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ABSTRACT

We study the response of an endothelial cell monolayer lining the bottom surface of a cartesian Couette geometry in variations of critical shearing
parameters that affect the fluid environment, such as the gap distance between the upper moving and the bottom stationary plates and the velocity
of the moving plate. Specifically, we propose an in silico rheometric emulation based on startup shear experiments in a representative two-
dimensional domain of the monolayer that accounts for the interaction of the blood plasma and the deformable multilayer poroelastic endothelial
cells. We present quantitative predictions for the shear and normal stresses on each cell compartment (membrane, cytoplasm, and nucleus) and
their structural changes. We show that the variation of the Wall Shear Stress (WSS) along the cell membrane is considered significant and strongly
dependent on the shape of the cell, while membrane thinning is more prominent at the locus of high WSS in the range of physiological velocities.

However, under extreme velocities, wall thinning prevails at the locus of flow stagnation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0136707

I. INTRODUCTION

Blood vessels are typically composed of three distinct layers: the
intima, the media, and the adventitia.' The innermost layer of intima,
which is the region that concerns us in this work, is the thinnest con-
stituent structure and consists of a monolayer of endothelial cells
(ECs) that are mounted on the tissue membrane (basal lamina).” The
endothelial cell monolayer (ECM) is recognized, apart from its role as
a barrier, to be a predominant player in the control of blood fluidity,’
vascular tone," a major factor in the regulation of immunology,’
inflammation,” and a metabolizing and endocrine organ.” Apparently,
the role of the mechanical forces exerted on it is crucial for its homeo-
stasis and is related to the hemodynamics and the shape of the vessel.”
Because of the corrugated shape of the ECM, different parts of the
membrane of an EC are subjected to different hemodynamic forces.
Measurements of shear stresses that treat the endothelial surface as flat
and ignore the detailed cell topography are found to be less precise
than subcellular surface measurements that reveal the spatial heteroge-
neity of stress distributions.” Also, due to their positioning, the ECs are
often challenged to react to aggressive factors. They respond to these
factors in succession, at first by regulation of their constitutive func-
tions (permeability, rearrangement), followed by EC dysfunction (new
functions, impairment), and ultimately cell damage and apoptosis
when these become persistent.

ECMs have been also used in in vitro experiments (e.g., “organ-
on-a chip” and narrow-gap rheometry). The ECM as the product of
endothelial tissue culture paved the way for regulated studies of the
effects of hemodynamics acting upon ECs and the mechanisms
involved.”® Although cell culture models serve as surrogates of tissues
and organs for costly animal studies,” cultured cells commonly fail to
maintain differentiation and expression of tissue-specific functions
once they are removed from the living organism. Biomicrofluidics
research exploded with the rise of the field of microelectronics'’ and
the introduction of polydimethylsiloxane (PDMS). Further advances
in microfluidic and tissue engineering technology led to the introduc-
tion of the term organ-on-a-chip.""

Additionally, ECMs have been adopted for studying the mean
rheological properties of individual ECs since they can provide more
reliable statistical measurements. This application of the ECM:s is also
the motivation of the present study due to their superiority and
robustness in comparison to single EC techniques. Recent studies (e.g.,
Ref. 12) have focused on the discrepancies in measuring cell mechani-
cal properties. In the case of single EC techniques, Wu et al.'* noticed
that there is a large variation in the average values of the measured
moduli among the tested methods and concluded that the results
depend highly on the specificities of the method itself. Indicatively for
the Atomic Force Microscopy (AFM) method, there was more than
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a tenfold difference in the mechanical properties that depended on the
measuring parameters and the probed region of cells, a finding that
underlines the importance of selecting a measuring technique atten-
tively. In single-cell rheometry, the sample needs to be reduced to the
order of micrometers since that is the scale of a cell. To alleviate these
limitations, Ferndndez et al'’ introduced a narrow-gap rheometer
that allowed the studying of the cell rheology under oscillatory shear
and came to the conclusion that a comprehensive study of cell
mechanics cannot be performed by probing only the linear viscoelastic
moduli, but it is required to explore ways to induce nonlinear
responses. Dhakil et al.'* managed to reach the linear viscoelastic
range at small deformations and quantify average mechanical cell
properties by introducing a narrow-gap device that functioned in uni-
directional shear. Narrow-gap rheometers are advantageous in that
they allow the placing of the cells just a few hours before the experi-
ment, live evaluation of cell strain during deformation as well as nor-
mal stresses quantification, gap width adjustment, elongation, and
compression of the cells, and high reproducibility.'”

From a mechanical perspective, the ECMs exhibit significant var-
iations when they are subject to a flow field. The variations depend on
the flow type, the flow orientation, and the magnitude of the flow
field."* " The response of ECMs to prolonged steady flow (maximum
shear stress of 34 dynes/cm®) has been studied experimentally by
Eskin et al.'® They provided data for alterations in cell morphology,
confluence, and orientation. They also showed that although the cell
form changed in response to shear stress, the cell area was not influ-
enced by exposure to flow. Kataoka et al.'” examined the effect of flow
direction on the cultured ECs morphology. Experiments on shear flow
exposure (2 Pa) were performed for one-way, reciprocating, and alter-
nating orthogonal flows using a parallel plate apparatus. Measuring
the shape index and angle of cell orientation, they found that endothe-
lial cells under the one-way flow condition demonstrated substantial
elongation and aligned with the flow direction, while in the case of the
reciprocating and the alternating orthogonal flows, cells did not elon-
gate as strongly. They reached the conclusion that ECs can be expected
to recognize the flow direction and alter their shape and F-actin struc-
ture. Similar conclusions were drawn by Levesque and Nerem.'®
Dewey et al.’ employed a cone-plate device that developed uniform
fluid shear stress on cultured ECMs. They showed that when exposed
to a laminar shear stress of 5-10 dynes/cmz, confluent monolayers
progressively alter their cell form from a polygonal to an ellipsoidal
shape and orient with the flow. Also, they suggested that there is a
direct correlation between imposed fluid mechanical forces and both
endothelial cell structure and function. Dieterich et al.'’ designed a
more sophisticated apparatus allowing the entire processing control
and image data analysis for estimating transient cell motility, align-
ment, and elongation. They discovered that endothelial cells within
confluent monolayers displayed a characteristic phase behavior
depending on the applied shear stress, which followed a specific time
course: resting (phase I), motility change (phase II), beginning of align-
ment (phase III), and cell elongation (phase IV).

