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Abstract

Computational fluid dynamics is used to investigate the effects of cell deformability and vis-
coelasticity on receptor-mediated leukocyte adhesion to endothelium or a ligand coated surface in
a parallel plate flow chamber. In the three-dimensional numerical code, a leukocyte is modeled
as a compound viscoelastic drop (a nucleus covered by a thick layer of cytoplasm). The nucleus,
cytoplasm, and extracellular fluid are considered as Newtonian or viscoelastic liquids of high vis-
cosity. The receptor-ligand interaction is incorporated into the code by using the spring-peeling
kinetic model under the assumption that leukocyte receptors are located on the tips of cylindrical
microvilli distributed over the leukocyte membrane. The code is based on the Volume-of-Fluid
method and the Giesekus constitutive equation is implemented in the code to capture viscoelastic-
ity of the cytoplasm and nucleus. Numerical simulations demonstrate the formation and breakup of
membrane tethers observed in vitro and suggest that the elasticity of the cytoplasm is responsible
for a tear-drop shape of rolling leukocytes in vivo. When viewed from the top, as normally occurs
during shear flow experiments in vitro, little or no deformation occurs, a side view shows significant
deformation in the contact region. We show that the leukocyte membrane can be extended and
disrupted under high shear if the receptor-ligand bonds live in a stressed state for a sufficiently
long time. If the shear rate is low, the leukocyte rolls along the surface. The rolling velocity
of the viscoelastic cell is smaller than that of the Newtonian cell. This is due to the increased

deformability of the viscoelastic cell and, as a result, the decreased torque acting on this cell.

PACS numbers: 87.17.Aa, 87.17.Jj, 82.35.Gh, 83.85.Pt



I. INTRODUCTION

Leukocytes, also called white blood cells, are an important part of the body’s immune
system. They protect the body against invading bacteria, parasites, and viruses by killing
these microorganisms through phagocytosis (ingestion) and other antigen-specific cytotoxic
mechanisms. There exist five different types of leukocytes (neutrophils, eosinophils, ba-
sophils, monocytes, and lymphocytes), each of which is designed to fight a specific type of

infection!2.

These cells are recruited from the circulation to the sites of infection by the
process called leukocyte adhesion cascade®*. There are five stages in this process. 1. A
leukocyte contacts the activated endothelium of blood vessels near the infected site. Ad-
hesion results if selectins on endothelial cells (ECs) bind to the corresponding receptors on
the leukocyte. 2. This interaction mediates rolling of the leukocyte along the endothelium.
Otherwise the cell continues to move at the hydrodynamic velocity. 3. Chemoattractant
molecules (chemokines)® expressed on the activated endothelium trigger the activation of in-
tegrins on the leukocyte membrane, which become high-affinity receptors. Selectin binding

6. Integrins interact

to its receptor also activates integrin recruitment and affinity changes
with corresponding ligands on the endothelial cells. As a result, rolling of the leukocyte
slows down. 4. The leukocyte comes to a stop and attaches firmly to the endothelium by
integrin bonds and through the cell activation: the cell is significantly deformed and forms
projections, or pseudopods. 5. In the active state, the leukocyte transmigrates across the en-
dothelium and moves toward infection. In some cases leukocytes can adhere via attachment
to another leukocyte attached to the endothelium, a process known as secondary adhesion.

Receptor-ligand bonds can be formed if the separation distance between the leukocyte

and the endothelium does not exceed the total length of the unstretched receptor and ligand



molecules. The bonds exert a tensile force (often called a bond force) on the cell membrane
and cytoskeleton. If the leukocyte is in a passive state, its behavior is dictated by the
balance between the bond force and the drag force exerted by blood flow as well as by the
balance of the torques due to these forces. Non-specific (electrostatic and van der Waals)”
and gravitational forces® also influence cell-cell adhesion.

Receptor-mediated leukocyte adhesion has been studied theoretically either by analytical
or semi-analytical models in which the leukocyte is a 3D rigid cell®!” or by numerical 2D

t1112 . Only recently, the

models wherein the leukocyte deformability is taken into accoun
adhesive dynamics of non-deformable spherical particles has been examined numerically on
the basis of the 3D boundary integral method!®. In both 2D and 3D models, cell rolling
is explained by rapid bond association and dissociation modeled by a kinetic (reaction)
equation for the bond density. Two parameters of this equation, the forward reaction rate
(on-rate) and the reverse reaction rate (off-rate), define respectively the rates of formation
and disruption of receptor-ligand complexes. It is hypothesized that these rates depends
exponentially on either the magnitude of the bond force!* or the difference in length between
the stretched and unstretched bonds!®. In the latter approach, the receptor-ligand complex
is assumed to behave in accordance to Hooke’s law. Leukocyte rolling becomes possible if
the initial on- and off-rates and the spring constant are sufficiently large!®. In the opposite
case, the cell is firmly attached to the adhesive surface.

Leukocytes have a more complex structural organization that other blood cells. In com-
parison with erythrocytes (red blood cells), white blood cells contain the nucleus, which is
characterized by a low deformability, a complex cytoplasm with many organelles, and the

cytoskeleton, which ties together the cell membrane, cytoplasm, and nucleus. Leukocytes

are less deformable than erythrocytes'” and conserve their spherical shape when they flow



freely in large blood vessels. However, these cells (with diameter of 8 ym and more) undergo
significant deformation when entering the smallest blood capillaries. In vivo experiments!®!®
show that the adherent leukocytes deform to a tear-drop shape during rolling along the en-
dothelium. In wvitro, leukocytes behave as viscoelastic liquid drops when aspirated into a
micropipette!®2°. The neglect of the leukocyte deformability in the mathematical models is
based upon in vitro cell adhesion assays?! which suggest that deformation does not occur at
physiological shear stresses. These assays provide only a top view of the adherent leukocytes,
unless a more sophisticated technique is used??. From the top view, it is very difficult to
observe shape changes in the rolling cell, especially near the contact area between the cell

23,24

and the adhesive surface. Further, the velocities at which leukocytes roll in wvitro and

in vivo® tend to plateau with increasing the wall shear stress. The increased adhesion at
higher values of the wall shear stress is due to greater leukocyte deformation?®-2.

Previous numerical studies on the adhesion of a deformable leukocyte to a substrate
treated the cell as a cylindrical body adherent to a planar surface (2D models)!!!2. Because
passive leukocytes are spherical in shape and the adhesion of a cylinder is much stronger
than the adhesion of a sphere, these models can not be used for the indirect evaluation of
the adhesion parameters and analysis of cell adhesion data. Dong et al.'*?” computed the
deformation of a rolling cell under the assumption that the cell is an elastic ring filled by
a viscous liquid. Their calculations started from a predefined tear-drop-like shape with a
large, flat contact area. Dong et al. postulated that the leukocyte deformed to this shape
prior to cell attachment, while this most likely happens during cell rolling'®. They observed
an increase in the contact area and a decrease in the drag coefficients with increasing the

wall shear stress. Due to its simplicity, this model can not predict realistic shapes of rolling

cells, in particular, a transition from the spherical shape to the tear-drop shape. As will



be shown here, the tear-drop shape is the result of the balance between the drag and bond
forces acted on the external part of the cell membrane and an internal tensile force due to
elasticity of the cell cytoplasm.

A more appropriate model for leukocyte adhesion has been recently proposed by N'Dri
et al.''. In this model, the leukocyte is a 2D compound Newtonian drop, i.e., it has a core
fluid, which corresponds to the nucleus, surrounded by a thick and less viscous layer (the
cytoplasm). The shapes of the rolling leukocyte are calculated by the immersed boundary
method. N’Dri et al. have shown that the cell rheological properties significantly influence
the adhesion process, in particular, the presence of the nucleus leads to a decrease in the
rolling velocity. However, apart from ignoring the third dimension, the model of N'Dri et
al. does not include elastic effects and can work only at small cytoplasm-to-fluid viscosity
ratios.

In this paper, we report the first results on 3D numerical simulation of receptor-mediated
adhesion of a spherical viscoelastic leukocyte to the lower plate in a parallel plate flow
chamber. Our code is based on the Volume-of-Fluid method and models a leukocyte as
a compound viscoelastic drop. The spring-peeling kinetic model'® is used to describe the
receptor-ligand interaction. Our long-term objective is to develop the numerical code that
will be able to model realistically the leukocyte-adhesion cascade both in vivo and in vitro.
In this paper, we examine the effect of cytoplasmic viscoelasticity on the shapes of adherent

leukocytes.

II. THEORETICAL MODEL

Although a passive leukocyte resembles a sphere in shape, its surface membrane is ruffled

(Fig. 1). The ruffles, called microvilli®*®, produce an excess surface area of the white blood



cell. They protect the cell against the dilation of the membrane bilayer that might occur
during deformation of the cell in microvessels. In addition, the microvilli are vital in cell
adhesion and rolling. Recent experiments? show that the receptors responsible for leukocyte
rolling are clustered at the microvilli tips and the leukocyte rolls on the endothelium through
the interaction of its microvilli with ECs. As regards the intracellular space, it is possible
to distinguish two mechanically different regions of the leukocyte: the nucleus and the
cytoplasm. To take into account the presence of both the nucleus and microvilli, we model
the leukocyte as a 3D compound viscoelastic drop with elastic rods distributed uniformly
or non-uniformly over the membrane (Fig. 2). Each of the rods has receptors at its circular
tip. Because the nucleus is more stiff than the cytoplasm?, the nuclear viscosity is assumed
to be higher than the cytoplasmic viscosity. The cell membrane is supposed to be very
thin. It possesses a cortical tension similar to a surface tension at the fluid-fluid interface3°.
Rolling of microvilli-covered cells on surfaces was studied theoretically by Hammer and his

co-workers!®13

under the assumption that microvilli are solid rods. However, micropipette-
aspiration experiments®®*3! demonstrate that neutrophil microvilli behave as viscoelastic
bodies even at small suction pressures.

