIori.

Takum uymHOM, MeTO0 1€l poboTu Oyino 3’sicyBatu BIIUB Ceo®BP Ha BigHOBIIEHHS
OCHOBHMX 010MEXaHIUYHUX MapaMeTPiB CKOPOUEHHS CKEJIETHUX M s31B LIypiB (Yac 3MEHIICHHS
CHJIOBOI BIZMOBI/II M’s13a Ha 50% Bij TOYaTKOBOTO 3HAYCHHSI, BETMYMHH CHJIM CKOPOUYEHHS Ta
IMIYJIbCY CHIIM M’513a) Micis 9-TH MiCSYHOI XPOHIYHOT aJKorosi3alii Ta yepe3 2 Micsii micis
NIPUTTMHEHHST BXKUBAHHS aJIKOTOJTIO 33 PI3HUX CXEM BBEJCHHS Ii€1 HAHOCTIOTYKH.
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MATEPIAJIA 1 METOIH

Ilpuzomyeanna ma xapaxmepu3syeanusa Cso®@BP

Hnst orpumanus Ceo®BP OyB Bukopucranuii meron, 3acHoBaHHMM Ha mepeBeneHHI Ceo
dyiepeHiB 3 TOJIYOJy Yy BOJIY 3 OJHOYACHOK 00poOkor yibrpazBykoMm (8 I'm, 8 rom) [17].
Otpumannii TemHo-kopuuHeBuii Ceo®BP 3a makcumanenoi koHmentpamii 0,15 mr/mu e
cTabinbHUM yrpoaoBxk 12—18 micsmiB y miamasoni remmepatyp +(4-25) °C.

BaxnuBo 3a3Hauntu, mo Ceo ¢yrnepeH € TiapodoOHOI MOJIEKYyIOow, sKa 37aTHa
BOy/MOBYBaTHCs y O10JIOTiYHI MEMOpaHM 1, TAKAM YWHOM, MPOHUKATH B KJIITHHY HUISIXOM
nacuBHOI Tu(y3ii abo enmoruTosy [18, 19].

3a panumu [20, 21] Bomoposunnni Ceo dynepenu y KoHIeHTpamisx 10 14,4 Ta 24 Mxr/mi
HE TIPOSIBISUIM TOKCHYHOI Jii HA THMOLMTH IIypiB Ta ME3CHXIMaJbHI CTOBOYPOBI KJIITHHU
moauHu, BiamoBigHO. Ceo ¢ynepen B miama3oHi KoHHeHTpamiit 3,6—144  wMkr/min
IPOJIEMOHCTPYBaB HH3bKY TOKCHYHICTh IPOTH KIITHH eMOpPIOHAJBbHOI HUPKH JIIOJUHU
(HEK293) 31 3nauennsam ICso 383,4 mxr/mi [22]. BiacytHicts Tokcuunoi aii Ceo dynepeny
criocTepiranu y nianmaszoni 103 75-150 wmr/kr, po3paxoBane 3HaueHHs LDsg cranoBmiio
721 mr/xkr  [22]. BcranoBneHo, 1o pamioaktuBHO-miueHi Ceo  dysepeHd  micis
BHYTPIITHPOBEHHOTO BBEJCHHS MHUIIAM HAKONHMYYIOTHCS MEPEBAXKHO Y IEYiHIII, CEeNe3iHIli,
IUTYHKY Ta KPOB1 1 BUBOJSATHCS 3 OpraHi3My yIpoJIOBXK 72 rojl mepeBaxHo i3 cedero [23, 24].
HemonasHi pesynbratu [25] cBiyaTh npo MOMOBKEHY KIHETHKY eliMiHaIii BOJIOPO3YMHHUX
Ceo0 (ynepeniB 3 opranisamy IIypiB, IO chpuse ix TpuBaiiii (He MeHme 48 rox)
KOMIICHCATOPHIN aKTHBAIlil EHJOTCHHOI AHTHOKCHJIAHTHOI CHCTEMH Yy BIINOBIAL Ha
CTUMYJIAIIO M'SI31B.

Metogom aromMHO-cHIIOBOT Mikpockomii (ACM) Bu3Havamu posmip dgactuHOK C60
¢dynepeniB (ix arperatTiB) y BoaHoMY po3unHi. ACM gocmipkeHHs Oyiau BHMKOHAHI Ha
30H10BOMY Mikpockoni “Solver Pro” (NT-MDT), obnagHaHOMy ONTHYHUM MIKPOCKOIIOM
Integra Spectra (NT-MDT). ACM Bi3yami3aiisi 3pa3kiB BinOyBanacs y HamiBKOHTAKTHOMY
pexumi 3 BukopucranHaM ACM 3onaiB tumy NSG10 (NT-MDT). fx migknaaxky
BUKOPHCTOBYBAJIM CBI)KOCKOJIOTY aTOMHO-TJIaiKy noBepxHio cioau (V1 grade, SPI Supplies),
Ha OOMeXeHy JUISHKY sKoi HaHocuin kparuio Ceo®@BP. BumiproBaHHS IPOBOAMIN HA CYXUX
I1apax Mmicisi IOBHOTO BUIIAPOBYBAHHS BOJIH.