The goal of the present work is to propose a fluid-structure inter-
action (FSI) model for studying phase I of ECMs in small-gap rheome-
ters. The model incorporates a periodic layer of ECs (monolayer). It
accounts for the membrane, the nucleus, and the cytoplasm and also
considers the dual nature of their cytoplasm by taking into account the
co-existence of a fluid cytosol that flows around the hyperelastic
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filamentous network of the cytoskeleton (CSK). Hence, we assume
that both the quantification of the developing stresses inside the cyto-
plasm and the nucleus and the investigation of the deformation of the
cell due to the shearing of plasma will be closer to true values. Also, we
simulate the complex flow patterns developed around an EC and the
intercellular space. This problem retains the main difficulties associ-
ated with the solid—porous media coupling. So far, there are only a few
rigorous contributions to this type of problem in the field of numerical
modeling. Zakerzadeh et al. resorted to a loosely coupled splitting
scheme designing a time-advancing scheme that facilitates the inde-
pendent solving of the governing equations of the system at each time
step. The main drawback of such loosely coupled splitting schemes is
the possible lack of stability and accuracy.”’ Using the mathematical
homogenization theory, “Reference Volume Averaging,” which has
been extensively applied in engineering science,” ** we consider a
continuous description of the porous medium, where fluid and solid
are modeled as overlapping continua and, therefore, the actual inter-
face is not solved explicitly.”” Implementing this methodology, the
porous medium can be modeled without the need for detailed knowl-
edge of the pore geometry.

Primary theoretical works treated a cell as a “sac” of Newtonian
fluid that adopts the shape of its membrane, without taking into con-
sideration the elastic nature of the cytoplasm.”®*” Several subsequent
works describe the cell as a purely elastic solid, ignoring hydrody-
namic effects. More realistic models present the cytoplasm as a
medium that exhibits both viscous, elastic, and plastic behaviors,
whose dynamics are described in terms of viscoelasticity, viscoplastic-
ity, or even elastoviscoplasticity.””’ These formulations are based on
the assumption of a single homogeneous phase while ignoring the
microstructure of the cytoplasm, which consists of ions, large aggre-
gates of proteins, and organelles.”’ The assumption of no relative
motion between the involved phases that viscoelastic, viscoplastic,
and elastoviscoplastic (EVP) notions implicitly entail is flawed. The
presence of the polymer network affects the rheological properties of
the mixture. Modeling the fluid mechanics of this process requires a
description beyond a single velocity field and single stress tensor.
One other limitation of single-phase continuum descriptions is that
the composition of the material may be dynamic. For example, there
can be an exchange of material between the solid and liquid states as
in the polymerization/depolymerization of actin network in the cyto-
plasm (change in solid/fluid volume fraction).”’ Among others,
poroelasticity is a formalism that accounts for the dynamics inside
the cytoplasm and includes the relative movement between the fluid
and solid components of the cytoplasm,”” since it predicts the move-
ment of liquid through a soft, porous mesh.” ** The poroelastic model
can also be used to describe diverse cellular phenomena happening at
sufficiently short time scales, smaller than the characteristic time at
which the cytoskeleton exhibits fluid behavior. The resulting equations
describe the cytoskeleton as a hyperelastic solid coupled to a fluid in
contrast to earlier works that model the cytoskeleton itself as an active
fluid,” which was derived to account for cellular processes at long time
scales, where fluidization of the cytoskeleton can occur.™

1Il. MODELING
A. Problem formulation

We construct a two-dimensional (2D) arrangement similar to
Couette flow, representing the blood plasma (in short, plasma) flow
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FIG. 1. Control volume and geometric
characteristics of the subdomains: the
plasma region (1), the cell membrane (2),

the cytoplasm (3), and the cell nucleus

™
Periodicity

field in shear rheometers or the annular section of microchannels lined
with ECs. The upper boundary (plate) is assumed to move with a con-
stant velocity to study the shearing effect on ECs, while the conditions
on the left and right boundaries are periodic to simulate an infinitely
long monolayer. The subdomains that constitute the physical domain
include a fluid phase that corresponds to the plasma [(1) in Fig. 1], a
thin solid domain that represents the cell membrane [(2) in Fig. 1], a
biphasic domain that embodies the cell cytoplasm [(3) in Fig. 1], and
an elliptical elastic domain that represents the cell nucleus [(4) in
Fig. 1]. The contact of elastic subdomains (membrane, cytoskeleton,
nucleus) with the plasma and the cytosol material gives rise to fluid-
structure interaction (FSI) phenomena, between plasma and cell mem-
brane, as well as biphasic-structure interaction (BSI) phenomena,
between the poroelastic cytoplasm, cell membrane, and nucleus.

The shape and size of the ECs vary across the vascular tree, but
they are generally thin and slightly elongated, with their dimensions
being roughly 50-70 um long, 10-30 um wide, and 0.1-10 um thick.
They are oriented along the axis of the vessel, minimizing the shear
stress exerted by the flowing blood plasma.” The nucleus at the center
of each EC is located ~1.3 um above the cell base, and it has an oblate
ellipsoid shape with a major axis of 8 um length and a minor axis of
4 yim length.”" The overall plasma membrane width ranges between 4
and 10 nm."” The plasma layer has a thickness of the order of 1 um."
The formed clefts between neighboring ECs are large aqueous pores of
width 0.1-0.2 um."* Scanning electron micrographs of spleens demon-
strated that in many areas, there were numerous oval gaps or apertures
between the lining ECs, with their diameter varying from 0.5 to 4 yum."*’
In the present paper, the values of the geometric characteristics, defined
in Fig. 1, are given in Table I; the nucleus is assumed to be an ellipsoid
located at the center of each EC and 3.54 yum above the cell base.