The flow domain corresponds to a parallel-plate flow chamber: the cell is suspended in a
low-viscosity liquid (extracellular fluid) between the fixed upper and lower plates (Fig. 3).
The lower plate is covered uniformly by ligands and the cell is sufficiently close to this plate
to form receptor-ligand bonds. Initially the cell body has a spherical shape of radius a
and the extracellular fluid is at rest. The shear flow is created by the pressure gradient G,
which is basically the pressure drop between the left and right boundaries P, — P, divided

by the distance between them d,. Here the z-axis is in the flow direction. The pressure

gradient grows linearly from zero to some fixed value. No-slip boundary condition is applied



at the lower and upper plates (z-direction). Periodic boundary conditions are used in the z-
and y-directions. The velocity field and the leukocyte shape are found from the numerical
solution to the Navier-Stokes equations (see the next section).

Receptor-ligand bonds are modeled as Hookean springs with spring constant o,. (In this
paper, we model adhesion via a single class of receptors.) If the separation distance d between
a microvillus and the plate becomes equal to or less than the unstressed bond length Iy,
the microvillus forms a link with the plate. The link is characterized by the time-dependent
number of bonds, N, = N(t). It is considered to be broken if the number of bonds becomes
zero. We assume that the behavior of the linked microvillus is also described by Hooke’s law.
Each receptor-ligand bond is in series with a “microvillus spring” characterized by spring
constant o,,,. This follows from the fact that the microvillus core is a bundle of parallel
actin filaments that extend from the microvillus tip into the cell cytoplasm?. The filaments

32:33 of the receptors located at the tip. In our model, the

are connected to cytoplasmic tails
bonds are aligned in the same direction as the filaments. Therefore the “microvillus spring”

(one of the actin filaments) together with the bond form a system of two springs in series,

which behaves as an adhesive spring with an effective spring constant

0bOmu
Og =

(1)

b+ O
If the number of bonds is N, the microvillus-bond complex represents a system of N,
adhesive springs in parallel. It is characterized by spring constant N,o,.

We use the modified version of the spring-peeling kinetic model by Dembo et al..!® to find
the time-dependent number of bonds for the linked microvillus. In the original spring-peeling

model, the bond association and dissociation depend on the standard-state free energy AG}



of a stretched or compressed bond spring. Dembo et al.. defined this energy as

(Ip — lno)?

AGy = MGG+ By, By = 0,

(2)

where AGg is the standard-state free energy of the unstretched bond spring and E,;, is
the elastic potential energy of the bond spring [cf. Eq. (17a) in Ref. 15]. They followed
the transition state theory to calculate the forward reaction rate as a function of the bond
spring displacement. In particular, they assumed that the standard-state free energy of the
transition state had the same form as Eq. (2) but with the different spring constant oy
called transition state spring constant. Then, the expression for the forward reaction rate is
of the form:

(3)

ks (1) = Ky (o) exp {_%Ml

2k, T
(kT is the thermal energy). Since the bond dissociation goes through the same transition
state as the bond association according to the transition state theory, this assumption gives

the following expression for the reverse reaction rate:

(I = lo)?

kr(lb) = kr(lbO) €xXp (Ub - O-ts) kaT

(4)

It should be noted that the functions k¢(ly) and k,(ly) remained unspecified in the Dembo

model. The bond surface density n, = ny(t) is found by integrating the kinetic equation'*
dn
d—t” = kp(ng — ) (g — 1) — kp, (5)

Because energy is defined within an additive constant, we can assume that unbounded
receptor and ligand have zero free energy if they are at rest. To reach the transition state,

the receptor and ligand should collide with the total kinetic energy Fj; equal to or more

l.15

than the Gibbs activation energy AG;,, which is, according to Dembo et al.*, a sum of two



parts

o __ o (lb - lb0)2
AGts - AC;11350 + O-tST‘ (6>

Here AGj,, is the Gibbs activation energy for the formation of the unstressed bond. It
depends on the unstressed bond length [,o. In the case of adhesion molecules, the Gibbs
activation energy exists due to the electrostatic and other repulsive forces between the

molecules. The forward reaction rate

A (e}
ke(lyo) = ko ex ——“0), 7
£(leo) = Kyoexp ( i (7)

where ki is some constant specific for the given reaction. It can be called “maximal forward
reaction rate”.

Dembo et al.'® used Eq. (2) to describe the process of receptor-ligand bond formation
under the assumption that AGy = AGy,, > 0. They assumed that "the differences between
the transition state and the bounded state can be described by a change in the spring
constant only”. According to the transition state theory, the process of bond formation
from the transition state is thermodynamically favored, i.e., the bounded state energy AG)
should be always less than the Gibbs activation energy AGS§,. From Egs. (2) and (6) it

follows that receptor-ligand bonds can be formed only if AGj < AGY,, and

AG°, — AG? (s — o)’
ts0 — AGy > (0, — Ots) =5 (8)

This condition shows that the free energy of the unstressed bond can be negative relative to
the unbounded state energy in the most common case of slip bonds, i.e., when o}, > oy (cf.
below). In our model, we assume that AG; < 0 and define the standard-state free energy
of the bounded state as

o o (lb — Ino)”
AGb — _AGbO + O-bT, (9)

10



where AGy, = —AGj is the magnitude of the standard-state free energy of the unstressed

bond. To return to the unbounded state, the bond should have the kinetic energy

B > AGS, — AGS

_ Ag o (ly — lno)?
= AG, + AGyy — (op — ats)T. (10)
The function k,(ly) is defined as
AGy, + AGy
ki (lyo) = kro exp <— : 3{; a bo) ; (11)
b

where the constant k,¢ can be called “maximal reverse reaction rate of the unstressed state”.

Both in vivo** and in vitro*+3°

studies on leukocyte rolling have observed the shear thresh-
old phenomenon: cell rolling is prohibited while cell arrest can occur if the wall shear rate
is small. If the shear rate grows monotonically, the number of rolling leukocytes increases,
reaches the maximum, and then decreases. This phenomenon can be explained by the ex-
istence of the transition state for bond formation and disruption. The kinetic energies of
many (but not all) colliding receptor and ligand molecules are not enough to overcome the
activation barrier if the flow velocity is very small. This means that the number of formed
bonds decreases to the minimum when the wall shear rate approaches zero. However, the
minimum number of bonds is more than zero due to Brownian motion of molecules and
vibration of the experimental setup. On the other hand, bond disruption requires more ki-
netic energy to overcome the activation barrier than bond formation, i.e., if receptor-ligand
bonds are formed at very low shear rate, they have a low probability to be broken by flow
and hence have a long lifetime unless the shear rate increases significantly. This is why cell
arrest can occur at small flow velocities. If the cell rolls with a nearly constant velocity

along a surface, the number of bonds does not change so much: new bonds are formed at

the leading edge of the contact region and old bonds are destructed at the trailing edge such
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that the total number of bonds is approximately constant at each instant. Cell rolling is
impossible if the bond lifetime is very long or very short. In the former case, the number
of bonds increases with time and the rolling velocity approaches zero, i.e., the cell is firmly
attached to the surface. In the latter case, which occurs at high wall shear rates, the number
of bonds decreases with time and the rolling velocity approaches the hydrodynamic velocity,
i.e., the cell is detached from the surface. This explains why the number of rolling leukocytes
reaches the maximum at moderate wall shear rates.

The existence of so-called “catch” bonds whose lifetime prolonged by the applied force3
can also contribute to the shear threshold phenomenon. The “catch” behavior of P-selectin
/ P-selectin glycoprotein ligand-1 (PSGL-1) bonds has been recently observed by the atomic
force microscopy®’. In particular, these bonds behave as catch bonds if the applied force
(wall shear stress) is weak but undergo a transition to “slip” bonds (the lifetime of “slip”
bonds is diminished with increasing the force) if the applied force is sufficiently strong®’. Tt
should be noted that Dembo et al.'® were the first who described mathematically “catch”
bonds. They concluded that if o, — 0,5 < 0, the receptor-ligand bond behaves as a “catch”
bond. The cases o, — 0, = 0 and g, — 045 > 0 were classified as “ideal” and ”slip” bonds,
respectively.

In our theoretical model, each receptor is connected to some actin filament in the mi-
crovillus core. if the receptor-ligand bond is formed, the actin filament behave as a Hookean
spring, i.e., it changes its potential energy after the bond formation. In this case, the elastic
potential energy of the bond spring should be replaced by the elastic potential energy of
the microvillus-bond spring. Then, the second terms in the right-hand side of Eqs (6) and
(9) are replaced by ss(ls — lmw — l40)?/2 and o4(ls — Ly — ly)?/2, respectively. Here the

constant o, is the spring constant of the transition state of the microvillus-bond complex,

12



o, is given in Eq. (1), l5 is the distance between the microvillus base and the plate, which is

calculated in the code from the formula:

e =/ (@ = Zn)? + (U — ) + 22, (12)

[see Egs. (25) and (28)].

Leukocyte-endothelial adhesion depends not only on the kinetics of receptor-ligand bonds
but also on the kinetics of receptor extraction from the leukocyte membrane. Leukocyte ad-
hesion molecules usually have three domains3*333%39: long extracellular domain, hydropho-
bic mebrane-spanning domain, and short cytoplasmic tail/s linked noncovalently to the
cytoskeleton. If the pulling force of 100 pN'*40 is applied to the receptor, the linkages
between the membrane-spanning domain and the membrane and between the cytoplasmic
tail and the cytoskeleton are broken and the receptor is extracted from the leukocyte sur-
face. In his famous work'#, Bell pointed out that “pulling receptors out of the membrane
may be competitive with breaking ligand-receptor bonds”. Recently, Shao and Hochmuth*°
have showed by using a micropipette aspiration technique that the time and the pulling
force needed to extract a receptor are correlated. Mathematically, receptor extraction can
be considered as an additional mechanism for the destruction of the microvillus-bond com-
plex, i.e., receptor extraction can be accounted for in the expression for the reverse reaction
rate. The simple way to incorporate receptor extraction into the kinetic model is to assume
that the microvillus-bond spring has the increased elastic potential energy due to receptor

extraction:

(ls - lmv - lb0)2

AGZ - _AGEO + 70-5 2 I

(13)

where v > 1 is nondimensional constant which can be called ” correction factor”. There are

other reasons, mostly of biochemical character, for an effective decrease in bond lifetime and
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hence an increase in v, including selectin shedding*! and the increased release of nitric oxide
(NO) from activated endothelial cells??.