In vivo excnepumenm. EXCiepuMEHTH MPOBOAWIIN Ha IIypax-caMIlax JiiHii Wistar BIkoM
Bin 1 mo 10 wicamiB (HampukiHii gociiay). [Iporokon mocmimkeHHS OyB 3aTBEpIKECHHIMA
komiciero 3 mnutaHb Oiloetuku HHI[ «lHctutyT O6losorii Ta MemuuuHu» KuiBcbkoro
HallloHaJIbHOTO yHiBepcuTeTy iMeHi Tapaca IlleBuenka 3rifiHo 3 mpaBuiamMu «EBpoIeHCchKOL
KOHBEHIIIi TIPO 3aXHMCT XpeOSTHUX TBApWH, II0 BUKOPHCTOBYIOTHCS B €KCIIEPUMEHTAIBHHUX Ta
IHIIMX HAYKOBUX LLIAX» 1 HOpM OloMennyHOi eTHUKHU 3TifHOo 13 3akoHOM Ykpainu Ne3447-1V
21.02.2006 p., m. Kui, «IIpo 3axucT TBapuH BiJ >KOPCTOKOTO IOBOJDKEHHS» I Yac
IPOBEIEHHS MEIUKO-01010TTYHUX JOCIIPKEHb.

Kontponbna rpymna nrypis (n=7) ogepxxysaia 100% nutHy Boxy.

KoxHa TBapuHa y Tpymi «ankoromizamis» (n=7) Oyna momimeHa B OKpeMy KIITKY JUIs
orpumanHs 40% eranomy y mwmTHIAH Bomi [26]. CHoXWBaHHA KIUTBKOCTI €TaHOIY
pospaxoByBanu 1mono 0,5% Baru Tina TBapuHM. IlepepaxyHOK 103U €TaHOIY MPOBOJIMIN
KOXKHY 100y YITpOAOBXK eKcriepuMenTy [27]. TpuBamicTh ankoromizarii ctaHoBHIa 9 MicCSIIiB.
LlinboBe 3HaueHHs 40% eraHony y HMUTHIM Boji Oyno oOpaHO 3 THX MipKyBaHb, IO BOHO
BIJITBOPIOE KOHIEHTpALlli aJIKOTOJII0 Y KPOBI, 3apEECTPOBAH1 Y XPOHIYHUX AIKOTOJIKIB [28].

[Minnocninni tBapuHM Tpynu «Ceotalkoromizamis» Ha TII aIKOTOJi3alil MepopaIbHO
BkuBan Ceo®BP y moaenHiit m031 1 MI/Kr Baru TBapuWHU YIPOJOBXK EKCIIEPUMEHTY.
[Mputiom Ceo®BP npoBoauiu aBoma criocobamu: yepe3 1 roj micis ankoroito (cxema |; n=7)
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ta pasom 3 ainkoroiieM (cxema Il; N=7). Kourpons kiapkocti BkuToro Ceo®BP 3aiiicHIOBaM
NUIIXOM BiIMOBU foctyiy TBapuH 10 100% mutHOT BOIM 0 MOBHOTO BHKOPUCTAHHS HUMHU
JOCTII)KYBaHOT HAHOCTIOIYKH.

BaxnBo 3a3HaunTH, 110 BUKOPUCTaHA B HAIKX ekcriepuMenTax jg03a Ceo®BP (1 mr/kr),
K HaiOLIbm epekTHBHA, Oyaa oOpaHa Ha OCHOBI IPOBEAEHUX paHiiie gocmimkeHs [29].
Kpim Toro, 1151 1032 HE € TOKCUYHOIO: BOHA 3HAYHO HUXK4a 3a 3HaueHHs1 LDso, sike cTaHOBUIIO
600 mr/kr Baru 1mypa 3a nepopaibHoro Beeaexus [30].

Anectesito TBapuH (UI1 JOCHIKeHHS (YHKIIOHAJIBHOI akTHBHOCTI Mmuscle soleus)
3MIMCHIOBAJIM BHYTPIIIHHOYEPEBHUM BBEACHHAM HeMOyTairy (40 mMr/kr).

