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Abstract: The mechanics of thrombus formation includes the interaction of platelets, fibrin, and
erythrocytes. The interaction was analyzed as the erythrocyte approaches the activated platelet
and fibrin thrombus formation. The discrete element method (DEM) was used for the numerical
experiment. Details of numerical experiments are presented by analyzing the dynamics of an
erythrocyte in the process of interaction; a history of force, velocity, and displacement is given. It
is usually assumed that the objects modeled by the DEM can oscillate during the sticking process.
Modeling only this requires specialized knowledge and long-term research. However, by taking into
account the influence of the fluid and modeling a soft biological cell, a completely different behavior
can be achieved using the DEM method. The results of the numerical experiment show the different
behavior of the erythrocyte when it interacts with a certain surface. Without taking into account the
influence of the fluid in the sticking process, oscillations of the erythrocyte are observed. Meanwhile,
after evaluating the influence of the liquid on the sticking process, there are no oscillations and
unloading processes, which are typical for ultrafine objects. It is hoped that this will contribute to the
study of the complex process of thrombus formation.
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1. Introduction

Erythrocytes (red blood cells, RBC) are one of the main components of the blood clot,
which is still the focus of research to this day. The implications of the theory of erythrocyte
motion in narrow capillaries is given by Fitz-Gerald [1]. An erythrocyte in the form of
a drop of liquid is analyzed by Fischer et al. [2]. The dynamics of erythrocyte motion in
filtration tests are given by Cokelet [3]. RBC rheology was analyzed by Shiga et al. [4]
and Maeda [5]. The erythrocyte velocity was measured by Zhong et al. [6]. Erythrocyte
dynamics in human retinal capillaries were investigated by Gu et al. [7].

One of the important problems associated with human health is the formation of a
blood clot and blockage of a blood vessel. There are various cases and causes of blood clots.
Risk factors for venous thrombosis have been reviewed by Rosendaal [8]. An association
between atherosclerosis and venous thrombosis has been investigated by Prandoni et al. [9].
Stent thrombosis in the modern era was introduced by Cutlip et al. [10]. The formation
of blood clots on biomaterial implants was analyzed by Shiu et al. [11]. Erythrocyte
aggregation and its various structures were analyzed by Baskurt and Meiselman [12].
Farsaci et al. [13] analyzed whether the formation of a blood clot is a reversible process.
Analysis of erythrocyte aggregation, taking into account rouleaux and clot formation, was
given by Wagner et al. [14]. The contraction of the blood clot considering internal and
external fibrinolysis was given by Tutwiler et al. [15].

There should always be solutions to deal with blood clot related problems. Shape
memory alloys can be used to filter a blood clot (Tzou et al. [16]). Recently, cell-related
research in the biological and medical sciences remains relevant, requiring new ideas,
interdisciplinary research applications, and knowledge in the field of mechanics [17-26].

A boundary conditions investigation to improve computer simulation of cerebrospinal
fluid dynamics in hydrocephalus patients is given in [27]. Their results suggested using
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the computational fluid dynamic method and the fully coupled fluid-structure interaction
method for cerebrospinal fluid dynamic analysis in patients with external and internal
hydrocephalus, respectively. A new definition for intracranial compliance to evaluate
adult hydrocephalus was suggested in [28]. The results of the present noninvasive study
may be useful for future studies to link the clinical nonuniformities and variations of
these patients with the nonuniform and oscillatory changes of the long-term intracranial
compliance. Minimizing thermal damage to vascular nerves while drilling calcified plaque
was investigated in [29]. Here, the load cell was attached to the tube wall to measure
radial force.

In this work, the study is limited to the interaction of a single erythrocyte, while in
further studies it would be possible to take into account the mechanical behavior under
dynamics of a thrombus as an agglomerate. The presented model is universal, for example,
it allows one to additionally study thrombus formation in the atria, as well as the further
movement of a thrombus towards the brain and inside it [30].

