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Background. Endothelial cells as participants in angiogenesis choose their phenotype as tip cells (leading,
migratory) or stalk cells (following). It has been experimentally found and theoretically modeled that rapid
oscillations in intracellular calcium concentration play a key role in controlling phenotype selection and
possible vessel architecture. In addition, the intracellular calcium concentration in endothelial cells is known
to be regulated by mechanical wall shear stress induced by blood flow, which controls mechanosensitive cal-
cium ion channel gating. Experimental methods of controlling mechanosensitive ion channel gating in exter-
nal magnetic fields with application of magnetic nanoparticles are developed that affect magnetic nanopar-
ticles artificially attached to cell membranes.

Objective. A key question is raised about the possibility of controlled selection of endothelial cell phenotype
in external magnetic fields due to the presence of artificial or biogenic magnetic nanoparticles embedded in
the cell membrane.

Methods. The magnetic wall shear stress is calculated due to the influence of the external magnetic field on
the magnetic nanoparticles embedded in the cell membrane, which controls the mechanosensitive calcium ion
pathways. Numerical modeling of oscillations in intracellular calcium concentration in endothelial cells and
determination of their final phenotype was carried out taking into account intercellular communication. The
python programming language and scipy, py-pde, matplotlib packages of the python programming language
were used for numerical modeling.

Results. The magnetic field flux density and frequency ranges of a uniform rotating magnetic field, as well as
the magnitude of the gradient and the frequency of a non-uniform oscillating magnetic field were calculated
for controlling the amplitude and frequency of intracellular calcium concentration oscillations in endothelial
cells, as well as the selection of their phenotype. It opens the perspective of controlling angiogenesis and vessel
architecture.

Conclusions. Phenotype selection by endothelial cells can be controlled in a uniform rotating external mag-
netic field, as well as in a non-homogeneous oscillating magnetic field.

Keywords: gradient magnetic field; rotating magnetic field; endothelial cells; intracellular calcium concentra-
tion; phenotype selection; magnetic nanoparticles.

Introduction

Influence of magnetic fields (MP) on compo-
sition [1], viscosity [2—4], blood dynamics [3, 5]
and proliferation of the endothelium [6, 7] and,
accordingly, angiogenesis remains a topic that has
been limitedly researched in the scientific literature,
which is characterized by considerable ambiguity in
the results of research by different authors [8]. Wi-
thin the existing data of experimental studies, there
are conflicting results regarding the influence of mag-
netic fields on perfusion and blood pressure [8].
Approximately half of the studies mentioned in the
review [8] suggest that magnetic fields have a vaso-
dilator effect, while the other half of studies found
that magnetic fields can cause either vasodilation
or vasoconstriction depending on the initial state of
vascular tone [8]. Some studies even indicate that
magnetic fields can reduce perfusion or have no

noticeable effect at all [8]. In most works, the
stimulation of angiogenesis under the influence
of magnetic fields was found [8—14], however,
the opposite effect was reported in a number of
works [8, 15, 16]. For example, the effect of static
fields of 60—200 mT on the proliferation of the en-
dothelium was revealed [6, 7].

At the same time, the chains of biogenic mag-
netic nanoparticles (BMNs) in the capillary walls
are the most sensitive biophysical target for the in-
fluence of the magnetic field on organisms [17—19].
The magnetic field influences on membrane-bound
magnetic nanoparticles and creates mechanical for-
ces and, accordingly, the wall shear stress, which
controls the mechanosensitive ion channels [18, 19].
At the same time, there are methods of controlling
mechanosensitive ion channels using artificial mag-
netic nanoparticles (MNPs) attached to the cell
membrane. For example, a magnetic particle-based
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technique has been developed that allows highly
localized mechanical forces to be applied directly
to specific regions of an ion channel structure, and
it has been demonstrated that this approach can be
used to directly and selectively activate a mechano-
sensitive ion channel, namely TREK-1 [20]. In ad-
dition, functionalized magnetic nanoparticles tar-
geting mechanosensitive integrins or TREK-1 ion
channels have demonstrated that active targeting
can stimulate intracellular calcium levels compared
to controls [21]. Also, magnetic iron oxide nano-
particles can stimulate the mechanosensitive ion
channel Piezol through a magneto-mechanical me-
chanism [22] and stimulate the epidermal growth
factor receptor EGFR. The non-selective cation
channel TRPV4, present in various cell types, can
be activated by magneto-mechanical or electro-
magnetic stimulation using 100 nm MNPs coated
with proteins or MNPs in the form of magnetic
nanodiscs with a size of 226 nm, respectively. In-
duction of intracellular calcium flux through me-
chanical activation of mechanosensitive N-type Ca**
channels can be induced in neurons grown on sub-
strates that create high-gradient local fields in the
vicinity of 100 nm MNPs coated with starch under
the influence of the magnetic field of a permanent
magnet.

Endothelial cells as participants in angiogene-
sis choose their phenotype as tip cells (leading, mi-
grating) or stem cells (following) [23]. It has been
experimentally found and theoretically modeled that
rapid oscillations of calcium concentration inside
the cell play a key role in controlling phenotype
selection and possible vascular architecture [23]. In
addition, the control of oscillations in the intracel-
lular concentration of calcium in endothelial cells is
known due to the wall shear stress caused by blood
flow, which controls mechanosensitive calcium ion
channels [24]. At the same time, mechanosensitive
ion channels are expressed in endothelial cells and
play an important role in them [25—30].

In this work, the task of modeling of the dy-
namics of the intracellular concentration of cal-
cium in endothelial cells is solved due to the influ-
ence of external magnetic fields on artificial or
biogenic magnetic nanoparticles embedded in the
cell membrane, the creation of a corresponding
"magnetic” wall shear stress, which in turn activates
mechanosensitive ionic calcium channels [18, 19].
As a result, the end result of such modeling is the
control of endothelial cell phenotype selection in
magnetic fields. The results of this work contribute
to the explanation of conflicting literature data on
the influence of moderate static and low-frequency
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magnetic fields on angiogenesis, taking into account
the presence of biogenic magnetic nanoparticles in
the capillary walls [17, 18] well as achieving a con-
trolled effect on the proliferation of endothelial cells
using artificial magnetic nanoparticles for control-
ling mechanosensitive calcium ion channels under
the influence of magnetic fields.