Using the fact that we consider the microvillus-bond spring instead of the bond spring
and taking into account Eqgs (3), (4), (7), (11), and (13), the forward and reverse reaction

rates can be expressed as

AG°
k’f = k:fgexp (—ﬂ)

kyT'
[ =l —1y0)?
X exp {— Tl 2]{:% ) ] ) (14a)
AGY AGy
k’r‘ — kTO exp (_ Gts(}{;;ﬂ GbO)
_ _ _ 2
X exp |:(’70—s O—ts.;)kfblT lmv lbO) :| ‘ (14b)

All living cells behave as viscoelastic materials. The main source for both viscosity and
elasticity of the cell is the cell cytoskeleton: a viscoelastic network of actin filaments, interme-
diate filaments, and microtubules****. Recent experimental results obtained by the method
of two-pointed microrheology indicate that cells should be modeled as “three-dimensional
continua rather than cortical shells”#?, i.e., the cell behavior is dictated by its bulk vis-
coelasticity but not by its membrane viscoelasticity. Several constitutive models were used
to describe the leukocyte viscoelasticity, including standard viscoelastic solid*6, Maxwell*”,
and power-law fluid models*®. However, these models are impermissibly simple and, as
noted by Drury and Dembo*?, cannot fully explain all the features of the leukocyte aspi-

ration. Micropipette aspiration experiments show that human neutrophils cannot be de-

19,50,51 48,52

scribed as viscoelastic solids They behave as polymeric drops during suction
The flow of polymeric liquids is generally described by differential constitutive equations

(the Upper-Convected Maxwell, Oldroyd-B, Giesekus, Phan-Thien-Tanner, FENE-P and

other models)®.

In our numerical code, the Giesekus constitutive equation® is used to

14



capture the leukocyte viscoelasticity. This equation is sufficiently simple, yet gives good
predictions about the stress growth in startup shear flow and the steady-shear-rate viscosity

of polymeric liquids®5%:5¢, (

The startup shear flow is just considered in our simulations.)
Our work is the first attempt to use a more realistic rheological model for modeling leukocyte
deformation.

The Giesekus model is the generalization of the Oldroyd-B model and can describe both
the elastic and shear thinning behavior of polymeric liquids. It is derived from a kinetic

theory™*

and takes into account two different phases of a polymeric liquid: solvent phase
and polymer phase. The solvent phase is a Newtonian liquid of small viscosity. The polymer
phase is a viscoelastic fluid of high viscosity. For a living cell, the solvent phase is the cell
cytosol and the polymer phase is the cell cytoskeleton (all proteins that form the cytoskeleton
represent polymers). Mathematically, the Giesekus constitutive equation is for the extra
stress tensor T, which is the polymer contribution to the shear stress: the shear stress

tensor 7 = 2u°S + T, where 24°S is the Newtonian (solvent) part of the stress tensor. The

Giesekus model has the form®?

A1 aa—’f +(u-V)T — (Vu)T — T(VuV)' 4 xT?

+T = 2478, (15)

Here )\ is the relaxation time, pP the polymer viscosity, x the Giesekus nonlinear parameter
(it is often expressed in terms of the nondimensional mobility factor « as k = a/uP)%3. The
term (u- V)T is the advection term of the constitutive equation, T? the nonlinear term,
and (Vu)T — T(VuV)! the contravariant term of the constitutive equation. If x = 0, the
Giesekus model is reduced to the Oldroyd-B model. If x = p, = 0, the Upper-Convected

Maxwell (UCM) model is obtained.
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III. NUMERICAL IMPLEMENTATION

The 3D numerical simulation of leukocyte-surface adhesion under flow is carried out by
our own incompressible CED code in which the modified Volume-Of-Fluid (VOF) method
is used for tracking shapes of the cell over time. The full numerical algorithm of the code is

as follows:
Step 0: Initialization (base flow, initial profile of the leukocyte, microvilli distribution).
Cycle in time

Step 1: Piecewise-Linear Interface Calculation (PLIC): reconstruction of the leukocyte

shape.

(n)

Step 2: Advection of the microvilli and interfaces: xmy — x{ )

CYL) —

9

Step 3: Calculation of surface forces by the Continuous Surface Force (CSF) method.

Step 4: Calculation of the bond force.

Step 5: Calculation of an intermediate velocity using the semi-implicit factorized scheme

*

for the Navier-Stokes equations: u™ — u*.
Step 6: Solving the Poisson equation for pressure by the multigrid method.
Step 7: Correction of the intermediate velocity by the pressure term: u* — u(®+b.

Step 8: Calculation of the extra stress tensor using the semi-implicit factorized scheme

for the Giesekus constitutive equation: T — T"+D).

End of Cycle
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A. Leukocyte shape reconstruction

In the classical VOF method®??, the interface between two fluids is reconstructed from
a concentration (or volume fraction) function that takes the value 1 in the first fluid and
the value 0 in the second fluid. The interface passes through the computational cells in
which the concentration function is between 0 and 1. This function of time and coordinates
is advected by the velocity field according to a simple partial differential equation (called
topological equation). Because we model a leukocyte as a compound drop, there are three
different fluids (the nucleus, cytoplasm, and extracellular fluid) and two interfaces (the
nucleus-cytoplasm interface and the membrane). Leukocyte shapes are, therefore, tracked
by two concentration functions, C; = C4(t,x) and Cy = Cs(¢,x), responsible for the nucleus

and cytoplasm, respectively. Here x = (z,y, z) is a position vector. In particular,
(

1 inside the nucleus (fluid 1),
Ci(t,x) = (16a)

0 outside

\
(

1 inside the cytoplasm (fluid 2)
CZ(tvx) = (16b)

0 outside
\

In the extracellular fluid (region outside the leukocyte), C4(t,x) = Cs(t,x) = 0. Then, the

nucleus-cytoplasm interface consists of points (z,y, z) in which
0<Ci(t,x) <1, Ci(t,x)+ Cy(t,x) = 1. (17)
The points that belong to the leukocyte membrane satisfy the following conditions:
0<Cy(t,x) <1, Ci(t,x)=0. (18)

The concentration functions change with time according to the topological equation:

%+u-vc=0, C = C, or Oy, (19)
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where u = (u, v, w) is the velocity vector and VC' = (0C /0x, IC /0y, OC/0z) is the gradient
of C.

The leukocyte shape is reconstructed from the concentration functions by the Piecewise-
Linear Interface Calculation (PLIC) method®”%°. If condition (17) or (18) is satisfied in a
given grid cell, the grid cell is supposed to be divided by a planar surface into two parts. In
the case of (17), the first and second parts belong to the nucleus and cytoplasm and have the
volumes equal to V,C(t,x,) and V,[1 — Cy(t,x,)], respectively, where V, = AxAyAz is the
volume of the grid cell and x, = (2,4, y,, 2,) the position vector to the grid cell center. In the
case of (18), the volumes of the first part (cytoplasm) and of the second part (extracellular
fluid) are V,Cs(t,x,) and V,[1—C5(t,%x,)]. The normal to the planar surface is given by either
n; or n, estimated by the CSF method (see below). After reconstruction of the leukocyte
shape, its deformation under flow is modeled by Eq. (19). In our code, a Lagrangian form

of this equation is used®”.

B. Continuous surface forces

One of the advantages of the VOF method is that velocity fields in immiscible fluids are
found by solving one set of Navier-Stokes equations with averaged values of mass density and
shear viscosity [p(t,x) and p*(t,x)] based on the concentration function. In our problem,

three different fluids are present. The averaged values are, therefore, given by

Y(t,x) = Ci(t, %), + Cot, X) e + [1—Ci(t, %)

- CQ(taX)]¢eC7 ¢ =P, Msv :upv )‘17 or K (20)

(192

where the indexes “n”, “cp” and “ec” indicate the nucleus, cytoplasm, and extracellular

fluid, respectively. Because of this averaging, the boundary conditions at the interfaces
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can not be applied directly and, therefore, all surface forces are included in the Navier-
Stokes equations as body forces which act on the fluids within transition regions between
the nucleus and the cytoplasm and between the cytoplasm and the extracellular fluid. In
our model, we do not consider surface rheology of the cell membrane. The cortical tension
at the membrane is identical, in terms of mathematical description, to the surface tension
at the interface between two fluids. The cortical tension and the surface tension at the
nucleus-cytoplasm interface are implemented into the Navier-Stokes equations by using the
Continuous Surface Force (CSF) method by Brackbill et al..%! In the case when this method
is applied to the compound drop problem, the discontinuities in the concentration functions
present at the interfaces are smoothed artificially by the interpolation function (mollifier)
S(x" — x; h), which decreases monotonically with the distance from the interface. In our

code, the mollifier is of the form®?

