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Abstract

Leukocyte rolling is known to be mediated by théesen family of adhesion molecules and
their corresponding ligands and is characterizedhay formation and breakage of receptor-
ligand bonds. Selectin mediated rolling is assedatith the initial stages of the leukocyte
adhesion cascade (LAC) in which the cell passesutir several stages including chemo-
attraction, rolling adhesion, tight adhesion andnsmigration before moving out of the
circulatory system towards the site of injury. Tthissis studies the initial stages of the leukocyte
adhesion cascade through a direct numerical sinnléased on boundary element techniques.
Besides, cell deformation during rolling is belidv® further enhance rolling interactions. This
feature is accounted for by implementing a conttiumodel that qualitatively represents the
morphology of white blood cells in the early stagéselectin mediated rolling. This research
describes the contribution of contact mechanicsatd& modulation in the contact area for cell
substrate interactions. The results predict thahpimnt cells could roll slower (~ 25%) as
compared to their stiffer counterparts. The eftdctariations in cell size and bond compression
on the decrease in the translational velocity alé agethe inherent noisiness in the translational
velocity is investigated.

The latter part of this thesis attempts to quarttifgrodynamic recruitment of leukocytes
with a view to providing insights into cell trafking in physiological phenomena such as the
homing of stem cells towards bone marrow. In viveperimental data of leukocyte
accumulations during exposure to Zymosan-ActivaBstum (ZAS) in rabbits and immune
response in hamster cheek pouches appears to roginfois hypothesis. The influence of
deformation on the attachment of free-stream ¢bhsugh collisions and near wall interactions

with adherent cells is numerically investigated.eTinajectories of free-stream cells colliding
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with deformed adherent cells are computed througlerees of glancing collisions in order to

study the influence of cell shape on secondaryureaent.
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1 INTRODUCTON

1.1

The innate immune response involves the recruitnoénthite blood cells or leukocytes that
move out of the circulatory system, towards the sf trauma. This process is known as
leukocyte diapedesis and involves several stagesdimg chemoattraction, rolling-adhesion,
tight adhesion and transmigration (Ley et al. (9P0@pon activation by inflammatory stimuli,
macrophages release cytokines and prompt enddtbelia in the proximity of the infection site
to express selectins. Leukocyte rolling is mediatgd P- and E-Selectin (expressed on
endothelial cells) and their corresponding ligafalsnd on the tip of the leukocyte microvilli.
Activated integrins bind tightly to receptors ondethelial cells and further decrease the cell's
rolling velocity. Eventually,

endothelial cells. The extension of pseudopodiaaroés cell motility and enables the

Immune Response

Progressive Activation=——

ﬁ Leukocyte

Capture / Rolling

' Siow rolling / Firm adhesion
( Transmigration
: ; é % ; 33 <\ i

Endothellum (blood/ussue bamer)
& Adhesion molecules (eg., selectins, integrins)
e
rol o]
o

Other Chemoattractants

Fig. 1.1 The Leukocyte Adhesion Cascade.

1

reorganization of theytoskeleton causes it to spread over



leukocytes to pass through the endothelium andhately to the site of trauma (Fig. 1.1). The
process is characterized by a progressive morplualloghange from a nearly spherical shape to
a flat oblate spheroid. It is believed that defaiora of rolling leukocytes enhances rolling
interactions and plays a role in diapedesis (Geekang (2010)).

Deficiencies in E- and P-Selectin can negate inftatory response (Kunkel and Ley
(1996)). Moreover, defective integrins impair thigility of leukocytes to stop and undergo

diapedesis resulting in leukocyte adhesion defayghAD) (Kinashi et al. (2004)).

1.2 Mathematical Modeling of Blood Flow

Blood consists of erythrocytes, leukocytes and rttirocytes suspended in viscous plasma. A
milliliter of blood contains approximately 1@hite blood cells. As indicated in Figure 1.2,4be
cells are composed of a nucleus, granules, cytoptaffuid, cytoskeleton, membrane and other

organelles.

Microvillus

Cytoplasm

Nucleus

Granules

<+«—— Cell membrane

Fig. 1.2 Structure of neutrophils.



The space between the nucleus and cell-membrafileeds with cytoplasmic fluid that
corresponds to nearly half the volume of the dalhile the membrane controls transport into
and out of the cell, the granules play a role isidy The exterior surface of the membrane is

covered with undulations (microvilli) which represdolds of excess membrane.