Methods

To solve the problem, the "magnetic" wall
shear stress was calculated which arises as a result
of the influence of an external magnetic field on
magnetic nanoparticles embedded in the cell mem-
brane and which controls the mechanosensitive
calcium ion channels [18, 19]. There are technolo-
gies for manufacturing magnetic nanoparticles with
a wide range of potential applications. Magnetic
nanoparticles, crucial for biomedical applications,
are synthesized through methods like co-precipita-
tion, thermal decomposition, hydrothermal synthe-
sis, and sol-gel synthesis, enabling control over size
and magnetic properties. Post-synthesis, they un-
dergo functionalization with materials like dextran,
polyethylene glycol, or silica to stabilize, prevent
aggregation, and facilitate conjugation with targeting
agents, drugs, or imaging labels. Conjugation al-
lows binding to specific cells or tissues, drug or
gene delivery, and imaging enhancement. Follow-
ing functionalization, characterization ensures de-
sired properties through techniques like dynamic
light scattering, transmission electron microscopy,
and magnetic measurements, followed by purifica-
tion to remove unbound agents. [n vitro applica-
tions include cell imaging, drug delivery, and ge-
netic manipulation, while in vivo applications en-
compass targeted drug delivery, magnetic resonance
imaging contrast enhancement, and cancer hyper-
thermia treatment, among others [31]. For example,
in the Henstock ef al. experiment, nanoparticles were
conjugated with antibodies targeting the TREKI
ion channel on the surface of human mesenchymal
stem cells, and manipulation was performed using
a specially designed vertical oscillating magnetic
bioreactor that generated an oscillating magnetic
field. In the Gregurec ef al. experiment, colloidal
synthesized magnetite nanodisks were attached to
cell explants of spinal ganglia to create a torque on
the nanodisks and activate the mechanosensitive
cation channel TRPV4 under the influence of weak
and slow magnetic fields. In the Hao ef al. study,
it was noted that nanodeformation of magnetically
sensitive biomaterial (MC3T3-E1 mouse cells ex-
posed to culture media filled with a composite ma-
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terial of iron oxide nanoparticles) under the influ-
ence of a static magnetic field can create mechani-
cal stress to further stimulate the mechanosensitive
protein Piezol and accelerate osteogenesis.

Equations and methods of magnetostatics were
used to make such a calculation. Then, numerical
modeling of oscillations in intracellular calcium
concentration in endothelial cells and determination
of their final phenotype was carried out taking into
account the "magnetic" wall shear stress [18, 19].
The modeling is based on the mathematical model
of the work [23], which describes oscillations in
the intracellular concentration of calcium in endo-
thelial cells and their role in the choice of cell
phenotype. Thus, in this work, two additional fac-
tors of influence on cells are added to the model
of intracellular calcium concentration dynamics of
work [18, 19, 23]: the presence or absence of a
chain of MNPs on the cell membrane and an ex-
ternal magnetic field.

To achieve the controlled effect, the frequen-
cies of alternating gradient or homogeneous mag-
netic fields must correspond to the calcium oscilla-
tion modes, which positively correlate with the
specific frequencies and durations of influence of
the decoding enzymes involved in the physiological
process. To modulate calcium oscillations, frequen-
cies of magnetic fields are selected that have a re-
sonant character [19].

The python programming language and python
programming language packages: scipy, py-pde,
matplotlib were used for numerical simulations.

Results

The model of the paper [23] of dynamics of
the intracellular Ca’" concentration includes the
interaction between IP3R — the IP3 receptor (ino-
sitol 1,4,5-trisphosphate) and the SERCA pump
(sarco/endoplasmic reticulum Ca?"-ATPase), as well
as between factors related to angiogenesis: DLL4
(delta-like ligand 4/transmembrane protein that
activates the Notch pathway), Notch (Notch pro-
teins are a family of transmembrane proteins of the
type 1, which form the main component of the
Notch signaling pathway, which is highly conserved
in animals), NICD (Notch intracellular domain) and
HE (hairy and enhancer-of-split family of proteins-
split) (Figs. 1 and 2, Table 1). DLL4 and Notch
proteins are transmembrane proteins that interact
with each other to create the DLL-Notch com-
plex, which is also included in the model in the
work [23]. In addition, HE family proteins mediate
changes in Ca?" concentration through negative
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feedback, and DLL4 protein expression is associated
with calcium concentration.

In the paper [23], DLL4 protein concentra-
tion is considered as the only determinant of endo-
thelial cell phenotype, i.e. the phenotype of endo-
thelial cells depends only on the concentration
DLL4. The specific role of the DLL4 protein is in
the selection of tip cells during angiogenesis, which
leads to the corresponding branching of the vascu-
lature [32]. DLL4 protein expression is very low in
normal adult endothelium, its increased expression
has been observed in the tumor-associated en-
dothelium of several cancers, including bladder,
breast, colon, kidney, and brain, while expression
is much lower or absent in the adjacent normal
vasculature [32]. The DLL4 protein is important
for pathological angiogenesis and is overexpressed in
human tumors, often in association with markers
of inflammation, hypoxia, and angiogenesis [32].
DLL4 is a Notchl ligand required for embryonic
vascular development and arteriogenesis [33]. In-
creased expression of DLL4 in endothelial cells re-
duces the formation of metastases and improves
the accumulation of drugs during chemotherapy in
the primary tumor [34]. Overexpression of DLL4
promotes vessel maturation and stabilization of the
tumor vasculature by reducing its ability of re-
modeling and, thus, reduces the risk of developing
resistance to therapy, as well as improves drug de-
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Figure 1: The schematic image of the key mechanisms at play:
an increase in the concentration of calcium in the cell due to its
entry through ion channels leads to a calcium-dependent release
of calcium from the endoplasmic reticulum. This is a positive
feedback process. Calcium decoders read the signal and trigger a
cascade of calcium-dependent processes. The notations are in-
troduced: ER is endoplasmic reticulum, AMF is alternative mag-
netic field, MNP are magnetic nanoparticles
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Figure 2: Schematic representation of the two-cell model with an explanation of the relevant factors and the interactions between
them: (a) MNP chain on the membrane of one of the two cells; (b) MNP chain on the membrane of both cells. Dynamic model
variables are the concentrations of Ca?*, IP3, DLL4, NOTCH, DLL 4-NOTCH complex, NICD, HE (Table 2). The stream num-

bers next to the arrows correspond to the row numbers of Table 2

livery to the tumor [34]. Inhibition of DLL4 sup-
presses experimental tumor growth by inducing
nonp roductive, misregulated angiogenesis [32]. In-
hibition of DLL4/Notch signaling leads to exces-
sive, dysfunctional vascular proliferation and signif-
icant inhibition of tumor growth. Therefore, new
therapeutic strategies are being developed, such as
inhibition of DLL4 [33]. Study of genetic deletion
showed that haploinsufficiency DLL4, a transmem-
brane ligand for the Notch family of receptors,
leads to large vascular defects and embryonic le-
thality [35].