2. Problem Formulation

Thrombosis is usually caused by damage to the wall of the blood vessel, blood com-
position, and increased blood clotting. In this work, a part of thrombus formation was
chosen for study, i.e., when the erythrocyte begins to interact with fibrin and activated
platelets. The problem is related to the interaction of the erythrocyte in the process of stick-
ing. The purpose of this study is to achieve erythrocyte adhesion in a numerical experiment
based on the initial data taken from known physical experiments. At the same time, using
the developed theoretical model, the work is also aimed at reproducing the dynamics of
erythrocytes, showing the behavior of erythrocyte interactions over time. According to
previous studies [31], an erythrocyte is not prone to adherence, even when deformed at
a distance from the vessel surface. However, during the formation of a clot, its behavior
should involve the adhesion process, the behavior and mechanics of which are not clear.
In this work, the main attention is paid to solving the above problem using the numerical
simulation method. Additionally, the mechanical parameters of the thrombus components
(platelets, fibrin) taken from the known literature are presented.

The question arises of how the behavior of cells can be different when sticking in a
liquid. Mechanical parameters (Table 1) are taken from known physical experiments and
used in the presented developed model. Taking into account these parameters, in this
work, the interaction at a distance of a blood cell is reproduced and modeled. At the same
time, different behavior of the cell during interaction was obtained, different modeling
possibilities were shown, and attention was paid to the influence of the liquid. One of
the objectives of the study is to obtain the sticking process, in which the erythrocyte (red
blood cell) oscillates on the interacting surface. However, as further studies will show,
oscillations under the action of a fluid (due to the drag force) may not occur. It is under the
action of the liquid that the erythrocyte can be additionally deformed (only the process of
loading occurs) when interacting with the surface, and because of which the erythrocyte
stops as a result.

The first stage of the study of the interaction of red blood cells (RBC), presented in the
publication [31], concerned the question of whether a blood cell can reach the surface of
a blood vessel (the case when a thrombus is not formed); such a study of cell mechanics
was not found in the known literature. The revealed effects were not previously observed,
namely, the deformation of the cell in the absence of contact. This has become possible for
soft matter such as a cell. In the second case, the present publication took the next step. In
this case, the interaction of an erythrocyte cell with a blood clot was considered. This stands
out as a separate case in clot formation when RBC adhere to the clot surface. Moreover, a
completely different behavior of the cell was found than the accepted idea of the process
of cell adhesion in air. The sticking process (with oscillations) in the liquid did not occur;
this effect was not observed in the known literature. This is manifested in the completely
different behavior of cells when interacting in liquid and when interacting in air.
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The tasks are completely different, but since in both cases the object is the same—
an erythrocyte, and the interaction takes place in a blood vessel, the descriptions of the
simulation methodology have some similarities. The initial data are supplemented with
data on the blood clot, and the additional forces required to solve the new problem are
estimated. Part of the description of the methodology, i.e., a detailed description of the
forces, is presented in [31] and is not repeated here.

3. Methodology

The discrete element method (DEM) makes it possible to virtually describe the motion
of various objects from very small objects (e.g., atoms) to very large objects (e.g., planets). It
is important that Newton’s second law is applicable and suitable for describing the motion
of these objects. Different objects have different mechanical properties, which are important
to identify in advance from known physical experiments. Initially, the discrete element
method was used to simulate the movement of large objects (rock masses, granular soils).
In this paper, DEM is used for numerical simulation of cell interaction. Translational motion
(of each i-th erythrocyte) is described by Newton's second law:

d?x;
miﬁ = F(t) (1)

where m; and vector x; are the mass and position of the i-th erythrocyte (red blood cell). The
vector F;(t) = }_; F; j(t) corresponds to the resultant forces acting on the cell i in the event of
possible interaction. Equation (1) is integrated with the 5th-order Gear predictor—corrector
scheme [31].

During the interaction (Figure 1) of an erythrocyte, four main processes (approach,
load, unload, separation) can be distinguished. Initially, the erythrocyte is close to the blood
clot and interaction is possible. Figure 1 shows a model of the interaction of erythrocytes
(red blood cells). The constitutive model of interaction can be described by the certain
points (S-L-U-A’-E). When approaching (S-L), the movement of the erythrocyte corresponds
to the interaction at a distance. At distances of load (L-U), unload (U-A'), reload-reunload
(A’-E), the erythrocyte is in contact with the surface of the vessel. The force-displacement
diagram is presented in Figure 1.