At this point is necessary to point out basic limitation of the
model. By reducing the problem into two dimensions, we are not able
to predict alignment in the third direction, which might be important
due to the asymmetric configuration of ECs. Moreover, the prediction
of the peripheral interaction with neighbor cells is limited, while the
glycocalyx layer is not considered in the present form of the model.

B. Material properties

The material properties used in our simulations are summarized
in Table I1. Plasma is treated as a Newtonian fluid. The cell membrane
and nucleus are modeled as hyperelastic solids following the Saint

TABLE I. Geometric characteristics of the model features.

Geometric characteristics References
Cell length L 40 um 5
Cell height H 10 um 5
Minimum plasma thickness hyy  2.5pum 43
Cell membrane thickness r 0.1 um 42
Length of nucleus major axis D 8 um 41
Length of nucleus minor axis d 4 um 41
Nucleus distance from the cell base  h,  3.54 um

Cleft half width l 0.25um 44 and 45
Bottom channel length L, 40.5um

Cleft length L. 6.0 um

Venant-Kirchhoff model. On the other hand, the choice of cytoplasm
and mechanical properties is rather challenging. Given that the cyto-
plasm consists of cytosol (e.g., water, ions, metabolites, soluble pro-
teins) and cytoskeleton (CSK) (e.g., aggregates of proteins, as well as
organelles), it cannot be formulated as a material of one single and
homogeneous phase while ignoring the microscopic structure of these
individual cytoplasmic entities. From a mechanical perspective, it
behaves as either a solid or fluid, depending on the timescale of consid-
eration and the applied load.”*® Also, water migrates over the cyto-
skeleton network. Therefore, to allow for the distinct phases of the
cytoplasm, we assume that it is a poroelastic material.

TABLE II. Material properties.

Phys. Fluids 35, 021902 (2023); doi: 10.1063/5.0136707
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Properties References
py (kg/m?) Plasma density 1000
1y (Pas) Plasma viscosity 1073
p, (kg/m?) Solid density 1410 46
E,, (kPa) Membrane Young modulus 10 49 and 50
E; (kPa) Nucleus Young modulus 2.5 48
E (kPa) Cytoskeleton Young modulus 10 47
o, Solid network volume fraction 0.05-0.99
Vs Solid and poro-solid Poisson ratio  0.499
35, 021902-3
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Given that the backbone molecules of the cytoskeleton are proteins
of high molecular weight, such as F-actin, we assume that cytoskeleton
density is p, = 1410kg/m?>."° Research on the mechanical properties
of ECs entities is quite limited; however, there have been reports that
indicate that the cytoskeleton Young modulus, which mainly consists of
F-actin filaments, is of the order of 10 kPa.”” The cytoskeleton is the
major mechanical component of a cell and plays a key role in determin-
ing the overall stiffness of cells. The apparent elasticity of the cytoplasm
is dependent on both the cytoskeleton Young modulus and the volume
fraction ¢, of the solid network. The nucleus Young modulus is set at
~2.5kPa as proposed by Caille et al.,*’ while previous estimates of cell
membrane stiffness range from E,, = 9 to 4500 kPa (Ref. 49) depending
on the inclusion (or not) of the cortex as well.

C. Governing equations

We consider the control volume shown in Fig. 1. For simplicity
reasons, the blood plasma flowing above the cell membrane is treated
as a Newtonian fluid, so its viscoelastic effects are neglected.‘:’l‘52 The
fluid (region 1 in Fig. 1) and solid (regions 2 and 4 in Fig. 1) phases, as
well as the poro-fluid and poro-solid (region 3 in Fig. 1) will be
denoted with the subscripts f, s, pf, and ps, respectively.

The blood plasma dynamics are represented by the momentum
balance as well as the continuity equation as follows:

Ou
=f _
pf(ﬁﬂszwf)-vﬁf) —Z-gf, (1)
V-u =0, (2)

where p; and u; are the plasma density and its velocity vector, respec-

tively. The stress tensor is described via the Newtonian constitutive
1 ,4z,5354 as

_ T
o, = ~pL +ny(Yuy + Vuf), 3)

where prand ) are blood plasma pressure and the dynamic viscosity,
respectively.

Equation (1) is expressed in the Arbitrary Lagrangian-Eulerian
(ALE) formulation, where the fluid domain is moving, requiring the
introduction of the auxiliary (or mesh) velocity w/ in the convective
term arising from the ALE description, and it is related to the numeri-
cal scheme for the solution of the system. The mesh velocity is associ-
ated with the displacement vector of the mesh nodes through the
following relation:

od

5= @)
with d, representing the displacement vector subjected to the follow-
ing artificial constraint:

2 _
Vid, = 0. (5)

Similarly, the structural dynamics of the solid regions, which are the
hyperelastic cell membrane and nucleus, are governed by the momen-
tum balance [Eq. (6)] and the incompressibility equation [Eq. (7)],

Ju
psa;ts = y : gw (6)
ps = )vs trgsv (7)

scitation.org/journal/phf

where p, u,, and p; are the density, local velocity, and pressure of the
individual solid domains (membrane, nucleus) and A is a penalty
parameter, which coincides with the respective Lamé parameter. Solid
kinematics follow the Lagrangian framework, and thus, u is linked to
the mesh displacement vector d and mesh velocity vector w_ via the
following relations:

od,
o = 4o (8)
W= u. %)

The solid domains (membrane, nucleus) of this study are both consid-
ered to follow the Saint Venant-Kirchhoff constitutive model, which is
expressed via the second Piola-Kirchhoff stress tensor as

és = ps£ + Zusgs, (10)

where Z; and p, are the Lamé parameters, two material-dependent
quantities that arise in strain-stress relationships, and are related to
solid properties of elasticity and incompressibility through the expres-
sions p, = ﬁ and A, = WPLZV;)’ where E;and v, are the
Young modulus and the Poisson ratio of each solid domain, respec-
tively. G = %(g ST E,—1 ) is the Green strain tensor and Es=1