Thus, there was a need to regulate the level of
expression of DLL4, including both its increase
and suppression. Debir's paper [23] presents seven
interrelated equations of the dynamics of intracel-
lular calcium concentrations, the fraction of 1P3
receptors not inactivated by calcium, and the con-
centrations of DLL4, Notch, the DLL4-Notch
complex, NICD, and HE. These equations include
dimensionless dynamic variables, dimensionless
constants, and dimensionless time (Fig. 2). The first
three equations in paper [23] are formulated on the
basis of Atri's model [36], where these equations
are presented in dimensional form. The next four
equations of the system of seven dynamic equa-
tions in Debir's paper [23] are formulated based on
the paper by Venkatraman [37], where these equa-
tions are also presented in dimensional form and in
other notations. The formulas and coefficients of

the transition from the dimensional dynamic va-
riables and constants of the papers by Atri [36] and
Venkatraman [37] to the corresponding dimension-
less quantities in the paper by Debir [23] are pre-
sented in Table 2 and Table 3. In Tables 2 and 3,
all dimensionless variables and constants that are
used in the paper by Debir [23], denoted by letters
with a stroke, and all relevant dimensional variables
and constants from the papers by Atri [36] and
Venkatraman [37] are denoted without a stroke.
The dimensional equations of the papers by
Atri [37] and Venkatraman [37] (see below, formu-
las (1.1)—(7.2) represent 14 equations for two cells.
The indices i=1,j =2 for the first 7 equations,

the indices i=2,j =1 for the next 7 equations

represent numbers the flows (Table 2) and dynamic
variables (Table 1) that refer to the first ( =1) and

second (j=2) cell respectively. The expressions

for the fluxes are given in Table 2, the values of the
dimensional constants of the model are given in
Table 3.

Equations describing the first cell taking into
account its interaction with the second cell (1.1),
(2.1), (3.1), (4.1), (5.1), (6.1), and (7.1) reflect
the dynamics of concentration of calcium in the
cytosol, the part of IP3 receptors not inactivated
by calcium, the concentrations of DLL4, Notch,
DLL-Notch complex, NICD and HE proteins,
respectively:
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Table 1: Dynamic variables in the model of calcium concentration dynamics

Relationship between

. . Dimensional . . . Dimensionless
Dynamic variable . dimensional and dimen- .
notation . . notation
sionless variable
Time f,s r=rl r
Part of IP3 receptors not inactivated by calcium n n=n n
Ca?" in the cytosol
. . C=KC '
(calcium concentration in the cytosol) ¢ uM ! ¢
DLL4 concentration v, conc V' = kgv v
Concentration of Notch w, conc w' = kgw w
Concentration of Y. conc ¥ = klx ¥
the DLL-Notch complex ’ 9
Concentration of NICD in the cell y, conc V' =kyy )
Concentration of Hairy and Enhancer-of-split 2, conc 7 =k 2

family proteins in the cell

Note. The notation "conc" means concentration units introduced in [38]. Because of the lack of experimental measurements of pro-
tein concentrations, we use concentration units (conc = cu.) as a unit to represent relative protein concentrations in the model, as
suggested in [38]. Cell number index for each dynamic variable and each constant is omitted in the table to make the notation less

cumbersome.
dc,
- I cnannen = pumpt = Va1 + Jwssi - (1.1)

Equation (1.1) after substituting the fluxes (in
other words, the rate of change of the Ca*" con-
centration in the cytosol) from Table 2 is written in
the form:

—) =k IP. b -
1.2
—CZ1C1 + Dmax1 , ( )
1+ _feW(T)
oexp| -7~
kT,N
T %:n (Cl)—nC]—nl, (21)
n 4t o0
C2
where n,(C))=1-———, C, is the concentra-
ky +C

tion of calcium in the cytosol in the first cell (left
cell in Fig.1); n is the part of IP3 receptors not
inactivated by calcium in the first cell.

Equation (2.1) after substituting the fluxes (in
other words, the rates of change of the fraction
of IP3 receptors not inactivated by calcium) from
Table 2 is written in the form:

RO < S
" dt k3 +Ct 1+C}

—n. (2.2)

Here we follow the logic of the paper [23] and
consider the concentration of DLL4 as the only
determinant of the of the cell phenotype, that is,
the phenotype of endothelial cells depends only on
the concentration DLL4.

L

i 3.1

=B+Vy — Vs +Ver oV -

Equation (3.1) after substituting flows (in other
words, rates of change in DLL4 concentration)
from Table 2 is written in the form:

dv, C?
L =B+O———kvw, + kX, —0V,. (3.2
Y B PERE: Wy + KX, —vy. (3.2)

The right part of equation (3.2) reflects the
rate of change in the concentration of DLL4,
namely the first term — the basal expression of
DLL4 (B), the second is the expression of the

DLL4 gene dependent on the concentration of
Ca’*, the third is the formation of the complex of
the DLL4 protein with the Notch protein of the
neighboring cell, the fourth is the dissociation of
the complex DLL4-Notch (vy,) and the fifth is

DLL4 degradation (v, ).

dw,

o (4.1)

=—Vsy1 + kX —ow;.



34

Innov Biosyst Bioeng, 2024, vol. 8, no. 3

Table 2: Fluxes in the calcium dynamics model

Row

Physical quantity

Formula/description

Rate of flow of Ca’" into
the cell through the me-
chanosensitive ion channel
depending on the wall
shear stress 1 [24]

Dmax
4]
kT,N

qmax

_f;W(‘E) ’ JWSSi =
KT.N

‘]WSSi =

1+aexp[ 1+aexp(

where 7 is the applied wall shear stress, N is the density of channels per unit
area of the cell membrane, k is the Boltzmann constant, 7,is the absolute
temperature, o ( o> 0) is a measure of the probability that the channel is in
an open state in the case without of the applied wall shear stress, namely
(1 + o) 7' is the probability that the channel is in the open state in the case of
no load, that is, when W =0, f, (0<f,<1) is the fraction of membrane
energy that affects Ca?* channels sensitive to wall shear stress.

The energy density function of elastic deformation for a two-dimen-
sional membrane has the following form [38, 39]:

[l + 1657 + £ — 45
S[e'tl + 1682 + 222

where ¢’ is the fraction of the load influencing on the submembrane struc-
ture, & is the shear modulus of the membrane, / is the cell length in the di-
rection of the force that creates the wall shear stress.