-interaction at a distance

normal force

displacement U
contact+ i
. / unload I ___ - ____
+repulsion
p i Rl)lood vessel
load
-attraction

T
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vessel

normal force F, pN
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displacement h, nm

(a) (b)

Figure 1. Sticking process model (a) and initial position of the erythrocyte (b). If it does not have
enough kinetic energy to detach, reloading begins at point A" and then the interaction ends at point E.
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The additional effect of cell elongation (formation of a neck in the contact zone) during
unloading was not taken into account in this work. Previously, this effect (additional
elongation) was considered for softer structures such as virus spikes (Jasevicius [32]). In
the future, it is planned to create an additional model (for erythrocyte interaction) that will
allow us to evaluate the possible elongation of cells during unloading. It should be noted,
as later shown by the results of the numerical experiment, that this effect is not achieved
during unloading during adhesion/sticking (the cell does not reach the value h = 0 when
unloading; therefore, for h < 0, no additional elongation will be observed). This effect
may be important if it is necessary to separate an attached cell from a surface (e.g., the
surface of a blood vessel). As mentioned earlier, the results show that the adhesion/sticking
process may not reach this effect (additional elongation). However, this effect would be
important in studying the detachment of the virus from the surface (rupture of spikes
at separation virus from a cell surface) when additional elongation of the spike could be
observed (Jasevicius [32]).

The interaction of the erythrocyte is described by the application of a total force:

F(t) = Fo(t) + Faan(t) + Fai(t) + Faandiss (1) + Foiscous () ()

where F,(t) is the elastic force, F,4,(t) is the adhesion force, Fy(t) is the electrostatic
double layer force, F, g, 4iss(t) is the adhesive-dissipative force and Fyjscoys(t) is the viscous
damping force. In this work, the problem is the dynamics of the cell; therefore, both
force and displacement are not controlled in time; the resulting values (force, velocity,
displacement) are obtained only after integrating non-linear force-displacement equations
(integrated with the 5th Gear predictor—corrector scheme).

3.1. Approach, Interaction at a Distance

The expression for the total force acting on an erythrocyte at a distance can be represented:

F(t) = Faan(t) + Fai(t) + Farag (t) ®3)

where F,(t) is the adhesion force, Fy(t) is the electrostatic double layer force, and
deg(t) is the drag force. A description of each force (interaction at a distance) is
presented by Jasevicius [31]. To describe the hydrodynamic force, the Stokes” drag force
Farag(t) = 6 - 701 Ry - Urelative (t) is used. In this equation, 7 is the viscosity of the fluid,
Urelative 15 the relative velocity in the normal direction, and Ry is the hydrodynamic
radius of the red blood cell. For this simulation, it is assumed that Ry = R;. The relative
velocity is calculated considering vy,jative (t) = U;i(t) — Upo0a (t). Here, v; is the cell velocity
in the normal direction and vy, is the blood velocity in the normal direction.

3.2. Load, Contact

During the load and contact, the total force is:
F(t) = Fran + Far(t) + Far(t) + Fayag (t) 4)

where Fy ,4,(t) is the adhesion force at point L (Figure 1), Fy(t) is the electrostatic double
layer force, Fyqq(t) is the drag force, and F,(t) is the elastic force (Hertz model). A
description of each force (load) is presented by Jasevicius [31]. During contact with the
surface, the erythrocyte is deformed.

3.3. Unload, Contact

Unloading begins after reaching the maximum displacement of the erythrocyte under
load. The general expression for the total force is:

F(t) = el(t) + FL,adh + Fadh,diss(t) + Fdl(t) + Fel(t) + Fdrag(t) + Fviscous(t) (5)
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where F,(t) is the elastic force (Hertz model), F; ,4,(t) is the adhesion force at point L
(Figure 1), Fyap 4iss (t) is the dissipative adhesion force, Fy (t) is the electrostatic double layer
force, Fiyqq(t) is the drag force, and Fyjscous(t) is the viscous damping force. A description
of each force (unload) is presented by Jasevicius [31].