Figure 1.3 is a scanning electron micrograph whatdarly illustrates the surface

morphology of the leukocyte microvilli. P-Selecligands such as P-selectin glycoprotein

Fig. 1.3Scanning Electron Micrograph (SEM) of a white la®ll (Courtesy: Dr. Thomas R. Gaborski (SiMPore

Inc.)).

ligand-1 (PSGL-1) and L-Selectin are expressedhantips of the microvilli ang2 integrin
adhesion molecules such as Lymphocyte functionesstsal antigen 1 (LFA-1) and
Macrophage-1 antigen (Mac-1) are preferentiallyated in the folds between successive

microvilli.

A variety of computational techniques have evolved solve problems involving
immersed objects, following the pioneering workFsbhlich and Sack (1946). Domain based
methods including volume of fluid and the immerdeaundary method (IBM) have been

employed to simulate blood flow and have been adiglith finite element methods to model

3



cell deformation. However, such numerical schemaad to be computationally expensive, since
they necessitate a complete discretization of lthe flomain. Besides, since the flow domain is
confined by the bounding box, free-stream and nglicell travels are limited. Moreover,
simulations involving multiple cells required appimoately 100 hours of CPU time (Jadhav et
al. (2007), Hoskins et al. (2009)). The numeridahtegy adopted in this thesis is based on
boundary element techniques (BEM) that are ideallstato solve problems involving
suspensions. A 3D problem could be solved by sarfdiscretization, since the problem
dimensionality is reduced by one. Multi-particlensiations are thereby not as computationally
intensive as the aforementioned domain based metlkad instance, King and Hammer (2001a)
simulated an array of 14 adherent cells as opptsédcells tested by Pappu et al. (2008), to
estimate stable rolling of leukocytes. Furthermame, cell travel is not limited by the size of the
flow domain. Our method involves a range completbthe double layer and is known as the
Completed Double Layer Boundary Integral Equatioattdd (CDL-BIEM) (Phan-Thien and

Fan (1996), Phan-Thien et al. (1992)).

The origins of biological cell modeling can be #dcback to the fundamental fluid
dynamics problem of the deformation and dislodghgquid drops. The complex nature of the
leukocyte structure has generated considerabletelalegarding the appropriate constitutive
model. Lim et al. (2006) summarize several congstikumodels proposed for living cells and
discuss the advantages and limitations of each matlbile Dong et al. (1999) modeled the cell
as a Hookean ring surrounding an incompressibld,f\'Dri et al. (2003) hypothesized that the
cell could be modeled as a two-dimensional compolispndd drop. These ideas have been
extended to 3D by Jadhav et al. (2005), Pappu agtiB (2008) and Pappu et al. (2008) via a

Neo-Hookean elastic membrane that describes thdimearity in material response.
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Fig. 1.4Leukocyte modeled as a linear elastic solid.

The ability of leukocytes to undergo large deformad has also been modeled using
compound viscoelastic drop models proposed by Kaighin and Truskey (2012). The present
study accounts for cell deformation by approxinmgtthe leukocyte as a Hookean solid with
material parameterg, v, (Fig. 1.4). This constitutive material model haseb adopted
previously by Wankhede et al. (2006) and suitablyresents the small deformations associated

with selectin-mediated rolling.
1.3 Modeling Biochemistry

Leukocyte rolling is characterized by the formatiand breakage of receptor-ligand bonds,
thereby making the behavior noisy. A probabilistiodel formulated by Bell (1978) has been
frequently employed in prior studies to model adreesnteractions between the cell and the

substrate and the same is adopted in this work.



1.4 Leukocyte Trafficking

The necessity to quantify factors leading to celfficking arises from the accumulation of
multiple cells to combat an infection. King and Haer (2001a,b) described a “hydrodynamic
recruitment” mechanism through which a firmly addgrrigid cell could recruit circulating

cells. This has been supported by experimentaleexciel in cell-free assays (King et al. (2001))
and measurements of leukocyte capturevivo using hamster cheek pouch (Lee and King
(2006)). The multi-particle adhesive dynamics seioh was employed by King and Hammer

(2001b) to model this phenomenon.