To take into account the effects of the magnetic field, we present the
shear stress caused by the magnetic field as the sum of the shear stress

caused by the blood flow: 1 =1 +1,,, [19], where 1, is the shear stress

W) =

on the endothelial cell membrane caused by the hydrodynamic blood flow
(typical values: t, = 1 Pa for the artery and t, = 0.1 Pa [40] for a capil-
lary), 7,45, — Wwall shear stress caused by magnetic forces acting on a chain
of magnetic nanoparticles embedded in the cell membrane. In addition, we
consider the wall shear stresses caused by gradient and uniform MPs.

The wall shear stress is calculated by the formula where

— T
s Nyt

F_ is the component of the gradient magnetic force in the plane of the mem-
brane, r is the radius of the magnetic nanoparticle [18, 19]. In the gradient mag-
_4rMGsiny | ocor) 118,19,

netic field, the shear stress has the form t,,,, = 3
where M is the magnetization of a magnetic nanoparticle (which is a func-

tion of the applied magnetic field), G = 2—B

,0, — the angle between Z—B
<

and the normal to the plane of the membrane in the case where the z axis is

chosen in the direction of magnetization M (Fig. 3a) [18, 19]. The parame-
ter G characterizes the value of the gradient of the magnetic field and is
considered as an oscillating harmonic function, the case of a constant mag-
netic field gradient is described at @ =0 [19].
In the case of a uniform magnetic field,
Tnagn = & MB sin Bsiny - cos(ot?) [18, 19],

where 0 is the angle between the normal to the cell membrane and the di-
rection of the magnetic field, y is the angle between the in-plane compo-
nent of the magnetic field and the magnetization of the chain of magnetic
nanoparticles (Fig. 3b) [18, 19]. In the general case, the induction of a uni-
form magnetic field B in the previous formula is considered as an oscillating
harmonic function, while o =0 for a static magnetic field [19].
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Table 2 continuation

Row

Physical quantity

Formula/description

Flow of Ca?* from the en-
doplasmic reticulum, me-

diated by the 1P3 receptor
(the rate of release of Ca?*
from the endoplasmic reti-
culum)

vC
']channel = kﬂuxu([lpﬂ)n [b + kl 1+ .

My [IP3]
k, +[IP]
u — concentration of ([/A]),

W(IP]) = gy +

v — concentration of DLL4

J

. = kiu'n b+C
rel i 1+C

Calcium efflux from the
cytoplasm to the outside of
the cell (calcium efflux rate)

yC

R
Pk, + C

¢

Dout :kZ : k +C'
3

Negative feedback relation-
ship between the concen-
tration of proteins of the
HE family and the concen-
tration of calcium

vy =5zC

que =C7C

Calcium-mediated inacti-
vation of the IP3 receptor

C2
I(22 +C?

Part of IP3 receptors not
inactivated by calcium

Basal expression of

DLLA4 protein.

The basal expression level
is the level of mRNA or
protein expression. Basical-
ly, it's how much a cell or
tissue makes a certain
mRNA or protein under
normal conditions. It is a
level that can be compared
between different types of
cells or tissues, or one can
compare the basal level of
expression with the level of
expression caused by some
stimulus

Calcium-mediated
DLL4 gene expression

O—
ki +C?

Association of the

DLLA4 protein from a
neighboring cell with
Notch. Association is the
joining of molecules or
ions into groups under the
influence of the forces of
intermolecular interaction
of an electrical nature

Vs = kzv,.wj
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Ending of Table 2

Row Physical quantity Formula/description
Dissociation of the
DLL-Notch complex.
Dissociation is a chemical
1o | process of breaking down Ve =k 5x Vg = kgx'
molecules into simpler
molecules, atoms, atomic
groups, or ions. The oppo-
site process is association

11 | Degradation of DLL4 oV k'

12 | Notch degradation oW kaw'
Degradation of the 't

131 DLL-Notch complex ° krx
Catalysis of the _ "ot

14| DLL-Notch complex V7 = kyx vy = kgx

15 | Degradation of NICD Py kry'
Basal secretion of ,

16 HE factor P B

2

NICD-mediated HE gene _ 0y N 4

17 . V8 =— v8 = 6 ﬁ
expression 241 vk

18 | Degradation of HE k4 k7'

Note. The cell number index for each flux, each dynamic variable, and each constant (except those included in the expressions Vs

and v§;) are omitted in the table to make the notation less cumbersome.

Y <

Y <

a b

Figure 3: Scheme of calculation of wall shear stress under the influence of the MNP chain under (a) gradient magnetic field [18, 19];
(b) uniform magnetic field [18, 19]
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Table 3: Parameters of the calcium concentration dynamics model

Parameter used in the
model for calcium
concentration
dynamics

Value of
dimensional parameters

Relationship between dimensional
and dimensionless parameters

Dimensionless
parameter
values

Maximum rate of Ca?*
influx caused by wall
membrane shear

stress (WSS)

~17.6 uMs™! [24]

qmax

lank
(Plank) _ qmaxT(Pan )

Omax K gPIank)

1 (Plank) g (Plank)
— DmaxTn — Dmax K4 Tn

Tmax =
max kl T( Plank) k]

Kk — 0,32 uM [24]
T®Pank) — 500 s [24]
t, =25 [37]

k =0.7 uM [37]

Ui 2™) = 27500
in the Plank
model [24]
CI;nax = 50'3
in the Debir
model [23]

Part of the load

(i.e. shear stress) in-
fluencing on the sub-
membrane structure

e =0.1 [24]

Fraction of the mem-
brane strain energy
that gates the calcium
ion channel

f1=0.0134
[24]

Surface density of Ca?*
channels

N =102m™2[24]

Boltzmann constant

k =1.3807-10%kg - m*s K"

Temperature

T,=310K

Membrane shear mod-
ulus

§=107 kg s [24]

Length of the cell in
the direction of the
force that produces
wall shear stress

[=3.5-10° m [24]

Concentration of IP3
(the fraction of IP3Rs
in which the domain
of IP3 binding

is activated)

w(LIR])
0<u(/A) <1

wlIR]) = W

O<p <l

Basal expression of
protein genes

B=0.001s" [38]

B’ = B‘E”ké

B =0.001 [23]

Rate of NICD
production

0 =0.1concs™ [38]

0 =1,ks0

0 =0.1 [23]

DLLA4 production rate

® =1.5concs™

O = 01,k

o =1.5 [23]

Parameter in expres-
sion for inactivation of
the IP3 receptor

by Ca

K, =0.7uM [37]

Indicator of negative
feedback of HE
with Ca

¢ =0.15conc™" - s!