Energy dissipation due to adhesion. Energy dissipation W, 4iss due to the change in
influence of adhesion can be described theoretically (Jasevicius [31]):

Wiaandiss = kb * | Fr,aan - ar=o (6)

where Fj .4 is the adhesion force at point L (Figure 1), ar—g is the initial interaction distance
at which the equilibrium of molecular attraction and repulsion potentials is assumed; it is
considered as the minimum molecular center separation. The coefficient ky gives ability to
consider the different amount of energy dissipation. In this simulation, this coefficient is
equal to kg = 1. The dissipative adhesive force is described by the following equation:

2Wain diss T
Fadh,diss(t) = _ﬁ'h(t) (7)

where /i(t) is the normal strain and h(t)
(displacement) hy;.

Energy dissipation due to viscous damping. To simulate the dissipative behavior of
an erythrocyte during the sticking process, a viscous damping model is taken into account.
During dissipative oscillations, the kinetic energy of the erythrocyte is dissipated into heat.
The viscous model is described based of the Tsuji model (Tsuji et al. [33], Jasevi¢ius and

Kruggel-Emden [34]):
Fviscous(t) = g4/ meffKel(t)'E(t)'(_h(t)) 8

where a; is the damping coefficient and h(t) is the displacement rate (velocity) [34]. The
stiffness K,;(t) of the erythrocyte is taken into account (Hertz model) according to the equation:

Ky(t) = %Eeff\/Reffh(t) )

where E,f/ is the effective modulus of elasticity of the erythrocyte and blood clot, while
R.ff represents the effective radius.

When an erythrocyte interacts with the boundary, the effective mass i, is equal
to the mass m.f;s = m; of the erythrocyte, since the boundary mass m; (blood clot) is
considered to be significantly greater than the mass of the erythrocyte m; > m;.

In the general case, the effective mass m,s; of interacting bodies is determined by

the expression:
-1
1 1
Meff = <mi + m]-> : (10)

The following process is the reload. This takes into account the decrease in the
influence of viscous damping during unloading. The effect of attraction due to adhesion in
contact is considered to be time dependent.

= h”;ih(t) and depends on the maximum overlap
u

3.4. Reload and Reunload, Contact

Upon reaching the point of unloading A’, a reload of the erythrocyte may occur.
The equation for the total force is:

F(t) = FL,adh + Fadh,diss(t) + Fal (t) + Fel(t) + Fdrag(t) + Fviscous(t) (11)

where F; ,4,(t) is the adhesion force at point L (Figure 1), Fy(t) is the electrostatic double
layer force, Fj,4(t) is the drag force, and F(t) is the elastic force (Hertz model). A descrip-



Appl. Sci. 2022,12,12576

60f 11

tion of each force is presented by Jasevi¢ius [31]. F,gp, 4iss (t) is the adhesive-dissipative force
(Equation (7)) and Fy;scoys (t) is the viscous damping force (Equation (8)).

If there were occasions when an erythrocyte would detach from the surface during
unloading, this could be considered as a detachment (separation) process. When modeling
the sticking process in this work, the separation process was not achieved and therefore
was not analyzed further. A description of the process of separation of an erythrocyte can
be found in Jasevicius [31].

4. Numerical Experiment

In a numerical experiment, it is planned to study the interaction of an erythrocyte
with the surface of the blood clot. The aim is to analyze the effect of fluid on the process of
erythrocyte sticking. As a result, the study of the sticking process is divided into two parts.
In the first part, when the influence of the liquid is partially evaluated, the drag force is
not taken into account and the electrostatic double layer force is taken into account. In the
second part, all the forces presented in this article acting on the erythrocyte are evaluated.
The initial experimental data are presented in Table 1.

Table 1. Initial data.