A[1 - Mr if ||x'—x|| < 2h
4h2 )

S(x'—x;h) = (21)
0 if ||x'—x|| > 2h.
The mollified concentration functions ¢ (¢,x) and ca(t,x) are convoluted as
ci(t,x) = / C1(t,x")S(x' — x; h)da'dy'dz' (22a)
v
co(t,x) = / Co(t,x")S(x' — x; h)dz'dy'dz’', (22Db)
v

where h and V' are the thickness and volume of the transition regions and x’ = (2/, v/, ).
These functions are used to find the outward normal vectors n; = n;(¢,x) and ny = ny(t, x)

to and mean curvatures k1 = k1(t,Xx) and kg = ko(t,x) of the nucleus-cytoplasm interface
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and membrane:

VCl VC2

n = —r——, M= —7——, (23a)
Vel |[Veall

R1 = V- n; — [nl(nl : V)] -1,

Ky = V-ny — [ny(ny - V)| - ny (23b)

The forces due to surface tension at the nucleus-cytoplasm interface and due to cortical

tension [F,. = F,.(t,x) and F,,, = F,,(t,x)] are approximated as
Fnc = —Jncm1||V01||n1, Fm = —O'mli2||v02||n2. (24)

Here V - n = 0n,/0x + On,/0x + On,/0z is the divergence of n, o, the nucleus-cytoplasm

surface tension coefficient, and o, the cortical tension coefficient.

C. Receptor-ligand interaction

We assume that N,,, cylindrical microvilli of radius r,,, and length [,,, are distributed
uniformly or nonuniformly over the cell membrane. Initially, we introduce the receptor and
ligand surface densities n, and n;, the spring constants (o, 0y, and o0,,,), the thermal
energy ky1', and the parameters v, ko, kyo, AGiy, AGyy, Uy, and lyy. The initial position
of each microvillus X,,, = (Zinps Ymos Zme) is calculated using spherical coordinates centered

on the cell'”

. Because the microvilli are attached to the cell membrane, they are advected,
together with the points of the membrane, by the velocity field. The new position of each

microvillus is defined as

™ = .., + 5xmvu 1-— OTma u
mo ™ A Az )"
oy oy
(n) _ ZImu 1 - 2 25
ymv ym’U + Ay UT + ( Ay ) Ul? ( )
0z 0z
(n) 9%my 1 _ OFmo
mo Zmo + Az " ( Az ) wh



where Az, Ay and Az are the dimensions of the grid cell wherein the microvillus axis
intersects the membrane, 62,,, = Tmo — 1, Yo = Ymo — Y a0d 02, = Zmy — 2 are the
differences between the microvillus coordinates and the coordinates of the left-near-bottom
vertex of the grid cell, v; and u, are z-components of the velocity vector at the left and right
sides of the grid cell, v; and v, are y-components of the velocity vector at the near and far
sides of the grid cell, and w; and w, are z-components of the velocity vector at the bottom
and top sides of the grid cell.

All microvilli are oriented normal to the cell membrane. To find the position of the
microvillus tip Xup = (Ttip, Yeip, 21ip), We use the normal vector ny(t,x,) calculated by the

CSF method in the grid cell considered in the advection procedure:

Xtip = Xmp + Iz (ta Xg)- (26>

Receptors at the tip are oriented in the same direction as the microvillus. Therefore, if the
z-component of the normal vector ny. is negative, we calculate the distance between the

microvillus tip and the lower plate d as

d= —Ztip/ngz. (27)

If this distance is equal to or less than the unstressed bond length [;9, a receptor-ligand bond
is created, i.e., the microvillus forms a link with the plate. It is assumed that receptors can
interact with ligands inside a circular region of radius r,,, centered on the plate at (z,, y;, 0),
where

Tp = Ttip + n2xd7 Yp = Ytip + n2yd- (28)

These coordinates are memorized in the code up to the instant when the microvillus is

detached from the plate.
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The bond surface density n, = ny(t) is calculated from Egs. (5) and (14). Because the

receptor-ligand interaction area is 7r2 , the number of bonds is

N, = trunc(mr2, ny), (29)

where “trunc” denotes truncation to the integer. If N, = 0, the link is considered to
be broken, i.e., the microvillus is detached from the plate. Otherwise, we calculate the
microvillus-bond force F,,, = F,,,,(t,%,) (the force that acts on the leukocyte membrane
due to the receptor-ligand interaction at the microvillus tip) inside the grid cell where the

microvillus is originated. The x-, y-, and z-components of this force are as follows:

Lo +1

ijw:nbks< +”0—1> (o —12,)| | Ve[, (30a)
v+

P =k (22 1) (- Vel (300)
Lo +1

Fjw:nbk:s< ;_bo—l) Zmo|| Ve[ (30c)

Because the bond force acts on the leukocyte surface, it is transformed to the body force
by multiplying ||Ve|| just as the force due to cortical tension in (24). If the grid cell has
several microvilli, the total bond force F, = Fy(z, x,) that act in this computational cell is

taken to equal the sum of microvilli-bond forces:

Ng
F, = ZFSJ@)w (31>
i=1

where N, is the number of microvilli in the grid cell. This force is substituted into the

Navier-Stokes equations.
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D. Navier-Stokes equations

The continuity and Navier-Stokes equations

V-u=0, (32)
du s
p E—l—u-Vu =—-Vp+ V- (T+2u°S)
are solved by Chorin’s projection method®. Here p and u® are the averaged values of the
mass density and solvent viscosity defined in (20), p = p(¢,x) is the pressure, g = (0,0, —g)
is the accelaration due to gravity, F,,., F,,, and F;, are surface forces calculated in (24) and

(31). The tensors

S == (Vu+Vu) (34)

1
2
and T are the rate-of-strain and extra stress tensors. The extra stress tensor is due to the
leukocyte viscoelasticity (see below). In the Newtonian case, all components of this tensor
are zeros.

The governing equations are discretized on a staggered Marker-and-Cell (MAC) grid®,
i.e., the pressure p, concentration functions C; and Cs, and diagonal extra-stress components
Tye, Ty, and T, are defined in the center of a grid cell, but the velocity components u, v and
w and the non-diagonal extra-stress components T, T,, and 7T, are defined on its sides
and edges, respectively (Fig. 4). The finite-difference spatial derivatives are then calculated
by centered differences over a single mesh spacing, where possible.

To avoid the problem of viscous diffusion instability, which imposes strict restrictions on
the time step size in the case of small Reynolds number, we use the semi-implicit scheme

for the intermediate velocity u* (calculated in the first part of the projection method). This

scheme is proven to be unconditionally stable5>%. In the semi-implicit scheme, the diffusion
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terms (unmixed second derivatives of the velocity) are implicit. It is precisely these terms
that are responsible for viscous diffusion instability®. All other parts of the Navier-Stokes

equation are left explicit. Diffusion is due to the Stokes operator A:
Au" =2V .- (11°S) =D+ E. (35)

The vectors D = (D,, Dy, D,) and E =2V - (¢°S) — D, where

0 ([ ,ou* o

DQC:%(,M ax>+v-(uVu), (36a)
o ( ,0v* R

D, = 5 (W) + 9 v (36b)
o ( ow* IR

D. = o (W5 ) 47 (wvw), (360)

can be considered as the diffusion and dilatation terms of Au*. (Note that the intermedi-
ate velocity field is not divergence-free.) The diffusion term is treated implicitly, but the
dilatation term is explicit.

To solve the resulting semi-implicit equations, we use a factorization technique®®”. This
technique is also applied to the constitutive equation for leukocyte viscoelasticity. The
Poisson equation for pressure (the second part of the projection method) is solved by the
multigrid method adapted to the variable mesh, with the two-color Gauss-Seidel method for
iteration and the Galerkin method for coarse grid correction®.

The major problem with numerical integration of differential constitutive equations is
the numerical instability caused by the advection term. This instability is generated if the
advection term is treated explicitly®®. As a result, explicit schemes can be used only for
very small relaxation times. The only way to avoid the advection instability is to treat the
advection term of the constitutive equation implicitly. In this case, as follows from the von
Neumann stability analysis, the numerical scheme will be unconditionally stable, i.e., it can

be used for any value of the relaxation time.
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We have developed the semi-implicit scheme for the Giesekus constitutive equation [see
Eq. (15)]. According to this scheme, the advection term and the last term in the left-hand
side of the equation are in the implicit part, but the contravariant and nonlinear terms are
treated explicitly. The Giesekus constitutive equation in the semi-implicit scheme can be

expressed at time step n + 1 as

)\1 + At + )\1At u(”H)ﬁ + )\1’U(n+1)£
ox oy
(nt1) 9 (n+1) _ o
+ \w g T = explicit terms. (37)
2

Although the semi-implicit scheme is unconditionally stable on the MAC grid, it is very
time-consuming to solve directly the resulting discretized equations because the direct solu-
tion requires the inversion of a large sparse matrix. The effective way to invert the left-hand
side of the equations is using a factorization technique®” according to which Eq. (37) is

replaced by

(M +AL) {1+ MAt gu(”ﬂ)} {1+A1—Atv<n+1>£

M +AL Oz AL +At dy
A AL
v {14_ All%—Atw(nJrl)%} T+ = explicit terms. (38)

If \; is much greater than At, the error of the above factorization is of order (||ul|,mazAt)2.
It becomes smaller if \; is of order At. The inversion of the factorized LHS requires solving

only three tridiagonal matrices, thereby reducing computation time and memory.

IV. RESULTS AND DISCUSSION

In the simulations discussed here, a leukocyte resides in a Newtonian extracellular fluid of
viscosity pé, = 0.001 Pa-s = 1 ¢P and mass density p.. = 1000 kg/m3. We ignore the effect

of gravity on leukocyte-plate adhesion, i.e., we assume that the nuclear and cytoplasmic
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densities are equal to the extracellular fluid density: p, = pep = pee. The cortical tension

3048~ The surface

0m = 30 pN/um is in the range of experimental values for neutrophils
tension at the nucleus-cytoplasm interface is not measured yet, so we select o,. = o,,.
The microvillus radius r,,, = 0.1 ym (Refs 14,28). The bond spring constant o, = 5300
pN/um is a measured value for P-selectin/PSGL-1 bonds™. The unstressed length of a bond
lyo = 10 nm (Ref. 71) and the thermal energy k,T = 4 x 10721 J corresponds to the absolute
temperature T ~ 290 K.