C'=0.6 [23]

Basal current through
IP3R

b=0.111 [37]
v, =0.889 [37]

b =0.111 [23]
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Ending of Table 3

Parameter used in the Dimensionless
model for calcium Value of Relationship between dimensional arameter
concentration dimensional parameters and dimensionless parameters p values

dynamics
kg = 8.1 uMs'[37]
Maximum total flow k =0.7 uM [37] P K K =231 [23]
of Ca** through IP3R b=0.111 [37] k(b + ) :
v, =0.889 [37]
Maxirpun} ratet?lf Ca** v =2.0 uMs™ [37] i 15 k571231
umping from the cy- = =5.

e Y k =0.7 uM [37] k, 2
Half of the maximum k,=0.1puM [37] k
rate of Ca®" pumping k= ?y K =0.14 [23]
from the cytosol ki =0.7uM [37] !
Half of .the maximum k, =0.98 uM ~ 1 uM [38] Kk, k=14 [23]
production speed of ky = ©
DLL4 k =0.7uM [37] 1

. k, = 0.1conc -7 ks =0.4 [23]
Association rate for - k. = kye, /K
the dn complex ky =0.001conc - s~ [38] > k. =0.004
Rate of dissociation of k5 =0.001conc - 5™ K-tk ks =0.002 [23]

= '[n n

the dn complex k, =0.lconc - s~ [38] 6 ? k=02
Rate of protein degra- ¢ =0.0055"! K = ot k; =0.01 [23]
dation ©=0.001s" [38] T k; =0.002
Rate of catalysis of the _ 0 r_ '—02 2
dn complex ks =0.1s" [38] kg =1,k kg =0.2 [23]
Half of the maximum
production rate of ky =0.5
NICD

Note. The cell number index for each dynamic variable and each constant is omitted in the table to make the notation less cumbersome.

Equation (4.1) after substituting the flows (in
other words, the rates of change of Notch concen-
tration) from Table 2 is written in the form:

dw,

— = -kvow +k,x, —owy,
ds 2 MW 22Xy — OW;

where v;, wjand x; describe the concentrations of

DLL4, Notch, and the DLL-Notch complex, re-
spectively.

The corresponding rates in the right-hand side
of equation (4.2) have the following meaning: the
first term is the association of the DLL4 protein of
the neighboring cell with the Notch protein of the
first cell, the second term is the dissociation of the
DLL-Notch complex, and the third term is the de-
gradation of the Notch protein.

4.2)

dx
— = Vsy; — kX — X,
dr 521 X1 — 90X
Equation (5.1) after substituting the flows (in
other words, the rates of change in the concentra-
tion of the DLL-Notch complex) from Table 2 is
written in the form:

(5.1)

dx
_l = k2V2Wl - k_le - (le . (52)

dr

In addition, the terms on the right side of eq-
uation (5.2) have the following meaning: the first
term corresponds to the binding of the DLL4 pro-
tein of the neighboring cell with the Notch protein
of the first cell, the second term corresponds to the
dissociation of the DLL-Notch complex and the
degradation of the DLL-Notch complex.
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After signal transmission between neighboring
cells through the formation of the DLL4-Notch
complex, the equations depicting the secretion of
HE family proteins in the first cell caused by
NICD proteins are given by formulas (6.1), (7.1)

dn

Y (6.1)

=V -

Equation (6.1) after substituting flows (in other
words, rates of change of NICD concentration)
from Table 2 is written in the form:

dy,

o (6.2)

= kyX) — oy -
The terms on the right side of equation (6.2)
have the following meaning: the first describes the

catalysis of the DLL-Notch complex, the second
describes the degradation of NICD.

9

- (7.1)

=B+ —9z .
Equation (7.1) after substituting flows (in oth-
er words, rates of change of NICD concentration)
from Table 2 is written in the form:
oy}

dz;
— =B+
dr g yl2 +1

— 07 - (7.2)

The dynamic variables y; and z; in equations

(6.1), (6.2), (6.3), (6.4) describe the concentrations
of NICD and HE in the first cell. The terms on
the right-hand side of equation (7.2) are as follows:
the first term is the basal secretion of the HE fac-
tor, the second term is the expression of the HE
gene, depending on the concentration of NICD,
and the third term is the degradation of HE.

Equations describing the second cell taking
into account its interaction with the first cell (8.1),
(9.1), (10.1), (11.1), (12.1), (13.1), and (14.1) re-
flect the dynamics of concentration of calcium in
the cytosol, the part of IP3 receptors not inacti-
vated by calcium, the concentrations of DLL4,
Notch, DLL-Notch complex, NICD and HE pro-
teins, respectively:

dcC
72‘2 = Jenamnerr = pump2 = V32 + Jwissa - (8.1)

Equation (8.1) after substituting the flows (in
other words, the rates of change of Ca*" concen-
tration in the cytosol) from Table 2 is written in
the form:

39

dc, v,C yC
=2 -k IP, b 1721 2
dr WWG3D@(+M+Q] k +C,
(8.2)
dmax2
-£z7,C, + .
o 1+oaexp —f“’W(T)
kT,N
d
Ty _d’;z =n.(Cy) = hey — 1y, 9.1

C2
where n,(C)) =1-—5——,
ky +C5
tion of calcium in the cytosol in the second cell

(the right cell in Fig. 1); n, is the part of IP3 re-

ceptors not inactivated by calcium in the second
cell.

Equation (9.1) after substituting the fluxes (in
other words, the rates of change of the fraction
of IP3 receptors not inactivated by calcium) from
Table 2 is written in the form:

dn, Qg g
T =l - 2~
dt ks +C 1+G

C, is the concentra-

n. 9.2

Here we also follow the same logic and con-
sider DLL4 concentration as the sole determinant
of cell phenotype expression.

dy
dr
Equation (10.1) after substituting flows (in
other words, rates of change in DLL4 concentra-
tion) from Table 2 is written in the form:
2
W g G
dr ki +GC,

:B+V42_V521+v61_(PV2. (]01)

(10.2)
—kyvawy + k_yx; — @V;.

The right-hand side of equation (10.2) reflects
the rate of change in the concentration of DLL4,
namely the first term is the basal expression of
DLL4, the second term is the expression of the
DLL4 gene dependent on the concentration of
Ca?*, the third term is the formation of the DLL4
protein complex with the Notch protein of the
neighboring cell, the fourth term is the dissociation
of the DLL4- Notch complex and the fifth term is
DLL4 degradation.

dw,

= (11.1)

= Vs + koX; — oW, .
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Equation (10.1) after substituting the flows (in
other words, the rates of change of Notch concen-
tration) from Table 2 is written in the form:

dw
d_t2 =~k Wy + kx| — oW, .