Objects Initial Parameters Values References, Sources
Diameter, d; 6.2 pm Turgeon [35]
Initial interaction distance, ap— 20 nm Jasevicius [31]
Initial velocity, vg —0.010783 cm/s Jasevicius [31]
Mass, m; 28 pg (picograms) MediaLab, Inc. [36]
Density, p; 112¢g/ cm? Kumar et al. [37]
Young’s modulus, E; 26 kPa Duliniska et al. [38]
Erythrocyte Poisson’s ratio, v; 0.5 Abay et al. [39]
(red blood cell) Surface potential, §; —24mV Pei et al. [40]
Surface charge density ¢; —3mC/m? Rubenstein et al. [41]
The adhesion force at point A, F4 ;a1 1—0 B
(between erythrocyte and fibrin) 82.25 pN (79 £+ 3 pN) Carvalho et al. [42]
The adhesion force at point L, _38 oN .
Fi, adn h=0 (erythrocyte—fibrin) p
Adhesive dissipative energy, W,ap iss 76-107207 -
Fibrin Young’s modulus, E; 4 Mpa Liu et al. [43]
Density, p; 1.33 g/ cm® Zhmurov et al. [44]
Endothelial cell Surface charge density ¢; —12 mC/m? Rubenstein [41]
Density, 0piatelet 1.067 g/cm? Thompson et al. [45]
Platelet Young’s modulus, Epjgtefer 10.0 kPa Radmacher et al. [46]
(thrombocyte) Poisson ratio, Vpjatelet 0.5 Radmacher et al. [46]
Diameter, dp4,1,+ (non activated) 3.0 pm Seyoum et al. [47]
PH 7.4 Wilschut [48]
Temperature, Tremp 36.8 °C Jasevicius [31]
N 8.854- 10712
The permittivity of the free space, ¢ 2 Im-1 Jasevicius [31]
Debye length, A ~ 8.0 um Rubenstein [41]
Blood A dielectric constant of water, ¢ 74.5 Butt et al. [49]
Blood flow velocity, vyTn ax blood —3.0cm/s Nagaoka and Yoshida [50]
Blood flow velocity at ar—¢ = 20 nm distance in 0.010783 cm /s Jaseviius [31]

normal direction, vg
Viscosity, 11 f

3 ¢P(0.003 Pa-s)

Nacev et al. [51]
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Table 1. Cont.

Objects Initial Parameters Values References, Sources
Arteriole Diameter, dblom_i vessel 100 um Nagaoka gnd Yoshida [50]
Surface potential, ¥ —48.3 mV Nakashima et al. [52]
Blood clot Poisson ratio, v 0.5 Tutwiler et al. [53]
Simulation Time step 5 ps (picoseconds)

The results of the experiment in the first part are presented in Figure 2a—d. The graphs
show the corresponding points of the interaction process path S-L-U-A'-E. The values of
force, displacement, and velocity at these points are given in Table 2. In the first part of the
study, contact of an erythrocyte is observed in the presence of interaction with a thrombus.
This is due to the weakening of the electrostatic double layer force when the erythrocyte
interacts with the forming blood clot. It is assumed that the sticking process begins when
the erythrocyte reaches point A’, when the kinetic energy is not enough to detach from the
interaction surface and the reloading process begins. Oscillations are observed when the
movement of the erythrocyte in the sticking process oscillates to a complete stop at point E.
Moreover, at this moment, the erythrocyte stops further deformation, and the force and
velocity values acting in the normal direction are equal to zero.

120 -
100 U

normal force F, pN
'
[\
R owm
1
L
W

-40 7L
601 &
-804 A

displacement h, nm

(a)

displacement h, nm

time t, s

(©)

normal force F, pN

velocity v, mm/s

120
100
80
60
40
20

] [\M
Y

time t, s

(b)

150

time t, s

(d)

150

Figure 2. Interaction of an erythrocyte with a blood clot (fibrin and platelets). Without drag force.

Dependence of the normal force on displacement (a) and time (b); dependence of displacement (c)

and velocity (d) on time.
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Table 2. Properties of the movement of an erythrocyte during interaction at certain points S-L-U-A’-E.