biomexaniunuit ananiz

Jnst peectpamii eaeKTpoQi3ioNOTiYHUX CUTHATIIB BHUKOPHCTOBYBATH 12-TH pO3psIHHIA
aHanoro-udpoBuil Ta nudpo-anasorosuit nepersoproBau (ALII-LIAIT). Buxigni iMmmynscu
LIAII 3amyckanu i3oap0BaHi ctumyIsitopu (DS2A, Digitimer), ski 31 CHIOBaTIN CTUMYJISIIIO
HepBiB. Bxiani curnanu yepes miacumtoBay (Brownlee) momaBanu na ALIII 1 peectpyBanu 3
gactoToro 10 kI'm. J{Jist miAroTOBKY 10 MOY/IHOBAHOT CTUMYJISIIIT epepeHTiB y cermMenTax L7-
S1 mepepizanu BeHTpajdbHI KOPIHII Yy MiICISIX iXHBOTO BHXOJAY 31 CHMHHOTO MO3KY [31].
QdinmaMeHTH Tmepepi3aHMX BEHTPAJbHUX KOPIHIIB 3aKPIIUIIOBAIM HAa CTUMYJIIOIOYHX
eIEeKTpoAax 1 3AIMCHIOBAIM HHUKIIYHUN PO3MOIUT MOCTIIOBHOCTI CTUMYINiB. CTUMYISAIiO
edepeHTIB 3MIHCHIOBAIN E€IEKTPUYHUMHU IMITYJbCAMH TPUBATICTIO 2 MC, C(POPMOBAaHHMH 32
JIOTIOMOTOK0  reHepaTopa  IMOyJdbCiB.  3yCWJIsL ~ BUMIPIOBAIM 32  JIOIIOMOI'OIO
HAITBIPOBITHUKOBUX TEH30/IaTUYMKIB, HAKJICEHUX Ha KOPCTKI CTajeBi OAJIKW, BCTAHOBJICHI Ha
pyXoMi 4YacTHHHU JiHIMHOrO JBUTryHa. KOHTpOJIb 30BHIIIHBOIO HABAHTA)XXEHHS Ha M 53
3MIHCHIOBAIM 3a JOMOMOTOI0 CHUCTEMH MeXaHoCTHUMyJsTopiB. [lpu anamizi MioTHYHOI
BIJIMIOBI/Ii aHaNI3yBalM Taki OCHOBHI OiOMeXaHIUHI MapaMeTpH SK 4ac 3MEHIIEHHS CHJIOBOI
BiAnmoBiai M’si3a Ha 50% BiJg MOYATKOBOTO 3HAYEHHS, BEJIMYMHU CHJIM CKOPOUYEHHS Ta
iMITyJIbCy CHJIM M’si3a, IO CIYT'YIOTh Mapkepamu aumcdynkuiii muscle soleus [12, 15, 16].
3a3HauyuMo, IO IMITYJIbC CHJIM M’si3a, SK PO3paxoBaHa IUIONIA MiJ CHJIOBOIO KPHUBOIO 3a
JOTIOMOTOI0 ~ TIporpaMHOro  3abesmeueHHs Origin 9.4, € TIOKa3HUKOM  3arajibHOl
Mpare3/1IaTHOCTI M’ 532 3a 3aCTOCOBAHOI CTUMYJIAIIT [29].

Crhin 3ayBakuTd, 10 y IbOMY JOCHIJUKEHHI MU BHMBYQJIM TPOLEC BiJTHOBICHHS
OlOMEXaHIYHHUX T[apaMeTpiB M S30BOIO CKOPOUEHHS MIC/sg TPUBAJIOi  aJIKOTOJIBHOT
IHTOKCHKaLlli yepe3 2 MICsIl Micias NMPUIMMHEHHsS BXXUBAHHs ajkoroito. Bubip came mporo
TEepMiHY NOB’s3aHui 3 JanuMu [32, 33], siKi MOKa3yIOTh, 1110 332 TOBHOI B1JIMOBH BiJ] aJIKOT'OJIIO
M’s130Ba Ta HEPBOBA CHCTEMH B1IHOBIIIOIOTHCS TIOHA/T MICSIIb.

Cmamucmuunuii ananis
CraTucTHUHUN aHami3 pe3ysbTaTiB MPOBOAMIM METOAAMM BapialliiHOT CTaTUCTUKH Y
nporpami Statistica 8.0. KoxHa 3 olepkaHMX €KCHEpUMEHTAIbHUX KIHETUYHHX KPUBHX €
pe3ynbpTaToM ycepemHeHHs 10-Tu aHajIOTIYHUX BHUMIPIOBaHb. J[JIs1 OIIHKM JTOCTOBIPHOCTI
BUSIBJICHUX 3MIH 3aCTOCOBYBaJlM jucnepciiiuuii aHamizs ANOVA 3 HacTymHUM TeCcTOM
MHOKWHHOTO TMOpiBHSHHS boHbepponi. Binminnocti npu 3HayeHHsx p<0,05 BBakamucs
3HAYYIIUMHU.

PE3YJIBTATU TA OBI'OBOPEHHS
MoHiTopunr po3mipy dacTUHOK Ceo (ynepeHiB, MPUCYTHIX y BOJHOMY pPO3YHHI, €

BOXJIMBUM €TaroM JIOCIIPKEHHSI, OCKIJIBKH II€ TIOB’sI3aHO 3 1X crenudiuHor 010aKTUBHICTIO 1
TokcuuHicTIO [34]. ACM pochiiikeHHs BUSBIIO BUCOKH CTYIiHb qucniepcHOCTI Monekyn Ceo
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y po3umHi (Puc. 1). Orxe, onepkanuiit Ceo®BP (0,15 mr/mur) € TUIOBUM KOJOimOM, IO
MicTuTh K moonuHoki Ceo Qynepenn (~0,7 HM), Tak i iX HaHoarperatu po3mipoMm ~1,4—
20 HM, 110 100pe y3roKyeThes 3 fanumMu [35].