The corresponding rates in the right-hand side
of equation (11.2) have the following meaning: the
first term is the association of the DLL4 protein of
the neighboring cell with the Notch protein of the
second cell, the second term is the dissociation of
the DLL-Notch complex, and the third term is the
degradation of the Notch protein.

dx

2
—Z =V —k Xy — QX ,
dr 512 2%y — 0X)

(11.2)

(12.1)

where v,, w, and x, describe the concentrations
of DLL4, Notch and DLL-Notch complex in the
second cell, respectively.

Equation (12.1) after substituting the flows (in
other words, the rates of change in the concentra-
tion of the DLL-Notch complex) from Table 2 is
written in the form:

% = k2V1W2 - k_zXz - (pr . (122)

dr

In addition, the terms on the right side of eq-
uation (12.2) have the following meaning: the first
term corresponds to the binding of the DLL4 pro-
tein of the neighboring cell with the Notch protein
of the second cell, the second term corresponds to
the dissociation of the DLL-Notch complex and
the degradation of the DLL-Notch complex.

After signaling between neighboring cells thro-
ugh the formation of the DLL4-Notch complex,
the equations depicting the secretion of HE family
proteins in the second cell caused by NICD pro-
teins are given by formulas (13.1), (14.1).

7]

= (13.1)

=V =9y

Equation (13.1) after substituting flows (in
other words, rates of change of NICD concentra-
tion) from Table 2 is written in the form:

9,
ds

The terms on the right side of equation (13.2)
have the following meaning: the first term describes
the catalysis of the DLL-Notch complex, the se-
cond term describes the degradation of NICD.

=kyX) — ;. (13.2)
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dz,
dr
Equation (14.1) after substituting flows (in

other words, rates of change of NICD concentra-
tion) from Table 2 is written in the form:

:B+V82_(pz2' (14.1)

dz, ey22
=2 B+ - 02y, 14.2
s B [ (0} (14.2)

where y, and z, describe the concentrations of

NICD and HE in the second cell. The terms on
the right-hand side of equation (14.2) are as fol-
lows: the first term is the basal secretion of the HE
factor, the second term is the expression of the HE
gene, dependent on the concentration of NICD,
and the third term is the degradation of HE.

The corresponding dimensionless equations
[23, 36, 37] (here and further a dash indicates that
the flow or dynamic variable is dimensionless) are
given by the formulas (1.1)—(7.2) given below:

dc|

7 = qre/’l - qoutrl - qHEll + JI:VSS s (lla)
AC o [P2G) 4y G
dt i K +C
. (1.1b)
_C’zl’ C]' + max1 ,
1+ aexp —feW(r)
KT,N
%:1—;1'0;1; , (1.22)
di _,_ &, (1.2b)
dr 1+ C1’2 e ’
dV' ] ' ' ' 1o
d_tl’ZB + Vg — Vs + Ve — kv, (1.3a)
’ /2
U opron
d ki +C (1.3b)
—ksviw; + kgx{ — kyvy,
dw/
d_t’l = Vi + Ve — kiwi (1.4a)
dwl' ’ ’ ’ 14 r ’ 14
ar = —ksviwy + kgx| — kawy , (1.4b)
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dx/

1 _ ’ /W)
ar V5o + Ve — ki x{ s
’

| R A [ [
dar ksvywy — kexi — kqxq

&
dr’
dr’

= kgx{ —kiyi,

=B +vg — kg,
2

Y1

’ ’
— 5 k77,

%—B'+e’ 5
yi©+ kg

dr
a6 _
dr
dc; b +C, G
_=k/ tat | 20 _k,'
dr ‘“"2{1+C5J 2 1+ G

’ ’ ' J,
Dre1 2 —Y9our2 ~9uE 2 + Y Wss >

qunax2
feW(f)J’

kT,N

50 +

1+ aexp[—

dn

_:1_ ’ _ /’
dr’ Acy =M
e
1+ Cy2

dn

dr'

’

_nz,

dv;

2 _ ' ' ’ ror
?—B + Vg — Vs + Ve —k7vy s
2

:B!+®! C2

!
i} S
ki +Cy?

>

dr

’ ’ ’ ’ ’ ’ !
—ksvywy + kgxy — k7v)
dw}
2 ' ' [
ar —Vs12 + Veo — kgwy,
14
dw,

T —ksviw| + kexh — kaws

dx}
2 ' ’ ot
ar V512 — Vo — k73,
!
dx;

2 = Kiyiwh — ks — kixp,

%)

r ’ ’
dr’ =V — kv,

(1.5a)

(1.5b)

(1.6a)

(1.6b)

(1.7a)

(1.7b)

(1.8a)

(1.8b)

(1.9a)

(1.9b)

(1.10a)

(1.10b)

(1.11a)

(1.11b)

(1.12a)

(1.12b)

(1.13a)

Do _ s ks, (1.13b)
dr
9% v, kg, (1.14a)
dr

dr’ vk TR

Formulas (1.1a)—(1.14b) specify 14 equations
for two cells. The indices i =1, j =2 for the first 7

equations and the indices i =2, j =1 for the next 7

equations represent numbers of the flows (Table 2)
and dynamic variables (Table 1), which refer to the
first and second cell respectively (see the left and
right cells in Fig. 1). Expressions for flows are giv-
en in Table 2, values of dimensionless constants of
the model are given in Table 3).

The following initial conditions are used in the
model [23] (the index i = 1, 2 is the cell number):

C'(0);, = 0.200165,
n'(0);, = 0.961477,

v'(0); = 0.1,
w'(0); =0,
x'(0); =0,
y'(0); =0,
7'(0);, =

Consider the dimensionless parameters that de-
termine the behavior of the system in the magnetic

[191,

magn

field [19]. The first parameter m, =

N
where P,,, is the amplitude of the magnetic wall

shear stress, P, =5 Pa is the WSS corresponding
to the saturation of the current through the me-
chanosensitive Ca?* ion channel, assuming the
probability of the opening of channel f, =0.9 in
the Planck model. The parameter m; is used for
both cases: for the WSS induced by a gradient

magnetic field and for the WSS induced by a uni-
form magnetic field.