+Vd, is the deformation gradient tensor. In addition, the second
Piola—Kirchhoff stress tensor, § 5, is related to the first Piola—Kirchhoff

stress tensor via the expression I1; = F - S.
The Cauchy stress tensor is then defined as

o, = <det(£s))71£5 Is". (11)
The governing equations of cytoplasm are more complex since they
incorporate the mechanical properties and dynamics of two discrete
phases: an elastic solid corresponding to the cytoskeleton and a
Newtonian fluid being the cytosol. The two phases are intertwined
with each other and are moving at different velocities, leading to rela-
tive movement and drag effects between the two phases. The poro-
fluid dynamics are governed by the momentum equation [Eq. (12)].”
The characteristic scales inside the cytoplasm lead to extremely low
Reynolds numbers of the order ~ 1072 Even in bigger cells or faster
flows, the Reynolds number is much smaller than unity.S" Therefore,
inertia in the cytoplasmic domain can be safely neglected, and Darcy
flow constitutes a satisfactory approximation,””

0 = —Vpyr + E(wy — 1), (12)

where u, is the cytosol density and its velocity vector and w,,, is the

poro-solid mesh velocity, which is defined as %. The stress tensor is
described via the Newtonian constitutive law as in Eq. (3) with py
being the cytosol pressure, which is associated with the pressure of the
poroelastic mixture p through p,r = (1 — ¢,)p and ¢ = ’%f and x
being translated as Darcy’s permeability. Some typical values of ¢ are
in the range between 10 and 50 pN's/um?*.”*

We also define the momentum equation of the poroelastic mix-
ture (consisting of fluid and solid), which is solved in the same domain
on a macroscopic scale [Eq. (13)]. Basically, the average microscopic
state in the poroelastic domain is represented. It is a simple expedient
to achieve a correct coupling between the poroelastic and the hypere-

. . 59,60
lastic domains™"”
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0=V g, (13)

The constitutive equation of the poroelastic mixture is based on the
Saint Venant-Kirchhoff, and the model found in Ref. 60 is

Gp = PpsL + 205 Gps + pprL, (14)

where G, = 3 (Fp' - F

ps—1 ) is the Green strain tensor and Fp=1
+ Vd,; is the deformation gradient tensor, Hpss /ps are the respective
Lamé constants, and pj, is the cytoskeleton contribution to pressure of
the poroelastic mixture p,; = @, p. The pressure of the poroelastic

mixture (p) subject to the incompressibility constraint of the system
[Eq. (15)] is

Vo (1= @)ty + @) = 0. (15)

In the limit of low Darcy’s permeability, the first of the terms in Eq.
(16) contributes slightly and pressure p,, (and consequently p) can be
calculated by

Pps = s trGpe. (16)

D. Boundary conditions

The fluid-structure interaction (FSI) between the fluid regions
and the solid domains comes with the imposition of several conditions
on their interfacial boundary. Here, we set a balance between forces
from the two sides [Eq. (17)], equality between the corresponding
velocities [Eq. (18)], finally, equality between the corresponding local
auxiliary (mesh) velocities [Eq. (19)]

gs-ns =0ay - Ny, (17)
U = ug, (18)
we=wy. (19)

FSI problems when dealing with the coupling of solely fluid and solid
domains are somewhat easily manageable since, at the interface of
those different phases, we have a force equilibrium meaning that the
fluid stresses acting upon the interface are equal to the solid stresses
acting on the opposite normal direction at the interface. However, in
BSI problems, two distinct interactions and, therefore, couplings have
to be formulated. The first one is associated with the interaction
between the poro-solid (CSK) and poro-fluid (cytosol) that occupy the
same domain in the physical configuration. This interaction is
achieved via the imposition of the friction term introduced in the bulk
equation of the mixture [Eq. (12)]. The second coupling refers to the
formulation of the interaction between the biphasic material (cyto-
plasm) and the hyperelastic membrane/nucleus. This interaction is
modeled by the implementation of the force balance at the interface.
This force balance includes the total force of the biphasic cytoplasm
(contribution of both poro-fluid and poro-solid) and the exerted force
from the hyperelastic membrane/nucleus [Eq. (17)].

On the moving plate region interface of the Couette flow analo-
gous (top boundary in Fig. 1), the velocity is assumed to be constant
(Vpiate) in the x-direction [Eq. (20)],

Hf = Vplate§x~ (20)

On the base of the immobile endothelial cells (bottom boundary in Fig.
1), we impose the no-slip and no-penetration conditions for the velocity.

scitation.org/journal/phf

Regarding the auxiliary velocity, on the top boundary, as well as
on the bottom of the endothelial cell, the mesh remains fixed:

w; = 0. (21)

The left and right boundaries (Fig. 1) are periodic since we study an
infinitely long monolayer.

E. Numerical method

The governing equations are spatially discretized using the finite
element method (FEM). In Fig. 2, we can see the tessellation of the
blood plasma domain [Fig. 2(a)], the cytoplasmic domain [Fig. 2(b)],
the wall and nucleus [Fig. 2(c)]) that were created using the SALOME
CAE package.”' Finally, the discretized domain of the 3D cell is
depicted in Fig. 2(d). For the solution of the fluid-structure interaction
problem, we implement the full monolithic coupling methodology
with the global unknown vector being X = {u, py, ps, w}. Poro-solid
and poro-fluid pressures, p,s and p,y, are also incorporated in the p;
and p; unknowns, respectively. The corresponding mixed element is
the P2-P0-P0-P2 element. The utilization of the PO element is neces-
sary to resolve the pressure discontinuity between the two phases. The
definition of two “pressures” is critical for the correct coupling of the
poroelastic equations and the stabilization of the numerical scheme.
The domains are tessellated in triangular or tetrahedral meshes of ele-
ments, respectively. Finally, for the time integration, we use the
implicit Euler method with the time step of 6t = 20 us (Table III).

F. Numerical scheme validation and parametrization
of the nucleus model

To validate the model and the numerical scheme, we imple-
mented a benchmark test proposed by Caille et al.*’ To this end, we
consider a spherical domain (Fig. 3) corresponding to either the EC,
with an initial radius is R, = 10 um, as Caille et al.,** or sole nudlei,
with R, = 5 um, for each test case.

The assumptions of this test are as follows: (a) the cell or its
nucleus is spherical before loading, (b) there is plane symmetry, and
(c) the contact area also expands laterally upon compression and at a
certain force the radius exceeds the initial sphere radius.