1.5 Novelties in Proposed Research

The role of contact forces for deformable leukosytmodeled has not been thoroughly
investigated for tethered cells in static equilibmi (Smith et al. (1999)). Besides, Wankhede et
al. (2006) assume a constant, time-independenticbatea that arises from the wall reaction.
Moreover, the existing bio-chemistry subroutine potes the number of receptors available for
bond formation based on the proximity of the cellthe reactive substrate. The proposed
formulation supplements this algorithm by includiaglynamically evolving interfacial contact

based on the theoretical model formulated by Hientzan elastic sphere in contact with a rigid

wall (Villaggio (1996)).

Secondary recruitment studies conducted by Kindg Hammer (2001b) comprise of
spherical adherent or slowly rolling cells interagt with free-stream cells. However, in an

actual physiological scenario, the free-stream deytes could potentially encounter adherent



cells at varying stages of the adhesion cascade.ifffftuence of adherent cell deformation on

cell accumulation is thereby accounted for and fotine central theme of this thesis.

Additionally, the integration of the adjoint doelbhyer kernel over the singular element
was achieved by subtracting the contribution of ¢beresponding integrals over the remaining
elements. In this thesis, this integration is aehieby subtracting the integration of the double
layer kernel over the non-singular elements as qwegp by Phan-Thien and Fan (1996).
Moreover, validation of the modified kernel funetgfor the half-space are investigated through
a series of test cases involving non-sphericalrdedble inclusions in the proximity of the rigid

substrate.

Unlike previous studies conducted with the mudtrtcle adhesive dynamics algorithm,
that elucidated the ability of lubrication forces induce cell deformation, the proposed work
accounts for these short range non-adhesive itit@nac From a programming viewpoint, the
source code has been modified to input differenshras within the same simulation. The
accuracy of the numerical scheme that was limiee@'! order Gaussian quadrature has been

supplemented with the higher order quadrature sekem

1.6 Statement of Work

“To simulate the deformations of rolling white-bbbaells adhering to the endothelium in order
to study effect of deformation on recruitment of WB to sites of injury or infection with a

view to reduce the dependency on extensive expatatien.”



1.7 Thesis Objectives and Scope

* The probabilistic bond-kinetics algorithm is apmiagely modified to account for cell
deformation and its effect is assessed on thengplielocity of the cell.

* The hydrodynamic recruitment of free-stream leukegys investigated using the steady-
state morphologies of deformed, adherent cells.

» The research only accounts for infinitesimal to erate deformation of the leukocytes.
Non-linear material response is beyond the scoplki®thesis.

* Dynamic deformation and mobility simulations haveeb restricted to solitary cell
rolling studies.

* This thesis addresses secondary recruitment throbydtodynamic interactions between
adherent and free-stream leukocytes. Other modesadndary recruitment stemming
from binary interactions between free-stream WBGCsLelectin mediated cell-cell

adhesion are only briefly introduced.

Chapter 2 discusses the theoretical model inctudihe numerical
methodology, its implementation and results fromesal fundamental test cases. Short-range
adhesive interactions such as electrostatic repulsind lubrication are reported in Chapter 3. A
formulation for computing the interfacial contacea stemming from cell compression and its
subsequent effects on adhesive interactions iseadéeld through a series of rolling simulations
for solitary cells of varying sizes and complianae€hapter 4. Chapter 5 discusses the primary
goal of this thesis: the phenomenon of secondamuitenent of free-stream leukocytes through

binary interactions with firmly adherent deformeslis.



2 THEORETICAL MODEL

2.1 Problem Formulation

We use the parallel plate flow chamber to study-sgdbstrate adhesion. The flow domain is
bounded by two infinite parallel plates (the lowsrrface of which is functionalized with

adhesion molecules to simulate the inflamed endiathg¢ and the channel height is much
greater than the radius of the rolling cell. Trmwldomain is representative of 2D flow and is a
reasonable model for leukocytes in microcirculatitoyw. The velocity profile near the surface is
assumed to be linear and the motion of a leukonytde proximity of the substrate can be
described as a treading motion for the inclusiora isemi-infinite shear flow, as indicated in

Figure 2.1.

Linear Velocity Profile

g e / / 4 7 7 &

— — Undeformed Profile
—— Deformed Profile

Fig. 2.1Elastically deformable particles in wall boundé@ar (Couette) flow.



Moreover, the Reynolds number associated with live fn these experiments is << 1

and the Navier-Stokes equations reduce to Stokestiegs.