2,1 Hm
1,4 Hm
20 HM
0,7HM

Puc. 1. ACM 3o0paxennst HanoyacTHHOK Ceo (ysiepeniB, ocamxenux i3 Ceo®BP (0,15 mr/mi) Ha
CBIKOCKOJIOTY aTOMHO-TJIaZIKy TMOBEpXHIO cimoau. L{udpu Oinsg cTpinoyok BKa3ylTh PO3MIp
(BHCOTY) HAHOYACTHUHOK.

Fig. 1. AFM image of Cg fullerene nanoparticles deposited with CgFAS (0.15 mg/ml) on a
freshly chipped atomically smooth mica surface. The numbers next to the arrows indicate the size
(height) of the nanoparticles.

Cuna cxopouenHst muscle soleus miggocninHux TBapuH Micast 9-TH MICSYHOT XPOHIYHOT
ankoromizamii Ta 2-Xx MicsIiB peaOimitaniiiHoro mepiogy Oyma mpoanamizoBaHa 3a 1 I
6e3penakcaniiiHoi crumymsinii TpuBamictio 1800 ¢ (Puc. 2). Ilpum peectpamii CHIIOBUX
BIJINOB1/IEH aJIKOTOJI30BaHUX TBAPUH BUSBICHO 3HUKEHHS CHJIOBOI aKTMUBHOCTI M's3a 10 50—
70+3% BiJ KOHTPOJIBHUX 3HA4Y€Hb HAMPUKIHII AOCHiAY. Y IIYypiB, SIKi OAEP)KYBaJU pazoM
ankorosib 1 Ceo®BP (cxema II), mpocrexyeTbcs 30UIBIIEHHS CHUJIOBOI BIAMOBIAI M's3a
YIPOJOBXK ekcriepuMeHTy Ha 40—45+2% MmopiBHIHO 3 TPYIOO aJIKOTOJII30BaHUX TBAPHH Ta HA
12-15+1% mnopiBHSAHO 3 Tpymnoro ImypiB, siki oxepxyBaiu Ceo®BP wepes 1 rom micns
HpHoMyY anmKoroio (cxema ).

Jlyig OUIbII SIKICHOTO aHaNi3y OJep:KaHMX PEe3yibTaTiB MM JOCTIAMIN 3MIHU OCHOBHHMX
OloMexaHIYHHUX MapKepiB M's130B01 akTUBHOCTI [12, 15, 16] (Puc. 3 ta Puc. 4, BiqnosiaHo).

Yac 3mMeHIIeHHs CUII0BOT BiANOB1A1 M’s13a Ha 50% Bij MOYaTKOBOTO (KOHTPOJIb) 3HAYEHHS
(tso) cxmano 1241425 ¢ y rpyni ankoromizoBanux TBapuH. [Ipu 3acrocyBanHi Ceo®BP weit
yac ckinaB 1521+13 (cxema 1) 1 1675+15 ¢ (cxema Il). Takum 4ynHOM, NMO3UTUBHUN €PEKT
3actocyBanHs Cgo®BP 3a cxemoro II i cxemoro I ckmaB 34+2% ta 10£1%, BiamoBigHO,
MOPIBHSHO 3 TPYMOK aJKOTOJI30BaHUX TBApHWH. 3a3HAYUMO, IO MICAA 2-X MICSYHOI
peabimiTarii 4Yacy 3MeHIIEHHs CWIOBOI BiamoBiai Ha 50% Big mouaTkoBoro (rpymna
QJIKOTOJII30BAHMX TBAapWH) 3HA4eHHS He Oyno 3adikcoBaHO y rpynax TBapuH
«Ceotankoromizamisn» (Puc. 3).