Either a cell or its nucleus is introduced between two microplates,
the upper one of which is moving downwards with a specific velocity
(Fig. 3). During the compression, the force acting upon the sphere is
being calculated as a function of the deformation:

Specifically, we quantify the force acting upon the compressed
sphere by integrating the normal part of the stress in the appropriate
domain®

E=J(ﬂ-§)d5, (22)

where § corresponds to the top flattened part of the sphere, g; is the

total stress tensor either corresponding to the EC membrane or the
nucleus, and n the outer normal unit vector.

In Fig. 4(a), we observe a very good agreement between our
results and those of the experiments in Caille et al,*” for the compres-
sion of hyperelastic nuclei, with a small deviation in the case of
Enudens = 10kPa at higher deformations.
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(d)

(b)

©

FIG. 2. Tessellated domains of the shear problem and the compression test, respectively. Tessellated domain of (a) the blood plasma region, (b) the cytoplasmic region, (c)

cell wall and nuclear domain, and (d) 3D cell for compression test.

TABLE lll. Mesh characteristics.

Min./Max. element

Min./Max. element

Total Total

Problem size (um) size in cell wall domain (um) no. elements no. unknowns
2D Shear 3x107%/22x%x 1072 3x107%/5.16 x 1072 13556 189 784
3D Compression 4%x107°/8x 1072 4%x107°/8x107° 68014 1496 308

G. Selection of the cytoplasm young modulus

The most challenging part in implementing a poroelastic model
to describe the cytoplasm rheological behavior was the selection of the
appropriate Young modulus, in that the elastic part of the cytoplasm
was now a mere network creating pores in which the viscous cytosol
was flowing. In that sense, the elasticity of the poroelastic cytoplasm,
which is characterized via a small solid volume fraction ¢,, cannot be
equal to that of a robust hyperelastic compound. Thus, we proceeded
in retrieving the equivalent elasticity by comparing force-deformation
curves with those of the work of Caille et al.**

I

X

To get the same curve as that of both the experimental data pre-
sented in Caille et al*® and their simulation, we need to raise the
poroelastic cytoplasm elasticity to Egyoplasm = 2.2 kPa for a ¢, = 0.9,
as opposed to their hyperelastic cytoplasm, which has an elasticity
equal to 1.0 kPa. This value of course depends on the chosen solid vol-
ume fraction. The smaller the cytoskeleton volume fraction, the larger
the cytoplasm Young modulus. Hence, for a volume fraction ranging
from 0.001 to 0.999, the corresponding elasticity varies from 2.2 MPa
to 2.2kPa. The upper bound of ¢, is an extreme value that we use it in
order to demonstrate the predictability of the model. In Fig. 5, we
observe that the solid volume fraction affects the elasticity of the

FIG. 3. Compression test, where h, is the initial distance of the parallel plates and also height of the spherical cell and h is the instantaneous distance of the parallel plates.
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FIG. 4. (a) Force-deformation curves of nuclei compression. h, is the initial height of the spherical cell and h is the current height during compression. Circles depict the Caille
et al.*” results, and lines correspond to our analysis results. (b) Nuclei displacement field contours. (c) Second invariant of Cauchy stress tensor in Pa for the nucleus compres-

sion case of E =10 kPa.

poroelastic cell, yielding distinct force deformation curves. Since the
volume fraction of the solid cytoskeleton varies in every cell, this graph
is an indicator of how much force is needed to compress various cells.
A force in the range of 0.1 to 0.65 x 107 N is required to achieve the
same deformation.

I1l. RESULTS AND DISCUSSION
A. Base case analysis

As a base state, we apply a constant velocity of Vi = 5.5mm/s,
given in Table IV, along with the other relevant parameters. Even though
with this choice, which represents a normal flow (e.g., through a micro-
vessel), we cannot observe acute deformations and reshaping of the ECs,
and it provides information about the dynamics of the interacting
plasma-EC system such as the developing stresses, the effect of Wall
Shear Stress (WSS), recirculation zones, and the condition of flow
through the clefts between successive cells. The rest geometric character-
istics are summarized in Table L.
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FIG. 5. Force vs deformation curves for cells with various volume fractions ¢ of
the cytoskeleton, under compression for a fixed Young modulus of cytoskeleton
Ecytoplasm =10 kPa-48
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TABLE IV. Base state case.

Base state

Plate velocity Vhlate 5.5mm/s
Cytoskeleton volume fraction 0, 0.22
Minimum plasma layer height by 2.5 um
Cleft width I 0.25 um

After imposing the motion, the velocity, and the corresponding
stress fields develop gradually. The fields reach a steady state quite fast.
The steady velocity field in the plasma region is portrayed in Fig. 6.

At the upper plate, bounding the plasma, the x-component of the
velocity field has been set. Proceeding downwards along the y-axis, the
velocity decreases, reaching a zero value at the zone where flow stagna-
tion occurs. In the recirculation zones, u, has negative values; the flow
is in the opposite direction, and the streamlines take the form shown
in Fig. 7. Overall, the streamlines follow two different patterns. There
is an extended flow recirculation in the lower cavity region between
the interface peaks of two neighboring cells and a region where the
velocity varies linearly, and the streamlines are almost parallel to the
moving plate. There is a stagnation point at the cell interface, close to

scitation.org/journal/phf

which the streamlines start to follow opposite directions, causing
increased extensional stresses on the cell membrane (point B). The
magnitude of the WSS for the base state case is indicated by the differ-
ent colors in Fig. 7. Its maximum value is located at the top of the cell
protrusion with WSS = 5.1 Pa. At the stagnation point, around the
middle of the protrusion sides, the WSS turns to zero. Proceeding
along the lateral horizontal sides of the upper cell, WSS takes negative
values, reaching a maximum negative value equal to —0.57 Pa. This
variation of WSS values throughout the cell wall (—0.57-5.1 Pa) that
stems from the shearing of the imposed flow is considered significant.
Thus, an assumption of uniform WSS over the endothelium, as
Dabagh et al.”’ adopted, would be an oversimplification and would
not correspond to actual conditions.