Olv=0, -Op+u0°v=0 (2.1)

wherev, p are velocity and pressure, respectively. No stipralary conditions are enforced at
the planar interface at all times. Particles imredrm the flow are subjected to stresses arising
out of intercellular collisions, adhesive interacs and fluid shear. For a deformable particle, the
deformation is computed by first determining thaction distribution over the cell surface. Small
displacements in an isotropic, homogenous elaslid are governed by Navier's equation,

1
1-%

p

O0mM+0%=0 (2.2)

whereu, v, are displacement and Poisson’s ratio, respectividig three problems of interest
have been termed mobility (translation and rotgti@xterior (surface traction), and interior
(deformation). The following section discusses fibrenulation of boundary element techniques

employed to solve these three problems.

2.2Boundary Element Method

A.  Mobility Problem
The CDL-BEM is employed to solve the mobility preb of the inclusion. The starting point is

the integral representation of the Stokes equatdersved using the Lorentz reciprocal theorem.

v, (X)+ [ 0 (G0Zy (6 XV ()dS(x) = [ G, (x, X )y, ()n ()dS(x), X 0D (2.3)

P p
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whereG;j; (Oseen-Burger tensor or Stokeslet) isiitemponent of velocity due to a point force
acting atX in thej-direction,Zijk(x,X) is the associated stre§s: US,, wherep = 1,2..M andM
is the number of particles. Hermerepresents the outward normal amés the fluid stress tensor

given by
¢ =—pl +p([0v +(0v)) (2.4)

The integrals on the right and left hand side of &33) are known as the single and
double layer potentials, respectively, in analogthwpotential theory. Decoupling the mobility
problem from the traction and displacement problgrasmits the mobility calculation of the
particle as a rigid body (Phan-Thien and Fan (1p98)e velocity representation using only the
single layer potential results in an ill-conditiahBredholm integral equation of the first kind.
This problem is circumvented by dropping the siniglger term and expressing the velocity

integral as a Fredholm integral equation of thesddind with an unknown surface densjty

v, (©)=4,(&)+ [ K (x4 (0)dS(x), ¢0S,  (2.5)

whereKjjis the double layer kernel and is given by,
Kij(x’é): 2n, (X)Zijk (x,$) (2.6)

A factor of two is included in the above expreasioorder to achieve a spectral radius of
unity. The eigenvalueB of the double-layer are real such tHgtq 1 (Phan-Thien and Tullock
(1993)). ForT" = -1, there are six null solutions to the doulalgelr kernel, each corresponding to
a rigid body mode of the particle. Thereby, for rgvparticle one needs to impose six linearly

independent constraints in order to render a unigoi@tion. Power and Miranda (1987)

11



recognized this and sought to complete the dowylerlrepresentation by using velocity fields

of point forces and torques and associated themtiv@ null solutions on the particle surface
RP=(¢®.9) (2.7)
TP =(g"".9) (2.8)

where (=1,2,3) represents translationl+{)=4,5,6) represents rotation of partigeand <Df}]

denotes the natural inner product
<¢(p,i)'¢(q,i)> =3,.0, (2.9)

The null solutions are normalized with respectiinner product and are given by

g =1 (2.10)
Js.
§7 = e xp (2.11)

o

Where{q} are the unit vectors along thedirectionsp = & - x® is the position vector from the

center ofS, to a pointé on the surface (i.&,0S;) and |, are the normalized constraints

expressed as

I, = [ (05 +p3)ds (2.12)
SP

1, = [ (05 +p)ds (2.13)
SP

s = [ (0 + p3)ds (2.14)
SF’

12



Equations (2.10)-(2.14) are applicable to spherigatlusions. A Gram-Schmidt
orthonormalization technique is essential for nphesical inclusions; previously incorporated in
the formulation by Mody and King (2005) to simuldtee mobility of oblate spheroids. The
aforementioned procedure that maps the eigenvdliieto zero without affecting the rest of the
spectrum is known as the Wielandt's deflation solemd will be employed in the exterior and
interior problems as well. In order to ensure tthet problem could be solved iteratively, the
eigenvalue of +1 is also deflated by introducinthonormalized eigenvectoy®’, of the adjoint
K* such that

n

¢p(§)=\/s—p

The final integral expression is given by

,E0S, (2.15)