Leukocyte of two types are considered: a neutrophil and a monocyte. The neutrophil
radius @ = 4 pm (Ref. 72) and the nucleus occupies 21% of the cell body volume (Ref. 46).
The neutrophil adhesion cascade occurs in postcapillary venules as a part of the inflammatory
response’. Since the diameter of these vessels ranges from 7 to 30 pum (Refs. 73,74), the
distance between plates d, is taken to be 16 pm. The size of the computational box d, xd, xd,
=40 pm x 40 pm x 16 gm. The adhesion dynamics of the neutrophil is characterized by the
number of microvilli N,,, = 1089 (microvilli concentration is decreased with z), the forward
and reverse rate constants ko = 107! m?/s and k.o = 1 s7! (Ref. 75), spring constant of the
transition state o5 = 160 pN/um, “correction factor” v = 2.0625, and microvillus spring

1.7, microvilli of neutrophils rolling in a

constant o,,, = 340 pN/um (as shown by Park et a
parallel-plate flow chamber behave as elastic bodies with spring constant ranged from 152
to 1340 pN/pm). The surface densities of receptors and ligands are large (n, and n; change
from 5 x 10 m~2 to 5 x 10" m~2 and from 5 x 10'® m~2 and 5 x 106 m~2, respectively),
because of receptor clustering on the microvilli tips'*?°. For simplicity, we assume that the
energy thresholds AGj,, = AGy, = 0 J. It is necessary to say that current experimental

methods are unable to measure the time course of bond density and therefore the kinetic

parameters are defined from the changes in the fraction of adherent cells in the flow chamber
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with time””. A novel micropipette-aspiration method for measuring the adhesion probability
per contact proposed by Chesla et al.” is also unable to extract the information about k
because the contact area A, remains undefined. The measured value of A ko is of the order
of 107" um?*/s (Ref. 75). We consider a higher value of kfy to decrease the computation
time.

Monocytes are large leukocytes: their diameter is between 10 to 14 pm (Refs. 78).
They play important roles in the immune response of the human body! and in the

7980 We consider a monocyte of radius 6.5 um with 20% of its body vol-

atherosclerosis
ume belonging to the nucleus. In the case of the monocyte, the computational box is 50 pym
x 50 pm x 50 pm, so the distance between plates d, = 50 um, which is greater than that in
the case of the neutrophil. The number of microvilli is 252. They are distributed uniformly
over the cell membrane. The N,,, = 1236 in the simulations of cell rolling. The microvillus
spring constant o,,, = 210 pN/um, spring constant of the transition state oyss = 100 pN/pm,
the “correction factor” v = 3. The surface densities of receptors and ligands n, = 1.5 x 10?
m~2 and n; = 3 x 10> m~2, so that there are 47 receptors on the microvillus tip. The
forward reaction rate constant ko = 1071 m?/s, the energy thresholds AGy,, = AGj, =
J. The reverse reaction rate constant k,o changes from 0.1 to 1000 s~!,

For the given geometry, the plane Poiseuille flow is formed as a result of the pressure

gradient G = —dp/dx. The wall shear stress (WSS) 7, wall shear rate (WSR) 4, and

maximal (centerline) velocity of the flow U,,,, are then calculated as

Gdz Gdz Gd2 ‘de
Tw = —5 "yw =35 < mar — £ = 1 . (39)
2 218, Spe. 4
The pressure gradient is selected in such a way as to have 7, = 4 Pa and ,, = 4000 s~*. We

choose such a large shear stress to clearly show the effect of deformation. We also consider

the case 7, = 0.4 Pa and +,, = 400 s~! in the simulations of monocyte rolling.
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A variety of the values for the unstressed microvillus length [,,,, solvent viscosities of the
cytoplasm and nucleus pg, and w;, and polymer viscosities of the cytoplasm and nucleus
pk, and b are considered in the paper. When the leukocyte is treated as a viscoelastic
cell, the cytoplasmic relaxation time Ay,, = 0.176 s. This value was extracted from the
parameters of a standard viscoelastic solid model of the leukocyte?®. The nucleus relaxation
time Ay, = 0.200 s. The case Aigp, = A1, = 0.010 s is also discussed. The Giesekus nonlinear
parameter k is taken to be zero (both for the nucleus and cytoplasm) in all the simulations.
It should be noted that leukocyte deformation is dictated by its bulk viscoelasticity during
the whole time of its contact with the plate. The leukocyte can behave as a Newtonian drop
only if the time after the first contact is much more than the relaxation time provided that
no changes in flow conditions and in bond association/dissociation occur during this time.
However, cell adhesion is not a static process. The surface density of bonds changes with
time, microvilli attach to and detach from the plate. Every receptor-ligand interaction and
microvillus attachment/detachment cause an immediate elastic response of the cell.

In the code, the governing equations are in the nondimensional form. The characteristic

time, length, and density are defined as

s dz
t, = MLa l* = dz; Px = Pec- (40)

Om
A. Neutrophil motion and adhesion: validation of computational approach

To validate the computational analysis, we compared the speed and deformation of a
Newtonian drop with analytical results and choose the mesh which is dense enough to
capture cell deformation. Figure 5 shows a side view (y = 20 pum) of the velocity field and

of the neutrophil shape when it moves in the central flow stream. Here the neutrophil is
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a Newtonian fluid for which cytoplasmic and nuclear viscosities are p, = 0.001 Pa-s and
pf = 0.1 Pa-s. Initially, the cell center is located at (x., y., z.) = (8 pm, 20 pum, 8 pum).
Because the cell is far from the plates, the presence of microvilli on the cell membrane is
disregarded. The simulation is performed on 128 x 128 x 64 mesh with time step At = 0.01
1S,

During the neutrophil motion in the parabolic velocity field, its front is elongated in
the form of paraboloid and its back is flattened. The forward end of erythrocytes is also
deformed to a paraboloidal shape in Poiseuille flow, especially if the distance between walls is
small®!. The deformed shape is reminiscent of the three-lobed shape of a Newtonian droplet
immersed in Poiseuille low between infinite parallel plates®?. From the analytical study by
Nadim and Stone®? it follows that if the nucleus and cytoplasm together are considered as a
single Newtonian liquid, the leading-order deformation of the initially-spherical cells located

at the centerline of the flow is described by the formula

e Awa® 10 + 11X

et S 60) (41)

Here A is the ratio of the cell viscosity

fre = (1 — @) ptep + otpin (42)

(v = 0.21 is the volume fraction of the nucleus) to the extracellular fluid viscosity pu?,,
(r, 8, ¢) are the coordinates of the cell surface in a spherical coordinate system with the
origin located at the cell center, § and ¢ are measured respectively from the z-axis (side
view) and the z-axis (top view). Note that if the cell is Newtonian, ji., = p, and p, = p;,.

The shape correction function [see Eq. (5.10b) in Ref. 82]

f(0,¢) = CO; i (cos? 0 + sin? fsin? ¢ — 4sin? # cos® ¢). (43)
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is responsible for a three-lobed shape of this cell. It should be noted that Eq. (41) is valid
if the cortical tension forces are larger than the viscous forces (of the flow) trying to deform
the cell. The formation of the concave regions near the cell front is not observed if the cell
is modeled as a compound Newtonian droplet, as seen in Fig. 5. The more viscous nucleus
(with non-zero surface tension between the nucleus and cytoplasm) is slighly elongated in the
direction perpendicular to the flow and retards the bending deformation of the neutrophil.
As a result, the cell is deformed to a paraboloidal shape. Although the measured values for
the neutrophil viscosity are much higher'%4%52 than those used in the simulation, the similar
deformation is expected, based on Eq. (41), for a compound cell of higher viscosity.
Another important result of the paper by Nadim and Stone®? is that the translational
velocity of the droplet is always less than the flow velocity. In the case of plane Poiseuille

flow, the translational velocity of the leukocyte U, can be found from

Uz) = U(2) M%”(%§2, (44)

24 3) \d.

. (2zd—zdz>2] (45)

is the velocity of Poiseuille flow. In the Newtonian case, the averaged viscosity of the cell

where

pé can be calculated from Eq. (42). This gives pf = 0.02179 Pa-s, i.e., A = ps/u. = 21.79.
The centerline velocity Uer = U(d./2) = 16 pm/ms. If the cell is at the centerline, its
translational velocity should be U.(d,/2) ~ 14.7 pm/ms. Indeed, the difference in the z-
coordinate of the cell center between ¢ = 0.9 ms and ¢t = 0 ms (the fourth and first pictures
in Fig. 5) divided by the time is (21.2 — 8)/0.9 um/ms ~ 14.67 um/ms. The velocity field
and interface advection are therefore calculated correctly in the numerical code.