The second parameter is m, = 5 [19], where

Th
1, is the WSS due to the blood flow in the vessel,
for example, t,= 1 Pa for an artery and t,= 0.1 Pa
for a capillary. The second parameter m, does not
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depend on magnetic field and therefore serves as a
material parameter [19]. We estimate this ratio as
m, ~ 5 for an artery and m, ~ 50 for a capillary.
Thus, the dynamics of calcium concentration is
significantly different for an artery and a capillary
both for the parameters of the oscillatory mode
and for the parameters of the non-oscillatory
mode.

The next important parameter that describes
the effect of magnetic field on calcium dynamics
is the frequency of magnetic field oscillations v.
Thus, we display our further results regarding Ca*

=y
< TN
£
= TOATATL

c

dynamics in coordinates (m, v) for different values
m, of the parameter associated with different en-

dothelial cells.

A uniform rotating magnetic field with fre-
quencies in the range of 0.01—1 Hz) is effective for
controlling the amplitude and frequency of oscilla-
tions in the intracellular calcium concentration in
endothelial cells [19], as well as in selecting their
phenotype. For the same purpose, an inhomoge-
neous oscillating magnetic field in the same fre-
quency range can be applied (Figs. 4-9).
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2350

2310 2320 2330 2340
t.s
d
120
1151
g 1101
S — 0ouT
S 1051 — souT
= _
< 100 500 uT
o —— 5000 uT
a ol
90 1
a5 | SAARAANARANARAR KKK KKK

2300 2350 2400

t.s
f

2150 2200 2250

Figure 4: Dynamics of intracellular calcium concentration in the (a, b) first and (c, d) second cells; dynamics of the delta-like ligand (DLL)
concentration in the (e) first and (f) second cells for the case of magnetic nanoparticles chains embedded in the membranes of both
cells under a rotating magnetic field (from 0 to 5000 uT) with frequency close to the self-oscillation frequency of 1/8 Hz
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of self-oscillations

The natural frequency of calcium oscillations is
in the range from tens of millihertz to tens of hertz
as it is observed experimentally [41]. To achieve
the effect of the magnetic field to be resonant, it is
reasonable to choose magnetic field frequencies
that are close to the frequency of self-oscillations
of concentration of intracellular calcium. Higher
and lower frequencies have less effect, because they
lie far from the frequency of self-oscillations, i.e.
from the resonant frequency (Figs.4—9). In low
magnetic fields with frequencies that coincide with
the frequencies of self-oscillations of calcium con-
centration in endothelial cells it is possible to
achieve a significant effect on endothelial cell phe-
notype due to its resonant nature. One more ad-
vantage of sufficiently low frequencies is that the
magnetic field does not cause thermal effects on
magnetic nanoparticles at such frequencies unlike
the technique of magnetic hyperthermia. Besides,
the choice of low frequency magnetic field applica-
tion will simplify the design of the magnetic device
and expand the range of magnetic field inductions.

Discussion

The concentration of DLL changes by 1.3—
1.4 times under a uniform rotating external low-
frequency magnetic field in the presence of MNPs
embedded in the cell membrane. It allows control-
ling the phenotype of endothelial cells. Indeed, as
can be seen from Figs. 4—9, a magnetic field can
suppress oscillations of the intracellular calcium
concentration changing the cell phenotype from tip
cells to stalk cells (following), because according to
the conclusions of works [23, 42] these oscillations
are preserved only in cells, that choose the tip cell
phenotype. Also, the magnetic field (see Fig.4—9)
can significantly increase the concentration of DLLA4,
which is also decisive for the selection of tip phe-
notype by cells, because a cell with significantly
higher levels of DLLA4 is defined as a tip cell accor-
ding to experimental and theoretical works [23, 42].
At the same time, the attachment of MNPs to the
membrane of only one of the two neighboring cells
allows the magnetic field to target only its pheno-
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type without changing the phenotype of the neigh-
boring cell. Such targeting of the gating of calcium
ion channels to specific cells is promising because
other methods of targeting at ion channels (using
low molecular weight compounds, monoclonal an-
tibodies) are not cell-specific and are not selective
even for one therapeutic area.

Tissue branching morphogenesis necessitates
the hierarchical arrangement of sprouting endo-
thelial cells into leading "tip" cells and trailing
"stalk" cells [43]. During angiogenesis, endothelial
tip cells guide the sprouting vessels, extend filopo-
dia, and migrate in response to gradients of vas-
cular endothelial growth factor. In contrast, stalk
cells follow the tip cells, forming the trunk of new
vessels and maintaining connectivity with the par-
ent vessels [44]. The processes of tip-stalk endo-
thelial cell phenotype selection form the founda-
tion of sprouting angiogenesis. Going forward, reg-
ulators of these processes may serve as potential
markers and targets for angiogenesis [45]. Endo-
thelial cell diversity is crucial for the formation,
maintenance, and regeneration of the vascular sys-
tem during development and disease, particularly
in wound healing [46]. The plasticity of endothelial
cells have significant implications for disease pro-
gression, especially in scarring and fibrosis [46].
Choice of endothelial cell phenotype is crucial for
insights into vasculargenesis and angiogenesis in
diseases like cancer [46]. Therapeutic modulation of
vascular cell proliferation and migration is essential
for the effective inhibition of angiogenesis in can-
cer or its induction in cardiovascular disease [47].
That is why the results of the present research open
the new non-invasive way of magnetic control of
angiogenesis for treatment of cancer, cardiovascu-
lar diseases and wound healing.

The experimental verification of the results of
the manuscript is possible because:

— there are technologies of production and
administration of artificial magnetic nanoparticles
in target organ, see for example, [48—51];

— magnetic systems for creation of low fre-
quency weak and moderate magnetic ficlds are wide
spread and not expensive, see for example, [52, 53];

— the methods of phenotyping of endothelial
cells are developed, see for example, [54, 55];

— the methods of in vivo measurements of cal-
cium oscillations in endothelial cells are developed,
see for example, [42, 56].

The experimental verification of the results of
the present modelling is perspective in both cases,
i.e. with or without administration of artificial
magnetic nanoparticles because there are biogenic

Innov Biosyst Bioeng, 2024, vol. 8, no. 3

magnetic nanoparticles in human organs and tis-
sues. For example, the review papers describe in
detail the localization in tissues and organs, con-
centration, morphology and physical properties of
biogenic magnetic nanoparticles [17, 18, 57].