9,(&)+ I K; (X, )@, (X)dS(x) +¢j(p,l) (é:)<¢(p,l) ,¢> _wj(p) (§)<w(p) ,¢> =b (Sr)_%l//fp) @:)<w(p) ,b>
where
()= O+ X EO -2 x0)G, (X)) (216

Onceg is computed, the velocity is determined usingfttlewing expression
v, (&) ==4" (&) (8. 9) (2.17)

The Stokeslet must be supplemented with image atrd &rms in order to account for
the half space (Fig. 2.2) (Tran-Cong and Phan-Thig®86), Phan-Thien et al. (1992));
(Appendix A). This method of reflections (Ainley @t (2008), Blake (1971), Blake and Chwang

(1974)) implies that the container surface doesequire discretization.
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B.  Exterior Problem
The traction based Completed Adjoint Double Layeuldary Element Method (CADL-BEM)
(Phan-Thien and Fan (1995)) is adopted for thetitladistribution on the cell surface. The

single layer representation of the velocity fiedd i

v, (X) =V = [ G (%, X)t; (x)dS(x) (2.18)
Sp
‘ Z >
Al
\ N
l /|
s/ . /
X3 ; . s /
.
X
—— "" »
¥/
/ r=x-X
X3 & ///7'/ \\\ R=x-X*
// /! \\
r |
\ )
r y

Fig. 2.2Method of reflections to satisfy boundary condismf no-slip and no-displacement boundary conuttiat

rigid substrate.

The traction at domain poibd, with unit normahy(X), generated by the velocity field is

2, (X) =27 (X)- [ KJ(x . & X (x)dS (x) (2.19)
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where t{ is the ambient traction ant{”D is the associated traction Gij, also known as the

adjoint double layer kernel.
Kili](x’ X) = _an (X)Zjik (X: X) (2.20)

Phan-Thien and Tullock (1993) and Phan-Thien and Ki994) discuss the spectral properties
of the double layer and its adjoint in depth. Whiee domain poinX approaches the particle
surface, the adjoint double layer suffers a jungzalntinuity equivalent tot-Hence, (2.19) can

be re-arranged to give

t @)+ [ KIOL(ods(x) =27 ¢) , €08, (2.21)

The spectral radius of the adjoint double layexgsal to unity. The eigenvalde= -1 is
associated with six eigenfunctions representing rigel body motions of the particle (as
discussed in the previous section). In order toegetie a unique solution, six independent
constraints in the form of forces and torques grecied on the particles. For spherical

inclusions,

Z¢(pl)<¢(P|) > Siqu [jtds— F‘p) (2.22)

Z¢J(p,|+3)<¢(p,l+3)’t> Z‘guk 1(;) jqxr“”[ﬂds

®
_o T (P
ilk |(p)

(2.23)

For non-spherical inclusions, the RHS of Egs. (232 are linear combinations of the external

forces and torques on the patrticle.
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Equations (2.22) and (2.23) are linearly combinathvieq. (2.21) to give the final

boundary integral equation for the traction prohlem

() + [ KOt (x)dS(x) + 3 9™ (€)@, t) =b, ) (2.24)

where

@ 1 o T o
b(&)=2t7+) S—Fp +£“kmrkp (2.25)
p |

p

Unlike for the double layer, the Wielandt deflatiorheme is employed to map only the
eigenvalue of -1 to zero. As reported by Phan-Thien aand #996), the deflation of the

eigenvalue of +1 is not necessary for the exterior pnoble

C. Interior Problem
Cell rolling deformations at low to intermediate strasée5 dyne/cr) are relatively small and
can be approximated by a linear elastic model. Eearad. (20055howed that for compressive
deformations of the order of hundreds of nanometers, neiltrepponse is well approximated as
a Hookean solid. Using Betti’s reciprocal theorem,itttegral equation for the displacemenis

given by

U, (€)== | K, (%, &)U (0dS() + [ 2G, (x,€)ay, ()n, (x)dS(x) ~ (2.26)

where each particle is assumed to be Lyapunov sm@eth having well-defined unit normal
vector). Gjj(x,é) gives thei-component of displacement due to a point force aaingin thej-
direction and is known as the Kelvinlet. Since tpecddral radius of the elastic double layer is
unity, the eigenvalué = -1 has six independent eigenfunctions, each comespg to a rigid

body motion of the particle (i.ee;, &, €3, €1 X I, & X r, €3 X r, where f&} is the Cartesian unit
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vector andr = x — x® is the position vector from the particle cent®¥). The corresponding

orthonormalized eigenfunctions for a sphere are

PP - & k=1,2,3) (2.27)
Js
(pk#3) — L p
¢ =——rP"xe, (2.28)
|kp
where
|kp:'|'[rpmp_(rkp)2]ds (2.29)
SF’