Figure 6 shows the deformation of the adherent neutrophil. The cell is characterized by
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the cytoplasmic viscosity g, = 0.1 Pa-s and nuclear viscosity p, = 1 Pa-s. It also has
1089 microvilli of length [,,, = 0.09 um. The center of the cell is located at (10 pum, 25
pm, 4.1 pm). The remaining parameters are the same as in the previous case. Initially,
the neutrophil is attached to the plate by one microvillus. The shear-induced drag force
causes the translational motion of the cell in the flow direction which in its turn stretches
the microvillus-bond spring. The spring extension is also associated with the drag torque.
As long as the vertical component of the spring force is small, the cell rotates clockwise due
to the drag torque. This rotation magnifies briefly the number of linked microvilli. However,
the effect of the drag torque on the spring extension is much smaller than that of the drag
force because the cell viscosity is low in the simulation. When the microvillus-bond spring is
stretched, it produces a pulling force on the cell membrane. As a result, the cell undergoes
significant deformation near the contact area. In particular, the adherent part of the cell
membrane is stretched in the direction of the spring force (Fig. 6). Such elongation of the cell
membrane extends the effective length of the microvillus (in this case, a complex of linked
microvilli). It can be considered as “cell body contribution to the microvillus extension”. An
analogous deformation of the adherent cell has been observed in 2-D numerical simulations
by N'Dri et al.'t. The third and fourth pictures of Fig. 6 show the formation of the concave
region (membrane bending) just above the adhesive contact. This is the precursor of a
large extension and subsequent breakup of the cell membrane. If the averaged cell viscosity
decreases by a factor of 10 or more, the more pronounced deformation is observed. The
deformed shape of the Newtonian cell of low viscosity is reminiscent of a bow (not shown
here). Note that mesh refinement (128 x 128 x 128 and 256 x 256 x 64) does not affect

the leukocyte shape.
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B. Monocyte adhesion: high wall shear rate

The numerical simulation of monocyte adhesion to a lower plate in a parallel-plate flow
chamber, under the assumption that the cell is Newtonian, is illustrated in Figs. 7 and 8.
The cytoplasmic and nuclear viscosities of the monocyte are 0.1 Pa-s and 1 Pa-s, respectively.
252 microvilli of length 0.09 pm are distributed uniformly over the membrane. The reverse

reaction rate constant k,o = 100 s~ 1.

The wall shear stress 7, and wall shear rate 7, are
again 4 Pa and 4000 s~!. Initially, one microvillus of the cell forms a link with the plate.
This (and subsequent) simulation is performed on 64 x 64 x 128 mesh with time step 0.1
ps. The initial position of the cell center (z., Y, 2.) = (10 pm, 25 pm, 6.6 pm).

Again, the microvillus, stretched due to the translational motion of the monocyte, exerts
a pulling force on the monocyte membrane. As seen in Fig. 7 (pictures on the left), the
membrane is extended with the formation of the concave region above the contact area.
This behavior is identical to that observed in the previous case. Note that the membrane
extension is now driven by one linked microvillus. When the extended portion of the mono-
cyte membrane reaches a critical length, it is quickly elongated and finally disrupted (the
pictures on the right of Fig. 7). The fast elongation and breakup of the cell membrane are
similar to the formation and breakup of tethers from the neutrophil microvilli observed in
vitro®®83. Therefore, it can be called “cell body contribution to tether pulling”.

Figure 8 compares in vitro images of tether pulling and breakup during neutrophil rolling
along the adhesive plate of the parallel-plate flow chamber with the numerical images (top
view of the cell shown in Fig. 7). There are definite similarities between the experimental

data and numerical simulation: the membrane extension is followed by the fast elongation

and breakup. The breakup time is much shorter in the numerical calculation than in the
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experiment because of the difference in the WSR (in the experiment, %, = 150 s7!). As
pointed out by Schmidtke and Diamond®?, the tether growth rate increases significantly as
the WSR is increased. The in vitro images show a longer tether than the numerical images
because the latter display the cell body deformation only (the stretched microvillus is not
shown in the numerical images). Tether pulling is also contributed from the viscous extension
(lipid flow) of the microvillus. It can proceed if the pulling forces exerted on receptor-ligand
bonds are sufficiently strong to peel off the microvillus membrane from the cytoskeleton?®34.
In the present work, the viscous response of the microvillus is not considered.

The process of the microvillus extension and tether pulling resulted from (a) cell body
deformation and (b) microvillus deformation. This is confirmed experimentally: “the pro-
cess of tether formation caused a slight teardrop-shaped deformation of the neutrophil”®3.
(From the top view, it is impossible to observe the concave region, which should be formed
before the tether formation, and therefore only the tear-drop shape can be predicted. As
will be shown later, a long tether is not formed if the cell has indeed a tear-drop shape).
The calculation of the microvillus spring constant from the tether length is inappropriate if
the effect of cell body deformation on this length is not included. Because the unstressed
microvillus length is small in the simulation ([,,, = 0.09 pm), we expect that there will be
no large difference between the present simulation and the simulation with zero microvil-
lus length. In this connection the numerical images in Figs. 7 and 8 show the process of
tether formation from neutrophils treated by latrunculin A%. This toxin destroys the actin
cytoskeleton of the cell, i.e., it causes microvilli to disappear. As a result, cells treated with
latrunculin A have a smooth surface (see Fig. 4 in Ref. 85). Also, the destruction of the
actin cytoskeleton leads to decreasing the cell elasticity. Our simulations are consistent with

the hypothesis that the formation of long tethers is associated with the local cytoskeleton
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failure where the cell membrane separates from the underlying actin cytoskeleton?88485  Af-
ter such a failure, the attached portion of the cell undergoes purely viscous deformation. As
will be shown later, long tethers are not formed if the cell elasticity is taken into account.
On the whole, tether formation and breakup is an indicator of leukocyte weakness. The
“healthy” leukocytes have a strong yet flexible cytoskeleton which protects them against a
loss of their material. Under in vitro conditions, the cells are inevitably weakened because
they are “uprooted from the organism”. Therefore, the tether formation seems to be a rare
phenomenon n vivo.

From rheological point of view, the normal living cells behave as viscoelastic fluids, mainly
due to the cytoskeleton**. The elastic effects on the deformation and adhesion of monocytes
are shown in Figs. 9 and 10. In this simulation, elasticities of the monocyte cytoplasm
and nucleus are characterized by the relaxation times 0.176 s (Ref. 46) and 0.200 s. The
solvent viscosities of the cytoplasm and nucleus are equal to the viscosity of the extracellular
fluid: pg, = p;, = pg. = 0.001 Pa-s. The cytoplasm and nucleus have the polymer viscosities
ph, = 3.528 Pa-s and pf, = 10 Pars, so that their total viscosities i, = pug, +pb, = 3.529 Pa-s
and p, = p; + pP = 10.001 Pa-s, respectively. The total viscosity of the cell is calculated
from Eq. (42). The reverse reaction rate constant k,o = 10 s~!. The remaining parameters
are the same as in the previous case.

There is no tendency for the formation of long tethers from the viscoelastic cell. Instead of
the local deformation near the contact area which finally leads to tether pulling, the “elastic
adaptation” of the viscoelastic cell to shear stresses is observed (Fig. 9). To decrease the
pulling force on the cell membrane, this cell is elongated in the direction parallel to the
microvillus-bond spring. The large concave region responsible for membrane pulling is not

formed. As seen in Fig. 9, the deformed shape of the viscoelastic cell is exactly the tear-
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drop shape to which rolling leukocytes are deformed in vivo[Fig. 11(a)]. The wall shear
stress is sufficiently high and hence the pulling force due to the microvillus-bond spring
extension is sufficiently strong to extend the adherent part of the monocyte membrane.
This monocyte is finally detached from the plate and only a small fragment of the cell
membrane is left on the plate (Fig. 10). The computed tear-drop shape of the viscoelastic
cell is mainly due to elastic normal stresses inside this cell. Most of the polymeric liquids
are characterized by the positive first normal stress difference Ny = T, — T, (the difference
between the elastic normal stresses parallel and perpendicular to the flow direction)®. Such
a difference creates extra tension in the flow direction for each fluid element of a viscoelastic
fluid, which in its turn is responsible for many prominent viscoelastic effects, including rod
climbing and polymer extrusion®. The Giesekus constitutive equation used in our numerical
simulations also gives the positive normal stress difference. In the case of leukocyte-plate
adhesion under shear, extra tension in the flow direction produced by Nj is responsible for
the “elastic adaptation” of the cell. In particular, it creates the force against the formation
of the concave region. The existence of intracellular extra tension in the flow direction can
be explained by alignment of actin microfilaments along the flow (much as happens with
polymeric liquids®?).

The experimentally observed tear-drop shape of rolling leukocytes is due to the leukocyte
viscoelasticity. It can not be obtained if the leukocyte is treated as a Newtonian cell. Indeed,
viscoelastic cells are deformed to a tear-drop shape for a wide range of polymer viscosities
[Fig. 11(b) and 12(a,b)], whereas Newtonian cells have a more complicated shape with a
concave region as discussed before. Our simulations also show that viscoelastic cells are
more deformed than Newtonian ones even at high polymer viscosities. This is because of
3

the stress growth in startup shear flow®: if the relaxation time of a viscoelastic cell is
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not zero, the shear stresses and hence the apparent viscosity of the cell grow with time
from zero-shear-rate to steady-shear-rate values according to 1 — exp(—t/\;). A decrease
in viscoelastic cell deformation is expected when t ~ ;. It is observed in micropipette
aspiration experiments that both leukocytes®® and endothelial cells®® exhibit an immediate
elastic deformation followed by a much slower viscous deformation during suction. Such a
behavior can be explained by the viscoelastic stress growth.

The effects of the cytoplasmic and nuclear viscosities on cell deformation and adhesion are
illustrated on Figs. 11(b,c) and 12. An increase in the cytoplasmic viscosity at fixed nucleus-
to-cytoplasm viscosity ratio leads to the decreased elongation of the cell. However, cell
deformation at the contact area is observed even if the cytoplasm is very viscous [Fig. 11(b)].
An increase in viscosity of the nucleus at fixed viscosity of the cytoplasm changes the tear-
drop shape of an adherent cell to a pear-like shape [Fig. 12(a)]. If the nuclear viscosity is
much more than the cytoplasmic viscosity, the cell appears, from the top view, as a spherical
body with a small extension at the contact area [Fig. 12(b)]. The microvillus contact time
decreases with increasing the cytoplasmic or nuclear viscosity, i.e., with decreasing the cell
deformability [Figs. 11(c) and 12(c)]. The less the microvillus contact time, the faster the
cell can move. Therefore, if the cell rolls along the endothelium, its rolling velocity should
decrease with the cell deformability, as recently suggested?>26.