In view of the above considerations, there [48]
are some experimental studies dedicated to the in-
fluence of magnetic fields on biological samples
containing magnetic nanoparticles [58], and elec-
tromagnetic fields without the use of magnetic
nanoparticles [59], on growth factors, leading to
the conclusion that effects are present and con-
trolled influence is possible. Other experiments are
also reported involving changes in the phenotype
or morphology of organic structures, such as ma-
crophages [60] and osteoblasts [61], under the in-
fluence of a magnetic field.

Conclusions

The choice of phenotype by endothelial cells
can be controlled in a uniform rotating external
low-frequency magnetic field, as well as in a gradi-
ent oscillating magnetic field, which opens the way
to control angiogenesis and vascular architecture.

The novelty of the paper lies in presenting, for
the first time, the results of theoretical modeling of
the low frequency moderate magnetic field's non-
thermal influence on magnetic nanoparticles em-
bedded in the membranes of endothelial cells for
controlling the phenotype of endothelial cells.

List of abbreviations

WSS — wall shear stress

MF — magnetic field

DLL4 — delta-like 4 protein, a transmem-
brane protein that activates the Notch pathway

IP3 — inositol 1,4,5-trisphosphate

IP3R — IP3 receptor

ECs — endothelial cells

VEGF — vascular endothelial growth factor

HE — hairy and enhancer-of-split family of
proteins

SERCA — sarco/endoplasmic reticulum Ca**-
ATPase

ER — endoplasmic reticulum

CICR — calcium induced-calcium release

Notch — a family of type-1 transmembrane
proteins that form a core component of the Notch
signaling pathway, which is highly conserved in
metazoans

NICD — Notch intracellular domain
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C.B. lNopobeup, O.10. Nopobeup* , K.O. Payek, A.M. PasaHoBa
KIl im. Iropst Cikopcbkoro, Kui, YkpaiHa
BNNMB MArHITHOro nona TA MArHITHUX HAHOYACTUHOK HA BUBIP ®EHOTUNY EHAOTENIANBHUX KNITUH

Mpo6nemartuka. EHgoTenianbHi KMITMHN SK YYaCHWKW aHrioreHesy BUOUpaloTb CBill heHOTMN SK KIHYMKOBI KMiTUHWU (NPOBIAHI, Mirpytouyi)
abo kniTuHKU cTebna (HacTynHi). EkcnepumeHTansHO BUSIBNIEHO Ta TEOPETUYHO 3MOAENbOBAHO, L0 LIBUAKI KONMBAHHS KOHL eHTpauil
KanbLjto BCepeauHi KNiTMHW BifirpatoTb KMOYOBY POrib Y KOHTPOri BUBOPY eHOTUNy Ta MOXIMNBOI apxiTekTypu cyauH. Kpim Toro, Bigo-
MO, WO BHYTPILUHBOKMITUHHA KOHLEHTpaUis KamnbLilo B eHAoTenianbHUX KMiTMHax perynioeTbCa MeXaHiYHUM HanpyXeHHs 3CyBy MeM-
GpaHn, CPUYNHEHNM KPOBOTOKOM, SIKUI KOHTPOSIHE MEXaHOYYTNMBI KaHanu ioHIB KanbLito. Po3po6neHo ekcnepumMeHTarbHi MeToam ke-
pyBaHHS MEXaHOYYTNMBMMM IOHHUMM KaHanaMmm B 30BHILLHIX MarHiTHUX MOMsX i3 3aCTOCYBaHHAM MarHiTHUX HAHOYaCTUHOK, LLO BNMBa-
10Tb Ha MarHiTHi HAHOYaCTMHKW, LITYYHO MPUKPINMEHi A0 KMITMHHUX MeMBpaH.

MerTa. MopyLlyeTbca KMOYOBE MUTAHHS LLOAO MOXIMBOCTI KOHTPOMbOBaAHOrO BUGOPY heHOoTUny eHaoTenianbHUX KNiTUH Y 30BHILLHIX
MarHiTHUX MOMSAX 3a PaxyHOK HAsiBHOCTI LUTYYHMX abo BioreHHMX MarHiTHUX HaHO4acTMHOK, BOYAOBaHUX Y KNITUHHY MembBpaHy.
MeTopauka peani3sauii. Po3paxoBaHo MarHiTHe HanpyxeHHsi 3cyBy MeMbpaHy BHaCMiAOK BMUBY 30BHILLUHBOrO MarHiTHOro nors Ha mar-
HITHI HAHOYaCTUHKKW, BOYAOBaHi B MeMbpaHy KMiTUHW, ke KOHTPOIE MEXaHOUYTNUBI IOHHI kKaHanu kanbuito. 3AiCHEHO YicnoBe Moae-
NOBAHHS KONMUBAHb BHYTPILUHBbOKIITUHHOI KOHLEHTPALIi KanbLilo B eHaoTenianbHUX KNiTUHAxX Ta BU3HAYEHHS IXHbOrO KiHLEBOro eHo-
TUMY 3 ypaxyBaHHAM MiXKMITUHHOI KOMYHikauii. [lng 4icnoBoro MofenoBaHHA BUKOPUCTAHO MOBY mporpamyBaHHsA python Ta naketu
scipy, py-pde, matplotlib moBu nporpamyBaHHs python.

PesynbTaTtn. Po3paxoBaHo Aiana3oHu iHAYKLUiT Ta 4acTOTW OJHOPIAHOro 06epTOBOro MarHiTHOrO MOfs, @ TaKoX BENUYMHY rpagieHTa i
4YacTOTy HEOAHOPIQHOrO OCLMMIOYOro MarHiTHOro Monsa ANna ynpasfiHHA amnniTyAol Ta YacTOTOK KONMWBaHb BHYTPILIHbOKMITUHHOI
KOHUEHTpaUil KanbLito B eHgoTenianbHUX KiTMHax, a Takox BU6opoM ix peHoTuny.

BucHoBkW. Bubip deHoTnny eHgoTeniansHUMK KNiTMIHaMU MoXe OyTW KepoBaHWUIA B OAHOPIAHOMY 06epTOBOMY 30BHILLHBOMY MarHiTHOMY
noni, a TakoX B HEOAHOPIAHOMY OCLIMIIOIOHOMY MarHiTHOMY Mo, WO BiAKPUBAE LUMAX A0 KEPYBaHHA aHTioreHe3oM i apXiTeKTyporo CyavH.

KnrouoBi cnoBa: rpagieHT marHiTHoro nonsi; o6epToBe MarHiTHe none; eHaoTenianbHi KMiTUHW; BHYTPILUHBbOKMITUHHA KOHLEHTpaLis
KanbLjto; BUGIp dheHOTUNY; MarHiTHi HAHOYaCTUHKMK.