The six linearly independent constraints imposechersblution are of the form
(¢®,u)=0 1=1,2...6 (2.30)
and are linearly combined with Eq. (2.26) to give thalfintegral expression,

U (&) + [ Ky (6 E)u ()dS(x) + Y ¢ (€)(8™,u) = [ 26, (x,€ ), ()N (x)IS(x)  (2.31)

The traction solution from the exterior problem servearmasnput to the right hand side of Eq.
(2.31), using which the displacement is solved foratteely. The Wielandt deflation maps the
eigenvalue of -1 to zero, while retaining the rest ef $bectrum. Moreover, unlike the mobility
problem, deflation of the eigenvalue of +1 is not neagsfor the interior problem (Phan-Thien

and Fan (1996)).
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2.3Numerical Validation

The validity of the BEM formulation was determined ttghua series of simulations involving
the translation and rotation of deformable spherical spfteroid inclusions in the proximity of

the substrate. The surfaces of the particles are dizmletising QUAD9 Lagrangian elements

(Fig. 2.3).
n
A
n 46 = 23
€

84 L9 6
\/ ¢

16 o5 © 2

Z

Fig. 2.3QUAD9 Lagrangian element.

Super-parametric elements are employed where the wmkn® assumed piece-wise
constant. Numerical integration is performed usingaix3 Gaussian quadrature. The six faces
of a cube are subdivided into 96 elements and pegjechto the surface of a sphere (Fig. 2.4a).
The sphere maybe compressed along an axis to geoétate spheroids of several aspect ratios
(Fig. 2.4b). The shear modulygsranges from 0.5 — 23 Pa (Rosenbluth et al. (2006)),ewdnil
constant Poisson’s ratio of 0.33 is maintained irsiatiulations. The positions of all the material

points are advanced in each time step using Eulegggriation rule. The source code is written in
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double precision FORTRAN 95 and the output files ypyetessed in MATLAB. A maximum of
1000 iterations for solution convergence per unit tgtep is adopted with the tolerance being set
at 10*. All simulations are performed on Sun X4600M2 serveits &.3GHz AMD Quad Core

processors at a time step size of f6r a period of 1 s.

@) (b)

Fig. 2.496 element discretization of (a) sphere (b) obdateeroid.

A. EFFECT OF SUBSTRATE ON PARTICLE TRAJECTORIES

In a zero gravity field, micro-spheres almost move pardth the wall without crossing the
streamlines (Bretherton (1962), Goldman et al. (196).avi3-a-vis, dense inclusions are found
to sediment or drift towards the wall (Decuzzi and Fer(2€06)). On the other hand non-
spherical particles such as spheroids exhibit a momplcated behavior. The Stokes number of a
particleSt is expressed in terms of the Reynolds nunRegparticle densityy and density of the
surrounding medium as follows:

g="oRe (2.32)
0

The patrticle drift was found to increase with increasinfl.ee et al. (2009)). For the simulations
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discussed in this sectioRe, & << 1 and the particle follows a periodic motion preslict
analytically by Jeffery (1922). The variation in thentroidal position of the particle is plotted

with respect to nondimensional timéhat is defined as follows:
t = Simulation running time (s) / {Time step (s) x Frequeof data save}

Therefore for a running time of 1 s, a step size 6f 4@&nd data saved every 10 time steps, the
non-dimensional time is 1000. The same definitiomdspted for all simulations described in

current and subsequent chapters.

The trajectories of a neutrally buoyant and dense defdarspherical inclusion at shear

rates of 100 and 200'sre indicated in Figure 2.5. As can be seen, imbisence of gravity, the
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Fig. 2.5Comparison between the trajectories of a buoyadiieense spherical inclusion
(a=5um, 7 =1 Pay=0.33y = 100, 2009).

inclusion appears to move almost parallel to the .w@il the other hand, dense inclusions drift
towards the wall. Moreover, doubling the shear rateeratdly alters the trajectories since Ree
andS numbers only marginally increase. The particle ttajges for oblate spheroids with aspect

ratios 0.75 and 0.5 are indicated in Figure 2.6-7.
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Nondimensional Time