3MiHa piBHS MIHIMAQJbHOI CHUJIM CKOPOYEHHS € OJHUM 3 HaWdyTJIMBIIIMX MapKepiB
M'130B0i muchyrKii. Foro sMeHIeHHs y TPyIi anKoroli30BaHNX TBAPHH CKiano moHan 70%
(1,15 H y xontpoui). I[Ipu 3actocyBanni CeoBP® 1ieit mokasuuk ckias 0,52+0,05 H (cxema 1)
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1 0,69+0,07 H (cxema Il). ITo3utuBHuii edext 3actocyBanHs CeoBP® 3a cxemoro II ckias
nora1 70+£3% MOpiBHIHO 3 TPYIIOK AJIKOTOJII30BaHUX TBApUH Ta MoHaj 25+1% mopiBHSHO 3
rpymoro nrypis, ki onepxyBanu Ceo®@BP 3a cxemoro | (Puc. 3).
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Puc. 2. Cuna cxopouenus muscle soleus mrypis, Bukiukana 1 'y Ge3penakcamiiHo CTUMYIISIIEO
tpuBaimictio 1800 ¢, micas 9-Th MicsSdHOI XPOHIYHOI aNKoromizamii Ta depe3 2 MicAls Micis
MIPUTIIMHEHHST BXKUBAHHS aJKOTOJIIO. S — iMITyJabc CHIIM M’si3a (po3paxoBaHa IUIONIA i CHIIOBOIO
KPHUBOIO); tso — Yac AOCsIrHeHHs cuior 50% piBHs BiJ MOYATKOBOTO 3HAYEHHS; aJKOTOJi3allis —
LIypH, SIKI OAEP)KYBaJIM aJKOTOJIb YIPOAOBXK ekcrepuMeHTy; Ceotankoromsamiss — IIypH, sKi
onepxyBanu ankorosnb i Ceo®BP (1 MI/Kr) ynponoBxk €KCIIEpUMEHTY 3a pI3HMX CXEM BBE/ICHHS
HAHOCIOJIYKHU: Yepe3 1 rox micis npuitomy ankoroito (cxema I) ta pazom 3 ankorosiem (cxema II).

Fig. 2. The force contraction of the muscle soleus of rats, induced by 1 Hz by non-relaxation
stimulation lasting 1800 s, after 9 months of chronic alcoholism and 2 months after cessation of
alcohol consumption: S — impulse of muscle strength (calculated area under the force curve); tso is
the time for the force to reach 50% of the initial level; alcoholization — rats that received alcohol
during the experiment; Ceot+alcoholization — rats treated with alcohol and CsoFAS (1 mg/kg) during
the experiment with different schemes of nanocompound administration: 1 h after alcohol intake
(scheme 1) and together with alcohol (scheme I1).

ITicns 2-x MicayHoi peaOumiTanii piBeHb MIHIMAJbHOI CHJIM CKOPOYEHHSI y TpyIll
ankoromnizoBanux TBapuH ckiaB 0,73+0,10 H, mo maibke Ha 40+2% MeHIIe MOPIBHSIHO 3
koHTposieM (Puc. 3). 3actocyBanns Ceo®BP B 000X cxemax mokaszaio piBeHb MiHIMaIbHOI
cumu 0,99+0,10 H, sxuif BiapizHsaBcs nmpuOiau3Ho Ha 15% miofo rpymM ajJkorosi3oBaHUX
TBapuH. BaxnmuBo 3a3Ha4MTH TakoXk, 10 y rpymax TBapuH «Ceptajkoromiszamis» Maixke
BIJICYTHS BIAMIHHICTh MK MAaKCHMAaJIbHOIO T4 MIHIMAQJIILHOIO CHJIAMU M SI30BOTO CKOPOUYEHHS,
a caMe 3HaueHHs 1X pI3HMII BIJIOBI/AE 3a AKICTh Ta €(PEKTUBHICTh BUKOHAHHS TOYHUX PYXIB
[36].

AHasi3 BeIMYHUHHU IMITYJIbCY CUJIM M’s3a JJO3BOJISI€ OLIIHUTH PiBEHb M'130BOT aKTUBHOCTI Y
CHCTEMi pIBHOBAaru «CWJia — 3OBHIIIHE HABaHTAXEHHSA», IO € (i310JIOTIYHUM aHaJIOrOM
Mpale3 aTHOCTI M'SI30BOi CHUCTEMHU. 3HAU€HHS LIbOTO MapaMmeTpy B IpyMi ajIKOT0JIi30BaHUX
TBapuH ckiana 23+1% Bix koHTpodto, npuitasaToro 3a 100%. Ipu 3actocyBanni CeoBP® 1ieit
noka3Huk ckiaB 61+2% (cxema 1) 1 7243% (cxema |l). HaBiTe micns 2-X MICSYHOI
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peaOimiTallii piBeHb IMIYJIbCY CHJIM M’s3a B TPYIi AJIKOTOJI30BaHUX TBAapHH CKjaB 68+4%,
10 CIYT'Y€ JOKa30M CYTTEBUX MATOJIOTIYHUX 3MiH y M’SI30Bii TKaHWHI, K1 BiIOymucs 3a 9-tu
MicsuHO1 anikoros3anii TBapuH. 3actocyBaHHs CeoBP® BUSBMIO CyTTEBE 301IBIIIEHHS IHOTO
nokasHuka: 10 86+4% (cxema l) 1 maiike 10 KOHTpOJIbHUX 3HaueHb — 94+2% (cxema )
(Puc. 4).
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Puc. 3. Biomexaniuni Mmapkepu ckopoueHHst muscle soleus mypis npu 3acrocyBanni 1 't cTumynsiii
tpuBamictio 1800 ¢ micast 9-T MicS9HOT XPOHIYHOI ayKoroizamii Ta dYepe3 2 MicsAld Ticis
MPUITHHCHHST BXXKUBAHHS aJKOTOJIIO: aJKOTOJII3aIlisi — MIYPH, sIKi OJEPIKyBaId ajJKOTOJb YIIPOIOBK
excriepuMenTy; Ceotankoroiizanis — 1ypu, siki ojepxyBaiu ankoroib i Ce®BP (1 mr/kr)
YIPOAOBXK EKCIEPHUMEHTY 3a PI3HUX CXEM BBEJCHHS HAHOCIHOJYKH: depe3 1 ropa micis mpuiiomy
ankoroio (cxema I) ta pazom 3 anmkorosem (cxema II); a — dac gocsrHenHs cunoro 50% piBHS Bifg
MOYATKOBOTO 3Ha4deHHs (ts0); 6 — MiHIMambHUIT PiBEHb CHIOBOI BiAMOBiAI M's3a Ha OCTAHHBOMY
CKOPOYEHHI cTUMyJALiiHOro Tecty (fmin); *p<0,05 momo rpynm kourtposs; *p<0,05 momo rpynu
AJIKOTOJTI30BaHUX TBapHH; **p<0,05 momo rpynu mypis, siki ogepxyBanu Ceo®PBP 3a cxemoto |.