Additionally, our calculations indicate that a very small horizontal
displacement of the cell arises, of the order of 10~? um. The only region
which is somewhat exposed to increased shear and would be possible to
observe deformations is the protrusion of the cell geometry. In Fig. 8(a),
the displacement of the top point is portrayed, until it reaches an
asymptotic steady state having the maximum deformation. In that state
of the cell maximum deformation, internally developed shear stresses
and WSS are also maximum [Fig. 8(b)]. Similar displacement values in
the flow direction are retrieved by Dabagh et al,”’ who demonstrate
maximum displacement at the cell protrusion of the order of 0.05 yum.

-0.24 0.56 2.34 412

FIG. 6. x-component of plasma velocity at
the steady state for the base case.

5.50 mm/s

[ I

FIG. 7. Streamlines and WSS contour for

the base case at steady state. Minimum
and Maximum values of WSS are indi-
cated. Two important regions on the cell
membrane (A-top point and B-side point)
are also depicted.

-0.57

0
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FIG. 8. (a) Displacement in the x-direction of the top point (point A in Fig. 7) of the cell protrusion in time. (b) Minimum and maximum WSS values in time for the base case.
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—T T T T T The stresses inside the cytoplasmic region are owed to the cell

[2 S —— ” ] deformations that are caused by the shearing of the plasma flow. This

| [—e— min. shear stress ] shearing results in the deformation of the ECM. Due to the elastic stiff-

ness of the ECM, even slight deformations lead to impactful stresses.

- Our analysis permits the investigation and calculation of internal stress
3t 7 inside the structure of the body.

i / ] B. Effect of the imposed top plate velocity, Vgjate

4 i ’/ ] We proceeded by examining the effect of different values of Ve
* ] on the ECM under normal and extreme conditions. The EC morphol-
t 1 ogy, metabolism, and structure have been found to vary with the shear
Of 0—@ 0——p ° 1 strain-rate of the blood.® We proceeded with the determination of the
e stresses over and inside the ECs. The maximum and minimum shear
0 4 8 12 16 stress values for each velocity are given in Fig. 9. In Fig. 10, the shear
VD|OT@ (mm/s) stress field inside the plasma region for the extreme plate velocity

case (Vyiare = 15.0mm/s) is presented. A plate velocity equal to Vi,

= 15.0mm/s can be acute for a microchannel of 2.5 um height in
physiological states, but in the case of pathological events, such as

shear stress in Plasma (Pa)

FIG 9. The steady shear stress within the plasma region as a function of the
imposed plate velocity Vyiaze.

T E—=—
7724~\\

FIG. 10. Steady shear-stress contours in
the plasma region for  various
Voiaze = 15.0mm/s.
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TABLE V. Corresponding plate shear rates with varying V.

hpy = 2.5 um
Viplate Plate shear
(mm/s)  rate(s™!) Comment References
1.3 520 Physiological in microvessel 64
5.5 2200 Physiological in microvessel
15.0 6000 Extreme

tachycardia, hypertension, or atherosclerosis, which leads to the nar-
rowing of the vessel, it can often be encountered. In these cases, it is
important to know which are the flowing conditions over the ECM,
and which are its effects to it. The shear rates under investigation are
summarized in Table V.

As we observe in Fig. 9, there is a linear dependence of both the
maximum and minimum shear stress in the plasma region on the
imposed top plate velocity. The location of the extreme values can be
seen in Fig. 10. This is reasonable since shear stresses in the plasma
region are retrieved via the gradient of velocity. Thus, if 1y = Vi is
the imposed velocity on the moving plate, and uy = 0 at the cell mem-

v,
;l’”;’”, demonstrat-
P

ing a linear dependence on V. and an inverse dependence on h;.
Interestingly, negative values of shear stress are encountered inside the
plasma region. We recognize that these values are located mainly at
the concave regions of the cell geometry and are developed where the
flow has changed direction.

Regarding the WSS variation, the vascular system can be viewed
as a self-organized homeostatic system.”” The physiological average
value of WSS is not uniform throughout the arterial network but may
vary locally. The WSS values at steady state for various velocities rang-
ing from 1.3 to 15mm/s are depicted in Fig. 11. Maximum WSS is
located at the top of the dome, then turns to zero locally at the height
where flow stagnation occurs and subsequently takes negative values

brane, then the shear stress will be 7, = 1; %f ~ 1y

20
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at the concave regions of the cell geometry due to the eddy above those
regions where opposite flow is encountered. The point at which the
flow takes opposite directions, acting upon the wall as a “stretcher,” is
the point where wall thinning could occur and consequently possible
rupture of the wall. We do not expect that minor eddies throughout
the intercellular clefts will have the same effect on the cell membrane,
but at the primary flow region such as at the concave region between
successive cells, where major recirculation zones appear, wall thinning
could be significant.

As the imposed plate velocity increases, both the maximum WSS
value at the top of the cell protrusion, and the negative WSS values,
located at the lateral horizontal sides of the upper cell wall, increase
also. The point of zero WSS value is the same for every imposed veloc-
ity case and coincides with the point of the flow separation at the mid-
dle part of the left and right side of the protrusion. Picking the
maximum and minimum values of WSS on the ECM, we seek the
relation between them and the imposed shearing velocity. As shown in
Fig. 11(b), there is a linear variation of both maximum WSS and mini-
mum WSS with the applied Vi, a case that is in accordance with the
Couette flow relation for WSS and flow velocity. The Couette relation
suggests that any increase in hemodynamic demand translates into a
linear elevation in shear stress, whereas a narrowing in vessel lumen
by, for example, pathophysiological events, may lead to an increase in
the shearing stress imposed on the ECM, following an inverse func-
tion. Therefore, it is interesting to examine the relation between WSS
and hy, which is an indicator of the vessel lumen.

The imposed top plate velocity has its impact on the cytoplasmic
shear stresses. In Fig. 12, we see the shear stress contours inside the
cytoplasm. The stresses are computed by the shear components of the
poroelastic mixture stress tensor, g, which is given by Eq. (14). We
recognize a linear relation between shear stress and plate velocity even
inside the poroelastic cytoplasm. This is because the deformations of
the cell are not big enough under these conditions. Inside the cyto-
plasm, there are no negative values of shear stress as in the plasma
region, hinting that the cell deformation is in the direction of the flow
only.
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FIG. 11. (a) WSS values vs the x-position on the upper cell wall for various plate velocities, Vpiy. (b) Minimum and Maximum WSS (on the membrane) values for various plate

velocities.
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FIG. 12. The steady shear stress contours in the cytoplasmic and nuclear region for various plate velocities. The plots are banded with 13 contour levels.