Fig. 2.7Comparison between the trajectories of a buoyaditteense oblate
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The analytical expression for the time pertofbr the Jeffrey’s orbit of a spheroid inclusion with

aspect ratia in an unbounded shear flow (shear gatés given by



For an oblate spheroid with= 0.75,z ~ 13/y and forx = 0.5,7 ~ 16/y. The numerical values for
these time periods are~ 15/y for k = 0.75 (Fig. 2.6)g ~ 19/y for x = 0.5 (Fig. 2.7) and
represent a modified Jeffrey’s orbit in a wall bounded isfiea (Mody and King (2005)). Figure
2.8 indicates that by doubling the shear rate, timee tperiod is halved. The results for the
mobility of both spherical and spheroid inclusions egpto be in good agreement with those

reported by Lee et al. (2009).

o
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"""" Heavy Sph., p = 1.05 g/cc, dy/dt =200 s
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Fig. 2.8Comparison between the trajectories of a buoyaditdeense oblate
spheroid inclusiong = 5um, 7 = 1 Pay = 0.33,a =/2,k = 0.5, = 100, 200 9).

B. SHAPE DYNAMICS

A deformable spherical inclusion placed in a linearastitow deforms into an ellipsoidal shape
(Fig. 2.9) in a manner similar to the shearing of aasg block into a rhomboidal shape.
Moreover, the aspect of ratio of the deformed profile isegoed by the compliance of the
material and the fluid shear rate. Steady state psofde inclusions of varying shear moduli at

different times are indicated in Figure 2.10.
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Fig. 2.9Deformed shape of a spherical inclusion in a sfiear

30 35 40
X (um)

30 35
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20

Fig. 2.10Steady state shapes of a deformable sphericaisiocl in the proximity of a rigid wall. For both
simulationsa = 5um, = 100 &, v = 0.33: (a), (b); = 0.5 Pa (c), (dy = 23 Pa.
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In Figure 2.10a-b, the shear modulus of the cell idivelg small compared to the fluid
shear stresses and the sphere deforms into an ellig3oithe other hand, in Figure 2.10c-d, the
shear modulus of the cell is much higher in comparisothe fluid shear stress. The inclusion
thereby retains its spherical profile. The deformed shapedicted here are in good agreement
with those reported for Neo-hookean solids (Gao and B09® and elastic capsules (Pozrikidis

(1995)). Besides, the steady state shapes remaimngeti throughout the simulation (Fig. 2.11).

12}
10
—~~ 8-
£
=2 6
N
4.
2.
O i i i 0 N
125 130 135 250 255 260
X (um) X (um)
12} 12
t=750
10 10t
R R
£ £
26 26
N N
4t 4t
2 ot
0 375 380 385 0290

Fig. 2.11Tank treading sequence of a deformable sphericalsion in the proximity of a rigid wall
(@=5pm, 7 =1 Pay=0.33) =100 &).

The particle exhibits a ‘tank-treading’ motion in whitte particle appears to tumble in place and

follows the elliptical profile of the deformed shapeg(F2.12). This behavior is characterized by
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the inability of the major-axis of the deformed profilecomplete a full revolution comprising of

2z radians with the minor axis taking its place in gveycle.

Fig. 2.12Advection of material points along the perimetktaio ellipse.

The deformation of deformable, initially spheroid parschre similar in nature to their
spherical counterparts, with the exception that tleshdynamics depends on the aspect ratio of
these inclusions. Unlike spherical inclusions, adyestate shape is never achieved (Gao et al.
(2012)). The ratio of the hydrodynamic to the elasticcds is expressed in terms of a

dimensionless number known as the viscous nuivber
vi=H# (2.34)

Based on the dimensions of the spheroid prior to ilmseibto the shear flow and the viscous
number, two forms of shape oscillations are observieombling and trembling. The competition
between the hydrodynamic shearing forces to deform therimlalying along the maximum
stretch axisd = #/4) and the elastic forces to restore the deformationrgtssea condition where
the long axis in the deformed configuration does metigs remain as the reference axis. When

the hydrodynamic shearing forces are weak as compardde restoring forces that tend to
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preserve the shape, the inclusion is said to “turhkla.the other hand, when the shearing forces
are comparable in magnitude to the elastic forcesp#mtcle shape deviates from its original
configuration and is considered to “tremble.” This md@des been observed experimentally by
Kantsler and Steinberg (2006) and is synonymouséobreathing mode identified by Misbah

(2006) or the swinging mode described by Noguchi aoch@er (2007).
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Fig. 2.13Tumbling sequence of a deformable oblate spheéndide proximity of a rigid wall
(@=5um, y=1Pay=0.33,a=n/2,x=0.5) =100 §).