The compound viscous drop model of the leukocyte was suggested as “the rheological
basis for describing the leukocyte dynamics”!87. Our results put in doubt this conclusion.
Although this model takes into account the cytoplasm and the nucleus, it is oversimplified
because all its phases are Newtonian liquids. Although the presence of the nucleus can lead
to the viscoelastic response of the leukocyte in micropipette aspiration experiments, the main

44,45

source for cell viscoelasticity is the cell cytoskeleton®**° | especially during cell adhesion in
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circulation, when the cell diameter is less than the vessel diameter. Our 3D simulations
show that the compound viscous model cannot predict a transition to a tear-drop shape
observed for rolling leukocytes in vivo. The elasticity of the cell cytoplasm plays a crucial
role in cell deformation under physiological conditions. The compound viscoelastic drop
model discussed here takes into account both the presence of mechanically-different regions
of the cell and the viscoelasticity of these regions.

Our numerical code can be used in the situations when the initial shape of the leukocyte
is not spherical. Figure 13 shows the side and top views of the adherent monocyte (at
different instants), which initial shape is obtained by cutting the bottom part of the sphere
(. —2)%+ (Y — Ye)? + (2 — 2¢ — Zeontaet)? = a* by the plane z = I,,, + lyp. The coordinates

of the sphere are . = 10 um, y. = 25 pum, and z. = a + [,y + lpo. In this case, the initial

contact region of the monocyte is circular with radius Reontect = \/ a? — (@ — Zeontaet)?- The
formation of the finite contact region before rolling can occur due to normal forces acting on
leukocytes in blood flow®®. In the simulation, Zeonteer = 0.39 pm and there are 252 microvilli
(distributed uniformly) with length [,,, = 0.38 um. Hence, Reontact ~ 2.22 pm. 10 out
of 252 microvilli are located in this region. Their nondimensional coordinates are given in
Fig. 14(a). The rhelogical parameters of the viscoelastic cell shown in Fig. 13 are the same as
in the previous case. However, its receptor-ligand interaction is characterized by low reverse

1. As seen in this figure, the cell is detached from the plate by

reaction rate: k.o = 0.1 s~
leaving two fragments of the cell membrane on the plate. We think that this happens due
to the increased lifetime of bonds, i.e., if the bonds live in a stressed state for a sufficiently
long time and the wall shear rate is sufficiently high, the cell membrane will be extended

and disrupted. It is necessary to say that membrane rupture is observed wn vitro during

cell detachment under high shear®¥?. Indeed, in the viscoelastic case, only one microvillus
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(located near the trailing edge of the monocyte) is detached while other bonds are able to
resist the drag force [Fig. 14(b)] for 1 ms and more. The critical length of the microvillus-
bond spring is about 1.04(l,,, + ly) for the given set of kinetic parameters. Figure 14(b)
also shows that the peripheral microvilli (denoted as No. 3 and 5) are responsible for the
formation of cell debris. These microvilli lie a short distance from the trailing edge of the
contact region (but not in the proximity of this edge as the detached microvillus), i.e, they
are more extended and exert higher pulling force on the cell membrane than other ahead-
positioned microvilli. The microvillus-bond spring length [ of these two microvilli depends
nonlinearly on time: it increases, reaches the maximum and then decreases [dashed line in
Fig. 14(b)]. The membrane breakup seems to occur when the length reaches the maximum.
Other microvilli are characterized by a monotonical time dependence of the microvillus-bond
spring length. Note that the microvilli (and hence receptor-ligand bonds) are not equally
stressed. The dependence of the spring length on the distance of the microvillus from the
leading edge of the contact region d.onict can be represented by a polynomial curve as
illustrated in Fig. 14(c).

An increase in the reverse reaction rate leads to decreasing the bond lifetime. We expect
that a probability of membrane rupture is small in the case of short-lived bonds. Indeed, if
the reverse reaction rate increases to 1000 s~!, the cell is detached without the formation
of cell debris (Fig. 15). The microvilli, which are responsible for membrane rupture in the
case of low reverse reaction rate, reach the critical spring length 1.03(l,,, + (o) and separates

from the plate due to bond dissociation before the membrane can be ruptured (Fig. 16).
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C. Monocyte adhesion: low wall shear rate

In all the discussed simulations, the monocyte is detached from the plate. This happens
due to high WSR (¥, = 4000 s~! in those simulations). Meanwhile, the WSR. is below

2513 where leukocyte rolling is observed. We expect that

800 s~! in postcapillary venules
leukocyte rolling can be captured by the numerical simulation at a smaller value of 7,.
Indeed, if 7, = 0.4 Pa and 4, = 400 s~!, monocyte rolling is observed (Fig. 17). In this
simulation, we assume that the monocyte is a Newtonian cell which cytoplasm and nucleus
have viscosities pg, = 0.1 Pa-s and p; = 1.0 Pa-s. The initial profile of the cell body is
spherical and centered at (10 pm, 25 pm, 7.0 gm). The majority of 1236 microvilli of length
0.49 pm are concentrated on the circle (x — x.)? + (z — 2.)® = a®. The reverse reaction
rate constant k,y = 1000 s~!. Figure 17 shows a 2-D slice of the cell (cross-section in
the xz-plane at y = 25 um) together with the microvillus-bond springs (dashed lines) at
different instants. Each closed circle denotes a linked microvillus. Each open circle signifies
a microvillus detached from the plate. Seven microvilli are involved in cell adhesion for 1
ms. The old linked microvilli are come off after the next microvilli are attached to the plate.
The new linked microvilli are always on the right (from the leading part of the cell) of the
old linked microvilli. Hence, the monocyte rolls along the plate through the receptor-ligand
interaction. The rolling velocity of this cell is about 0.55 pum/ms. This value is significantly
higher than in the experiments® because of high forward and reverse reaction rates in the
simulation. Nevertheless, this velocity is smaller than the hydrodynamic velocity of the cell

(the cell velocity in the case when receptor-ligand bonds are not formed). Based on Eq. (44),

where z = z. = 7.0 um, the hydrodynamic velocity U, is about 2.2956 pm/ms for this cell.
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The hydrodynamic velocity can also be calculated from the formula

5 (a)®
Uc% c.w 1 - - ’
= [ 16<ZC)]

based on the lubrication-theory approximation for shear-induced motion of a solid sphere®!.
This formula gives 2.099 pm/ms.

The high value of the rolling velocity can also be attributed to the assumption that the
cell is Newtonian used in the simulation. Even if the cell is characterized by small elasticity
A1 = 0.01 s, it is more deformed (Fig. 18) and rolls much slower than the Newtonian cell
[Fig. 19(a)]. As pointed out by Olivier and Truskey”?, the torque is very sensitive to the cell
shape: it is diminished if the cell deviates from a spherical shape. Figure 19(b) shows that
the bond lifetime increases by a factor of 6 due to increased deformability of the viscoelastic

cell as recently suggested?®.

V. CONCLUSION

In this paper, we have studied numerically the effects of leukocyte deformability and
viscoelasticity on leukocyte adhesion to a lower plate in a parallel-plate flow chamber. The
study is done by using our own three-dimensional code in which the leukocyte with its surface
folds (microvilli) is modeled as a compound viscoelastic drop with elastic rods distributed
uniformly or nonuniformly over the leukocyte membrane. The leukocyte membrane is as-
sumed to possess a cortical tension similar to a surface tension at fluid-fluid interface®®. The
spring-peeling kinetic model'® modified to include the effects of microvillus extension and
receptor extraction is used to describe adhesion of the leukocyte to the plate. The Giesekus
constitutive equation is implemented in the code to capture the leukocyte viscoelasticity.

The numerical simulations have shown that if the leukocyte bulk elasticity is negligible,
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i.e., if its cytoskeleton is weakened, the leukocyte membrane is elongated and disrupted in a
manner similar to the formation and breakup of tethers from leukocyte microvilli observed

2883 This is consistent with the hypothesis that the formation of long tethers is

m vitro
associated with the local cytoskeleton failure where the cell membrane separates from the
underlying actin cytoskeleton®. For the viscoelastic case, a transition from a spherical shape

18 is observed. The deformation

to a tear-drop shape typical for rolling leukocytes in vivo
to the tear-drop shape is explained by the positive first normal stress difference for the
viscoelastic cell. The simulations show the microvillus contact time decreases with increasing
the cell viscosity, i.e., with decreasing the cell deformability. This result lends support to the
view that the cell rolling velocity decreases if the cell becomes more deformable?26. We have
also analyzed the effect of bond lifetime on leukocyte adhesion: if the receptor-ligand bonds
live in a stressed state for a sufficiently long time, the leukocyte membrane can be extended
and disrupted under high shear. In the case of finite contact area, peripheral microvilli are
responsible for membrane rupture.

According to numerical simulations, leukocyte rolling along the plate is possible only if
the wall shear rate is sufficiently low. Otherwise, the cell is detached from the plate. The
leukocyte rolls slowly if its bulk elasticity is taken into account. This is most likely due
to the increased deformability of the viscoelastic cell and, as a result, the decreased torque
acting on this cell?2.

Our next concerns will be the implementation of microvillus viscoelasticity and the two-
receptor-mediated adhesion (selectin + integrin) into the code to model the viscous response

28,84

of the microvillus during tether pulling and the deceleration and subsequent firm adhe-

sion of the rolling leukocyte?, respectively.
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FIGURE CAPTIONS

Fig. 1. Scanning electron micrograph of a human neutrophil. The image was provided
by Dr. Robert M. Hochmuth (Department of Mechanical Engineering and Materials

Science, Duke University).