Shear stresses develop inside the nucleus also (Fig. 12). It is vital
to know how the nucleus is affected and hence the gene regulation,
under shear.”” An advantage of our proposed model for the cytoplasm
is that we can quantify the shear stresses inside the nucleus. The shear
stresses are computed by the corresponding components of the
hyperelastic solid stress tensor S;, which is given by Eq. (10). As
observed in Fig. 12, there are no negative shear stresses inside the
nucleus, and the minimum shear values are located mostly at the bot-
tom of the elliptically shaped nucleus. Maximum shear stresses are
prominent at the top part of the nucleus.
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The stress variation between the distinct velocity cases in Fig. 12
can be observed through the contour level legend. Maximum shear
stresses are located mostly at the cell protrusion and around the
nucleus and are more prominent in the three last cases of plate velocity
where shearing is more intense.

Both minimum and maximum values of shear stress inside the
cytoplasmic region display a linear dependence on the imposed top
plate velocity. The linear trend of the graphs shown in Fig. 13(a) is jus-
tified since the deformation of the cell is not acute under these shear-
ing conditions. The displacement of the cell in the y-direction is not
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FIG. 13. (a) Minimum and Maximum steady shear-stress values within the poroelastic cytoplasm under physiological plate velocities. (b) Minimum and maximum steady shear
stress values inside the poroelastic cytoplasm under extreme plate velocities.
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significant, and hence, the linear behavior of shear stress to strain pre-
vails. Case in point, we investigated the shear stress values in the cyto-
plasm for even higher plate velocities in order to see the behavior of
the cell under both normal and extreme conditions. For plate velocities
ranging from 1.3 to 350mm/s, there are two distinct regions in
Fig. 13(b) of both minimum and maximum shear stress vs plate veloc-
ity that we can recognize; a linear region from 1.3 to 100 mm/s and a
quadratic one from 100 to 350 mm/s.

It should be noted at this point that the shear stresses that emerge
due to the fluid part of the cytoplasm are very low in comparison to
those under these conditions. The effect of the hydrodynamic shearing
inside the cytoplasm would be more prominent in the case of extreme
deformations, under very high shearing velocities, but they would still
be several orders of magnitude lower than those of the solid
contribution.

Although the top of the cell protrusion is exposed to higher fluid
shear stresses, it does not experience high normal stresses (Fig. 14).
These are distributed symmetrically to the cytoplasm region, with posi-
tive T = 0 : e, e, stresses at the left side of the cell and negative 7.

T (P61
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FIG. 14. Normal stresses in the cytoplasm for various plate velocities (a) 7, and (b) z,,. Normal (c) 74, and (d) z,, stresses inside the nucleus for various plate velocities.
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stresses at the right. Therefore, the cell experiences compressive stresses
at both sides, with the highest positive (negative) values left (right)
from the concave region that forms between the cell protrusion and
the horizontal lateral parts of the cell luminal surface. The positive/neg-
ative normal stresses increase/decrease with increasing plate velocity
but do not exceed in magnitude the shearing of the cell. In fact, the
two values, shear stress and normal stress, deviate more than 25%.

Similarly, the 1,, stress inside the cytoplasm assumes negative val-
ues at the left side of the cell and positive values at the right [Fig. 14(b)].
This means that the cell feels compressive stresses at the left side and
extensional stresses at the right one, as if it is pushed and pulled simul-
taneously at its two lateral sides.

The normal stresses that develop inside the nucleus are of the
same order of magnitude but not as significant as the shear ones. As
we see in Figs. 14(c) and 14(d), the maximum absolute value of the
stress reaches a peak value of 3 Pa for the maximum imposed velocity
Viiate = 15mm/s, whereas for the same V., the value of the shear
stress is equal to almost 14 Pa; thus, the normal stresses are almost
22% of the shear ones. The 1y, stresses are distributed in the same way
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FIG. 15. (a) Wall thickness values at the point of flow stagnation (point B in Fig. 7) and the top point of cell protrusion (point A tin Fig. 7) under various plate velocities. (b)
Comparison of wall thinning at the top point of the cell protrusion and at the point of flow separation under various plate velocities. The dashed line corresponds to the initial

wall thickness of the side point and the solid line to the initial thickness of the top point.

as in the cytoplasmic region, with positive values at the left side and
negative values at the right, indicating a lateral compression of the
nucleus as well. The highest 7, values are located left and right of the
elliptically shaped nucleus, hinting that they originate from the lateral
sides of the cytoplasm and not from the cell protrusion, since at that
region normal stresses are not prevalent. The 1, stresses demonstrate
an opposite distribution inside the nucleus, with positive values at the
right and negative at the left, hinting anticlockwise rotation of the
elliptical nucleus. A similarity to the development of shear stresses is
that normal stresses as well evolve linearly as a function of Vi, both
in the cytoplasm and the nucleus.

We proceeded in quantifying the effect of the applied plate veloc-
ity on the wall thickness at the point where flow stagnation occurs, in
order to examine wall thinning because of it. In Fig. 15(a), we investi-
gated the magnitude of wall thickness for the broader plate velocity
range from 1.3 to 350 mm/s. In the graph, we discern two plateaus and
two regions of fast reduction of the wall thickness with the applied
velocity. The first plateau is for the range of 1.3 to 15 mm/s where there
is only a slight change in the wall thickness, of the order of 10~ um. A
steep region follows for the range of 15 to 60 mm/s where the thinning
is greater. Reaching the second plateau for the range of 60 to 120 mm/s
where the wall thickness remains constant. Finally, under extreme
velocities, in the range of 120 to 350 mm/s, there is an acute reduction
of the wall thickness reaching the value of 0.225 yum. Beyond this veloc-
ity range, extreme deformations on the mesh elements cause the
numerical solver to fail. This could be associated with the fact that the
rigidity of the cell membrane is not able to withstand the magnitude of
this specific hydrodynamic load, leading to its rupture (Fig. 16).