Fig. 3. Biomechanical markers of muscle soleus contraction in rats when applying 1 Hz stimulation
lasting 1800 s after 9 months of chronic alcoholization and 2 months after cessation of alcohol
consumption: alcoholization — rats that received alcohol during the experiment; Cego+alcoholization
— rats treated with alcohol and CgFAS (1 mg/kg) during the experiment with different schemes of
nanocompound administration: 1 h after ingestion of alcohol (scheme I) and together with alcohol
(scheme I1); a — the time for the force to reach 50% of the initial level (ts0); b — the minimum level
of force response of the muscle at the last contraction of the stimulation test (fmin); #p<0.05 compared
to the control group; *p<0.05 compared to the group of alcoholized animals; **p<0.05 compared to
the group of rats treated with Ce¢oFAS according to scheme .
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Puc. 4. Immnynse crmm M’si3a (S) mpu 3actocyBanHi 1 ' ctumymamii tpuBamictio 1800 ¢ micust 9-tu
MICSYHOI XPOHIYHOI ankoroiizamii Ta depe3 2 MICSIS Micis MPUIWHCHHS BXXUBAHHSA AIKOTOJIO:
AIIKOTOJTI3aIlisl — IIYPH, SIKi OJISPXKYBaIH aJIKOTOJb YIPOAOBXK eKclepiuMeHTy; CeotanKkoromizamis —
mypd, sKi ogepkyBanu ankoroib i Ceo®BP (1 Mr/kr) ympomoBk eKCIEpUMEHTY 3a Pi3HHX CXeM
BBEJICHHS HAHOCIOJYKHU: uepe3 | roj micis mpuiiomy ankoronmto (cxema I) Ta pa3oMm 3 aimkorojem
(cxema Il); #p<0,05 mo10 rpynu KoHTpoIb; *p<0,05 00 IPyIIH AIKOrOi30BaHUX TBAPUH; **p<0,05
070 TPYIH LIYPiB, siKi onepkyBanu Ceo®BP 3a cxemoro .

Fig. 4. Impulse of muscle strength (S) when applying 1 Hz stimulation lasting 1800 s after 9 months
of chronic alcoholization and 2 months after cessation of alcohol consumption: alcoholization — rats
that received alcohol during the experiment; Ceotalcoholization — rats that received alcohol and
CeoFAS (1 mg/kg) during the experiment with different schemes of nanocompound administration: 1
h after alcohol intake (scheme 1) and together with alcohol (scheme I1); #p<0.05 compared to the
control group; *p<0.05 compared to the group of alcoholized animals; **p<0.05 compared to the
group of rats treated with CgoFAS according to scheme 1.