Fig. 2. Schematic drawing of the leukocyte model used in the numerical simulations. The
leukocyte is modeled as a 3D compound viscoelastic drop which shell and core phases
represent the leukocyte cytoplasm and nucleus. The leukocyte membrane is assumed
to be very thin and to possess a cortical tension. The membrane ruffles (microvilli)
are modeled as elastic rods with receptors on their tips. Bonds between receptors and

ligands are Hookean springs.

Fig. 3. Schematic drawing of the flow domain. The leukocyte is suspended in a low-
viscosity liquid (extracellulal fluid) between the fixed upper and lower plates. The
shear flow is created by the pressure drop between the left and right boundaries P;,— P,.
The z-axis coincides with the flow direction. The y and z axes are perpendicular to

the flow. The d,, d,, and d, are the dimensions of the computational domain.

Fig. 4. Marker-And-Cell grid cell. The Az, Ay, and Az are the grid cell sizes (spatial

steps in the z, y and z directions). The grid cell indexes are denoted by 4, j, and k.

Fig. 5. Computed neutrophil shape and velocity field at different instances: cross-section
in the zz-plane at y = 20 pum. The neutrophil moves in the central flow stream. It
is modeled as a compound Newtonian cell of radius a = 4 pm, which is characterized
by the cytoplasmic and nuclear viscosities g, = 0.001 Pars =1 ¢P and p;, = 0.1 Pa-s

= 1 P. The wall shear stress and wall shear rate 7, = 4 Pa and #,, = 4000 s~!. The
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computational domain is 40 gm x 40 gm X 16 pm. The number of grid cells is 128 x
128 x 64. The leading edge of the neutrophil is elongated in the form of paraboloid

and its trailing edge is flattened.

Fig. 6. Computed shape of the adherent neutrophil and velocity field at different instances:
cross-section in the xz-plane at y = 20 pm. The neutrophil is a compound Newtonian
cell which cytoplasmic and nuclear viscosities pg, = 0.1 Pa-s = 1 P and p; = 1.0
Pa-s = 10 P. Initially, the neutrophil center is located at (8 pum, 20 pm, 4.1 gm). 1089
microvilli of length 1,,,, = 0.09 pum are distributed nonuniformly (they are concentrated
at the bottom of the cell). Adhesion parameters: o, = 5300 pN/um, 0,,, = 340
pN/um, o;5s = 160 pN/um, lyy = 0.01 pm, r,,, = 0.1 pm, v = 2.0625, n, = 5 x 10°
pm=2 n; =5 x 10* pm=2, ko = 10 pm?/s, and ko = 1 s7'. The adhesion part of
the neutrophil membrane is stretched in the direction of the microvillus-bond spring

force.

Fig. 7. Snapshots of monocyte shape (side view). The monocyte is a compound Newtonian
drop of radius 6.5 pym. Its cytoplasmic and nuclear viscosities py, = 0.1 Pa:s =1 P
and p7 = 1.0 Pa-s = 10 P. Initially, the monocyte is centered at (10 pm, 25 pm,
6.6 um). 252 microvilli of length I,,, = 0.09 pm are distributed uniformly. Adhesion
parameters: o, = 5300 pN/um, o,,, = 210 pN/um, 045, = 100 pN/pm, lyo = 0.01 pm,
Tw = 0.1 pm, v =3, n, = 1.5 x 10* pm™2, n; = 3 x 10* um~2, ko = 100 pum?/s, and
k.o = 100 s~!. The computational domain is 50 pm x 50 ym x 50 pm. The number
of grid cells is 64 x 64 x 128. The fast elongation and breakup of the monocyte

membrane are observed.
Fig. 8. Comparison of (a) in vitro images and (b) computed shapes of the adherent leuko-
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cyte. (a) Neutrophil on a P-selectin-coated surface of the parallel-plate flow chamber
at a wall shear rate of 150 s™!. A single tether is pulled and broken up. The images
were provided by the Diamond Laboratory (Institute for Medicine and Engineering,
University of Pennsylvania). (b) Top view of the cell shown in Fig. 7. The wall shear

rate is 4000 s~ 1.

Fig. 9. Snapshots of monocyte shape (side view). The monocyte is a compound viscoelastic
drop. The solvent and polymer viscosities of the cytoplasm pg, = 0.001 Pa-s = 1 cP
and pf, = 3.528 Pas = 35.28 P. The solvent and polymer viscosities of the nucleus
w;, = 0.001 Pas = 1 c¢P and p? = 10 Pa-s = 100 P. The cytoplasmic and nuclear
relaxation times A\jo, = 0.176 s and Ay, = 0.200 s. The reverse reaction rate constant
k.o = 10 s7!. The remaining parameters are listed in Fig. 7. The cell is deformed to

a tear-drop shape.

Fig. 10. Top view of the cell shown in Fig. 9. A small fragment of the cell membrane is

left on the plate.

Fig. 11. (a) In vivo image of rolling neutrophils. A postcapillary venule of the rat mesen-
tery. The rolling neutrophils are deformed to a tear-drop shape. The images were
provided by Klaus Ley (Department of Biomedical Engieering, University of Virginia,
unpublished). (b) Computed shapes of an adherent viscoelastic cell (side view) for
different cytoplasmic viscosities at ¢ = 0.8 ms. The viscoelastic cell is deformed to a
tear-drop shape for a wide range of polymer viscosities. (c¢) Microvillus contact time as
a function of the cytoplasmic viscosity. In both (b) and (c), the nucleus-to-cytoplasm

viscosity ratio is fixed (p,/mu., ~ 2.8). The remaining parameters are listed in Figs. 7

and 9.
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Fig. 12. (a) Side and (b) top views of an adherent viscoelastic cell for different nuclear
viscosities at ¢ = 0.8 ms. The cytoplasmic viscosity is fixed (p, = 3.529 Pa-s = 35.29
P). The remaining parameters are listed in Figs. 7 and 9. The cell is deformed to a
pear-like shape at large nucleus-to-cytoplasm viscosity ratios. (c¢) Microvillus contact

time as a function of the nucleus-to-cytoplasm viscosity ratio.

Fig. 13. Side and top views of the adherent monocyte at different instants. The monocyte
is viscoelastic but its initial shape is not spherical. The contact region is circular with
radius of about 2.2221 pm. 10 out of 252 microvilli are located in the contact region.
The microvilllus length is 0.381625 pm. The reverse reaction rate constant is small:
k.o = 0.1 s~1. The remaining parameters are listed in Figs. 7 and 9. The monocyte is

detached from the plate by leaving two fragments (debris) of the membrane.

Fig. 14. (a) Nondimensional coordinates of 10 microvilli in the contact region at ¢ = 0
ms for the cell shown in Fig. 13. Fy and R, are the leading edge and radius
of the contact region. The characteristic length [, = 50 um. (b) Relative length of
the microvillus-bond spring [/l versus time for 10 linked microvilli. The unstressed
length ly9 = I, + lpo. The characteristic time t, = 1.67 ms. Two peripheral microvilli
(No. 3 and 5) are responsible for the formation of cell debris. The spring length for
these two microvilli goes through the maximum at which membrane rupture occurs.
(c) Relative length of the microvillus-bond spring as a function of the nondimensional
distance deontaer from a microvillus to the leading edge of the contact region (Fy) at

t = 0.4¢, and t = 0.5¢,.

Fig. 15. Side and top views of the adherent monocyte at different instants. As compared

to the cell shown in Fig. 13, the reverse reaction rate constant is large: k,o = 1000
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s7!. The remaining parameters are the same. The monocyte is detached without the

formation of cell debris.

Fig. 16. Relative length of the microvillus-bond spring I, /ls versus time for microvilli No.
3 and 5 [cf. Fig. 14(a)]. The solid and dashed lines correspond to k,y = 0.1 and
1000 s~1, respectively. In the case of high reverse reaction rate, these microvilli detach

before the instant when the membrane can be ruptured.

Fig. 17. Bottom part of the monocyte and microvillus bond springs at low wall shear
stress: cross-section in the xz-plane at y = 25 pm. The monocyte is modeled as a
Newtonian cell. The cell cytoplasm and nucleus have viscosities p7, = 0.1 Pass = 1
P and pf = 1.0 Pa-s = 10 P. The wall shear stress and wall shear rate 7, = 0.4 Pa
and 4, = 400 s7!. 1236 microvilli of length 0.49 um are concentrated on the circle
(x — 2.)? + (2 — z.)* = a®, where the cell center coordinates (z., y., z.) = (10 pm,

25 pm, 7.0 um). The reverse reaction rate constant k., = 1000 s~1.

The remaining
adhesion parameters are listed in Fig. 7. Closed and open circles denote a linked

and detached microvilli, respectively. Dashed lines are microvillus-bond springs. Cell

rolling is observed. The cell undergoes negligible deformation.

Fig. 18. Snapshots of monocyte shape (side view) at low wall shear stress. The monocyte
is modeled as a viscoelastic cell. The relaxation times of the cytoplasm and nucleus
are equal: A, = A1, = 0.01 s. The polymer viscosities of the cytoplasm and nucleus
ph, = 0.099 Pa-s = 0.99 P and pf, = 0.999 Pa-s = 9.99 P. The remaining parameters
are listed in Figs. 7 and 17. The viscoelastic cell is more deformed and rotates slower

than the Newtonian cell.

Fig. 19. (a) Nondimensional z-coordinate of the microvillus base versus time for the first
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linked microvilli. Solid line is a Newtonian cell (Fig. 17). Dashed line is a viscoelastic
cell (Fig. 18). The characteristic time and length ¢, = 1.67 ms and [, = 50 um. The
displacement of the microvillus in flow direction is greater in the Newtonian case than
in the viscoelastic case: the rolling velocity of the viscoelastic cell is smaller than
that of the Newtonian cell. (b) Relative length of the microvillus-bond spring I/l
versus time for the second linked microvillus. The microvillus contact time increases
significantly in the viscoelastic case as compared to the Newtonian case due to the

increased deformability of the viscoelastic cell.
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