It is reported in the literature that high WSS affects the wall thick-
ness and is the region most prone to wall thinning. After quantifying
the wall thickness at the top of the cell protrusion (where the highest
values of WSS appear) [Fig. 15(a)], we conclude that, in our case, wall
thinning is more prevalent at the flow stagnation point rather than at
the top of the cell protrusion, although some wall thinning occurs
there also. There appears one plateau and two steep linear regions of

wall thickness reduction. The magnitude of wall thinning at the two
distinct locations of the cell membrane is more obvious in Fig. 15(b).
For lower imposed velocities, in the range of 1.3 to 15 mm/s, wall thin-
ning is slightly more prevalent at the top of the cell protrusion.
Therefore, we conclude that the extensional forces acting upon the lat-
eral sides of the cell wall due to the flow separation are more signifi-
cant than the force due to the maximum shearing at the top.

C. Effect of the minimum plasma layer height, hy,

We investigate the effect of h, on WSS for h, = 1.6, 2.5,
5.0, 7.5, and 10.2 um, ranging from relatively small to large values.
The derived relation is comparable to that of a Couette flow. In the

Couette case, WSS and vessel’s lumen are related as h;ll, while in our

case, the relation derived is h;ll“”z (Fig. 17).

e i
-52.00 297.21 646.41 99562 1344.83 1694.04 Pa

FIG. 16. Case of V... = 450 mm/s. Shear stress distribution in the cell membrane
reaching a maximum value of 1868 Pa.
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TABLE V1. Corresponding shear rates to investigated plasma heights, hy.

Vplate = 5.5mm/s
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hpi Plate shear
(um) rate (s7!) Comment References
1.6 3437.5 Extreme 64
2.5 2200 Physiological in microvessel
5.0 1100 Physiological in microvessel
7.5 733.33 Physiological in microvessel
10.2 539.215 Physiological in microvessel
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The graph (Fig. 17) of the minimum WSS as a function of £y
suggests that for this range of height values, the minimum WSS
abruptly increases and then reaches the asymptotic value of
~ —0.05Pa.

Regarding the effect of the minimum plasma layer height, /,;, on
the wall thinning at the aforementioned range of h,;, we observe that it
is not as significant as the effect of the imposed velocity, because for
plate velocity of Vi = 5.5 mm/s, it does not result in significant
shearing rates, as seen in Table V1.

Hence, the variation of the wall thinning occurs at the fourth dec-
imal. It is clear in Fig. 18(c) that for all hy cases, wall thinning is more
prominent at the side point of stagnation flow than at the top point of
maximum shear. Wall thickness vs hy; diagrams [Figs. 18(a) and
18(b)] portray an asymptotic trend. Hence, for even higher 4, cases,
where the shearing decreases, the deviation of the wall thickness from
its initial value is more significant at the point of stagnation, while at
the top point of the cell protrusion the wall has almost retained its ini-
tial thickness.

IV. CONCLUSIONS

A two-dimensional model was developed for investigating the
dynamics of an adherent ECM in a cartesian Couette geometry under
startup flow conditions leading to a steady state. ECs feature both FSI
and BSI principles, correctly coupling together a poroelastic cytoplasm
to membrane and nucleus hyperelastic domains and these to a
Newtonian plasma. Under physiological conditions (Ve = 1.3
—15mm/s), our findings reveal that the deformation of the ECs is
minimal, but they tend to align in the direction of flow. Although the
structural variations of the ECs introduced by their elastic response do
not seem to affect the hydrodynamics of the circulating blood plasma
under these conditions, the slight variations in the shape characteris-
tics of the representative domain do.

Most of the EC deformation occurs at the top of the cell protru-
sion, which receives the maximum shearing. The developing shear
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FIG. 18. (a) Wall thickness at the top point of the cell protrusion (point A in Fig. 7) and side point of the flow separation (point B in Fig. 7) for various hy cases. (b) Wall thinning
trends at the two distinct locations for various h, cases. Dashed line corresponds to the initial thickness of the wall at the side point while the solid line corresponds to the initial

thickness of the wall at the top point.
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stresses in the plasma region and in the cytoplasmic region portray a
linear relation to the imposed top plate velocity under physiological
conditions, while in the <case of extreme velocities
(Vptaze = 15 — 350 mm/s), shear stresses in the cytoplasm increase
quadratically with V. Stresses, both normal and shear, also develop
in the nucleus, indicating that the nucleus does not remain unaffected
even under physiological conditions. These stresses increase linearly
with increasing Vpie and indicate a tendency for rotation of the
nucleus. The normal stresses in both the cytoplasmic region and the
nucleus are lower when compared to the shear ones, but between
them, they have almost the same order of magnitude. They indicate a
lateral compression of the cell and the nucleus.

WSS indicates the shearing that the cell membrane receives by
the plasma flow and is strongly correlated with wall thinning and pos-
sibly to bleb formation. The variation of WSS along the cell wall
(—0.57 to 5.1 Pa) is considered significant. Thus, we conclude that an
assumption of uniform WSS over the endothelium, as Dabagh et al.*’
adopted, would be an oversimplification and would not correspond to
true conditions.

Although wall thinning is anticipated at the location of the high-
est shearing, this is valid under physiological flow conditions, while
under extreme shearing conditions, wall thinning is more prevalent at
the location of flow stagnation, where extensional forces act upon the
cell membrane (Fig. 15). Variation in hy; causes more significant devi-
ation of the wall thickness from its initial value at the point of the flow
stagnation, whereas the wall retains its initial thickness at the top point
of cell protrusion.
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NOMENCLATURE

AFM  Atomic force microscopy
ALE  Arbitrary Lagrangian Eulerian
BSI  Biphasic structure interaction
CAE  Computer-aided engineering
CSK  Cytoskeleton
EC  Endothelial cell
ECM  Endothelial cell monolayer
EVP  Elastoviscoplastic
FEM  Finite element method
FSI  Fluid structure interaction
PDMS  Polydimethylsiloxane
WSS Wall shear stress
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