Parameter

Values at Certain Points

S L U A’ E

Without t, us 0 11.59687 15.120995 19.679315001 ~150
drag F, pN —5.78593 —34.27663 104.69451942 —66.7513884 0

force h, nm -20 0 14.3479743 1.806173644 7.71084038

v, mm/s —0.10783 —4.6735475 0 0 0

With drag t, us 0 107.64 ~250 - ~250
force F,pN —5.78593 —0.18155 0 - 0

h, nm -20 0 7.562478 - 7.562478

v, mm/s —0.10783 —0.30232 0 - 0

In the process of sticking, during oscillations, the values of the normal velocity change;
positive and negative values are observed. Such obtaining results are likely if, for example,
a dry particle or a drop of water interacts with a certain surface in the air. It should be
noted that oscillations of an ultrafine object are difficult to physically detect, especially if
the deformation occurs only in the contact zone (Jasevicius and Kruggel-Emden [34]).

The results of the second part of the experiment are presented in Figure 3a—d. The
graphs show the corresponding points of the interaction process path S-L-U(E); the values
of force, displacement, and velocity at these points are given in Table 2. In the case of such
an interaction, the drag force is considered. The results obtained (Figure 3) are completely
different from Figure 2. Not only do the achieved values of forces, displacements, and
velocities differ, but so does the behavior of the erythrocyte itself. During oscillations, the
sticking process is absent. The movement of an erythrocyte stops when it is deformed at
the point E on the corresponding surface. The values of force and velocity (Figure 3) of
the adhered cell, as in Figure 2, are equal to zero. Moreover, when comparing the results
(Figures 2 and 3), it can be noted that until the erythrocyte movement stops under the
action of the drag force (Figure 3), the interaction time lasts longer. In the case of sticking
(Figure 3), the velocity value remained negative until it decreased and reached zero.

0.5 U(E) 0.5 1 U(E)
T T —— T — T T °
%.-%0 15 -0 5059 s g Z 057 so 100" 150 200 250
[y 1.5 4 =15
54 5
g 2.5 1 g 251
g 3.5 g 3.5
5 5
2 45 = 45
oS 5.5 5508
displacement h, nm time t, pus
(@) (b)
10 U(E)
°
E d
= =
= ‘ ‘ : E
5 150 200 250 3
£ >
3 =
= g
Z E
2
04 -
time t, Us time t, us

(0) (d)

Figure 3. Interaction of an erythrocyte with a blood clot (fibrin and platelets) with drag force.
Dependence of the normal force on displacement (a) and time (b); dependence of displacement (c)
and velocity (d) on time.
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During the sticking process, adhesion effects are quickly suppressed but sufficient for
the erythrocyte to approach the surface and adhere. It was also observed that the unloading
process did not occur; point U, which should describe the beginning of unloading, coincided
with point E, indicating the end of the erythrocyte sticking process. If the interaction of
an erythrocyte in air is modeled, then point U must coincide with the maximum force
achieved. However, the influence of the liquid completely changed the behavior of the
erythrocyte, and the load curve (force-displacement) itself, upon contact, has the form of an
arc, and the value of the force at point U is zero. This would be unusual when simulating
the interaction of an erythrocyte in air, but in a liquid such an interaction has become
possible. Further research will focus on a more detailed study of the dynamics of thrombus
components. The developed theoretical model can also be adapted to analyze the sticking
process of other biological structures [32,54,55].

5. Conclusions

The paper analyzes the interaction of an erythrocyte with the surface of the corre-
sponding clot. It was noticed that, without taking into account the drag force, oscillations
occur during the interaction of the erythrocyte. When the influence of the fluid is evalu-
ated and a drag force is applied, it completely changes the behavior of the erythrocyte.
Under the action of the drag force, there is no typical sticking process with oscillations in
the movement of the erythrocyte. Upon contact, the erythrocyte is deformed and, due
to the action of adhesion forces, remains deformed and attached to the surface with a
residual displacement.

This study is useful for studying the formation of a thrombus (blood clot), characteriz-
ing the dynamics of not only an individual erythrocyte, but also erythrocytes as a system.
It can be noted that additional known mechanisms of thrombus formation, such as the
formation of a fibrin network, will lead to a better process of aggregating the attached
erythrocytes. Further research may be aimed at studying the mechanics of fibrin and
activated platelets.
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