Binomo, mo monan 90% CHOXHTOrO amKOTOMI0 METa0OMI3YEThCS OKUCIIOBAIBHUMHU 1
HEOKHUCIIIOBAIBHUMHU  NUISIXaMH, TPOAYKYIOUM TakKl XIMIYHO-aKTHBHI ~ CIIOJIYKH  SIK
aleTanbJerijl, alneraT, eTuioBuil edip xupHoi kuciaotu Touo [37]. Lli cnoayku reHepyoTh
A®K, sKi CIPUYMHIOIOTH MIJIBUILIEHHS OKMCHOTO CTPECy Ta NEePEeKHCHE OKUCIECHHS JIMiAIB
(ITOJI), mopymryroun TakMM YMHOM CTPYKTYPHY LUTICHICTh KITHH Ta (DYyHKIIT TKaHUH 1
opraniB. Ha Hamry nymKy, onucaHi BUIIE MO3UTHUBHI €(peKTH BILTUBY BOJOpO3UMHHHX Ceo
¢dynepeHiB moB’s3aHi came 3 X MOTY)KHUMH AaHTHOKCHJIQHTHUMH BiacTuBocTsMu [30]:
epexkTuBHO 1HaKkTUBYIOUM A®DK, BOHM 3MEHIIYIOTH KUIBKICTH MOIIKOPKEHUX MIOLMTIB 1,
TaKUM YHHOM, 3HWXKYIOTh CTYIiHb TSIKKOCTI ajkoroibHoi Miomartii. Tak, mani [38, 39]
BKa3ylOTh Ha ONOCEPEJKOBAHMI BIUIMB JESKUX MOTY)XHUX AHTUOKCUIAHTIB Ha IiJIBULICHHS
noka3HukiB [TOJ] mpu momkoKeHHSIX M’s131B, BUKJIMKAHUX alKoroiieM. Y mociimkeHHi [40]
MOKAa3aHO, 10 BUKOPUCTAHHS MPOLMCTEIHY MIABUILYE PIBEHb INIYTaTIOHY Y MITOXOHIPISX 1
TUM CaMUM MOCa0NI0€ BUKIMKAHUM aJIKOrojieM OKUCHUI cTpec. O4eBHUIHO, 1110 HEOOXiaHe
nojasbiie iN ViVO TecTyBaHHS (QYHKIIIOHAIBHOT aKTUBHOCTI HaHOYacTUHOK Ceo (yrepeHiB
JUTS BIZTHOBJICHHSI M'SI31B 32 XPOHIYHOTO JIKOTOJII3MY .
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BUCHOBKHA

TakuM 4MHOM, TTOKa3aHO, IO PiBEHb PO3BUTKY MATOJIOTIYHHX IPOLECIB y CKEICTHOMY
M’s131 OIypiB Ha TJIi X TPUBAJIOI XPOHIYHOI aJIKOTOJIi3allil 3SMEHIIYETHCS TIPU 3aCTOCYBaHHI SIK
MOTEHIIIHHOTO TEPAIIeBTHYHOIO areHTy Boopo3urnHHOro Ceo (ymnepeny B 1031 1 mr/kr. Kpim
TOTO, MOKPAIIYIOThCS IMPOILECH BITHOBICHHS MEXaHOKIHETMYHHX IapaMeTpiB CKOPOUYCHHS
muscle soleus micis nmpunmUHEHHs ankoroJizanii. MoXHa CTBEpKYBaTH, 10 3alPOIIOHOBAHA
cxema BBeneHHsT Cgo®@BP pasom 3 ankoronem € HaiOinbin e(QEeKTHBHOWO 1 MOTpedye
MOJAJIBIINX JOKJIIHIYHUX BUIPOOYBaHb.
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ABTOpH MOBIAOMIISIOTH TIPO BiJICYTHICTh KOH(ITIKTY iHTEPECIB.
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Ceo FULLERENE IMPROVES THE RECOVERY OF BIOMECHANICAL PARAMETERS OF
MUSCLE SOLEUS CONTRACTION IN RATS AFTER CHRONIC ALCOHOLIZATION
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Background: Recovery of biomechanical parameters of contraction of muscles damaged by alcoholic
myopathy is a rather complex and long-term process. Therefore, the search for effective therapeutic
means for its acceleration is an extremely urgent task in biomedicine.

Aim of work: The effect of Ce fullerene aqueous solution (CeoFAS) on the dynamics of skeletal muscle
contraction in rats after 9 months of chronic alcoholization and 2 months after cessation of alcohol
consumption was investigated.

Materials and Methods: When analyzing the miotic response using tensometry, such biomechanical
parameters as the time of reduction of the muscle force response by 50% from the initial value, the values
of the contraction force and the impulse of the muscle force were evaluated.

Results: It has been shown that animals orally administered alcohol and CeFAS (daily dose of 1 mg/kg)
together (scheme I1) during the experiment showed an increase in muscle force response by 40-45+2%
compared with the group of alcoholized animals and by 12-15+1% compared with the group of rats
administered CeoFAS 1 h after alcohol ingestion (scheme 1). The positive effect of CeogFAS administration
according to scheme II and scheme I was 34+£2% and 10£1%, respectively, compared with the group of
alcoholized animals in the case of recording the time of reduction of the muscle force response by 50% of
the initial value. After 2 months of rehabilitation, the level of minimum muscle contraction force when
using CeoFAS in both schemes differed by about 15+1% compared to the group of alcoholized animals,
and the time of reduction of the force response by 50% was not significantly recorded. Finally, the use of
CeoFAS revealed a significant increase in the magnitude of the muscle force impulse: up to 86+4%
(scheme I) and almost to control values — 944+2% (scheme II).

Conclusions: The obtained results indicate the prospects of using CeoFAS to restore the biomechanical
parameters of skeletal muscle contraction during long-term development of alcoholic myopathy.

KEY WORDS: Ceo fullerene; muscle soleus; alcoholic myopathy; recovery; biomechanical parameters of skeletal
muscle contraction.
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THE 2" SCIENTIFIC WORKSHOP FOR STUDENTS
“COMPUTATIONAL PHYSICS OF DNA”

The 2" Scientific workshop for students “Computational Physics of DNA” took
place on May 21-23, 2024 in Kyiv, Ukraine, at the Bogolyubov Institute for Theoretical
Physics of the National Academy of Sciences of Ukraine (BITP). The event was organized in
a hybrid offline-online format by joint efforts of the BITP and the Kyiv Academic University
(KAU). Over 30 students from various universities of Ukraine participated, including from
Taras Shevchenko National University of Kyiv, the National University of Kyiv-Mohyla
Academy, the National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic
Institute”. Students from foreign scientific centers in Italy, Romania, and Slovakia also
attended the event. The lecturers and teachers of the school were leading scientists in this
field: Dr. Sci. Sergiy Perepelytsya (BITP), Professor Francesca Mocci (University of Cagliari,
Italy), Dr. Sci. Sergey N. Volkov (BITP), Dr. Sci. Professor Anna Shestopalova (Institute of
Radiophysics and Electronica of the NAS of Ukraine), Dr. Oleksii Zdorevskyi (University of
Helsinki, Finland), Dr. Tudor Vasiliu (“Petru Poni” Institute of Macromolecular Chemistry,
Romania), Professor Kestutis Aidas (Vilnius University, Lithuania), and Tatiana Bubon
(BITP).

The lectures were focused on the physics of DNA and modern methods for modeling the
structure and dynamics of the macromolecule at different levels of its organization. The
general overview of the methods of classical molecular dynamics (MD) simulations and their
application to DNA-systems has been provided by Sergiy Perepelytsya [1]. Francesca Mocci,
in her lecture, did the detailed description of the interaction potentials and modern force fields
that are used in classical MD simulations of nucleic acids [2]. Sergey N. Volkov discussed
physical models of the conformational mechanics of DNA, describing the experimentally
observed effects of the double helix bending, overstretching, and unzipping [3]. Anna
Shestopalova delivered two lectures. In the first lecture, she described the methods of
structural bioinformatics in studies of the indirect mechanism of protein-nucleic recognition
[4], while in the second one, the MD insights of the problem of DNA-ligand interactions [5].
Oleksii Zdorevskyi covered quantum mechanics/molecular mechanics (QM/MM) simulation
methods and their applications for studying charge transfer processes in redox proteins [6].
Tudor Vasiliu’s lecture was focused on the practical use of ChatGPT for various applications
in MD simulations of nucleic acids [7]. Kestutis Aidas, in his lecture, described the integrated
QM/MM approach for modelling NMR spectra of complex molecular materials [8]. Tetiana
Bubon presented the results on the structure and dynamics of the DNA ion-hydration shell,
discussing the results of modeling the vibrational spectra of DNA in aqueous solutions using
classical MD simulations [9]. The practical classes, organized by Tetiana Bubon, were
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devoted to VMD and GROMACS software packages and how to use them for doing classical
MD simulations [10-12]. The computational cluster of the BITP was used during the practical
classes. The lectures and practical seminars are available on the BITP YouTube channel [1-
12].

The organizers of the Scientific workshop gratefully acknowledge the support of the

National Academy of Sciences of Ukraine (project No 0120U100855), the SIMONS
Foundation, and COST Action CA21101 — Confined Molecular Systems: From a New
Generation of Materials to the Stars (COSY).
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ITPABHIIA JUIA ABTOPIB

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

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

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

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

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

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

Pykonucu odopmJieHi He y BiTmoBiZHOCTi 10 HaBeJeHUX MPABUJ He PO3IJISIAATUMYThCs!
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INSTRUCTIONS FOR AUTHORS

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

A manuscript should be typed in single spacing on A4 paper. Use the MS Word with following options: 12 points
Times New Roman font, text justified. Left and right margins should be 2.5 cm, the upper margin should be 3.5 cm,
and bottom one should be 2 cm. Mathematical and chemical symbols, equations, and formulae should be inserted in
the text by computer means (MathType or Microsoft Equation). Figures should be computer-generated in software
packages intended for processing and visualization of scientific data: Origin, Mathcad, etc. The use of the MS Office
Excel is not permitted. Use computer printed symbols for axes labeling. Insert prepared images into an MS Word
file as files in *.jpg, *.jpeg, *.png format within the area of the page specified above. Images must have a resolution
of at least 300 dpi. We recommend the following layout: images are placed in the first row of the table with
transparent outer borders, legends and comments to figures are placed in the second raw of the table. The font size
of figure legends should be 9 points. Formulae, tables, figures should be numbered consecutively using Arabic
numerals, e.g. (1), Table 1, Fig 1. If the article is written in Ukrainian, captions to figures and tables are duplicated
in English.

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

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

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

References to the literature should be cited in the text consecutively by Arabic numerals in square brackets. The
citation of unpublished papers, textbooks and tutorials are prohibited. List of references (10 pt) should be given at
the end of the manuscript as a separate section REFERENCES, formatted according to the VVancouver style for
scientific publications.

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

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