In the “tumbling” mode, the major axis makes a cagtgplevolution as observed in Figure
2.13 for an oblate spheroid with aspect ratio 0.5.ingle revolution is characterized by small
oscillations in the aspect ratio. Unlike tank-treggirwhere the shape remained stationary,
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tumbling is associated with a periodic flipping o€tparticle in the shear plane (Lebedev et al.
(2007)). On the other hand, in the “trembling” modee tong axis never completes a full
revolution with the minor axis taking its place priorthe completion of 2 radians. In Figure
2.14, for non-dimensional tinte= 750, for the oblate spheroid whose initial aspetd raas 0.75,
the deformed configuration is nearly spherical, thereljicating that a “tumbling” mode

transitions into a “trembling” mode with an increasaspect ratio.
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Fig. 2.14Tumbling sequence of a deformable oblate spheéndide proximity of a rigid wall
(@a=5um,n=1Pay=0.33,a=7/2,k=0.75) = 100 &.

At a viscous number of 0.1, the present study prediedransition to occur at an aspect

ratio in between 0.85 and 0.91. However, at a visacaunber of 0.2, the transition occurred at a
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lower aspect ratio (between 0.5 and 0.75), implying tia strength of the hydrodynamic forces

equally influenced the trembling or tumbling modes (Apgix B).

A similar observation was made by Gao et al. (2012kfgpsoidal inclusions that were
modeled as a Neo-Hookean solids. For a viscous auwit0.2, the transition from the tumbling
to the trembling regime was reported to occur at anchspéo of 0.681. Moreover, the stress-
strain relation for Neo-Hookean materials can be expraagedms of the principal stretch ratio

as follows

e[yt
o= E(A /]ZJ (2.34)

wherel = ¢ +1, ¢ is the infinitesimal strain. Far<<1, the termi? ~ 1. Thus Eq. (2.34) reduces to
o=E¢ (2.35)

Equation (2.35) represents Hooke’s Law of linear elagtifar infinitesimal deformations.
Although the non-linear hyperelastic model potehtigredicts larger deformations during the
alternate stretching and compression of the materiaitgothe transition from tumbling to
trembling as predicted by the linear elastic modehigood agreement with that predicted for

finite strain models at low hydrodynamic shear forces.

The computational scheme based on boundary elemmmthods presented here is
employed in all the simulations in forthcoming chapténcluding short-range non-adhesive
interactions between free-stream cells, adhesive inienacfor solitary cells and hydrodynamic
interactions between free-stream and firmly adherent.c®lidate spheroid shapes have been
specifically simulated in order to assess the accucddne Gram-Schmidt orthonormalization

introduced into the source code by Mody and King (20@&ile Chapters 3 & 4 would involve
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simulations comprising of spherical cells, this orthromalization would be crucial to deformed

cells, whose profiles deviate from a spherical morphalogy
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3 SHORT RANGE NON-ADHESIVE INTERACTIONS

Collisions between neighboring cells are unavoidablemathematical modeling of dense
suspensions of blood cells. Such collisions coulteptially lead to membrane overlap of the
interacting cells. However, in an actual physiolobiseenario, cells do not overlap or pass
through the reactive substrate during adhesive interectMoreover, the presence of asymptotic
short-range forces prevents such interferences. While sbthese forces arise from the electric
potential associated with the cells, others prevad tb the pressure buildup stemming from the
shearing or squeezing of the surrounding viscous plashminclusion of Van Der-Waal's and
lubrication forces is to primarily prevent cells from ovpdang with each other and interfering

with the substrate.

3.1 Van Der-Waal’s Interactions

At cell membrane separations of 50 - 250 A, electtiwstapulsive forces prevail since the net

charge on both cells has the same sign. The maigndtithis force is expressed as

_F,re™
P g

(3.1)

where 1f — length scale and— surface-to-surface separation distance. For cell-cellactions,
Frep is directed along the line joining the centers oftthe particles and induces perturbations in
the translation of the interacting particles. For celisitate interactions, this force is directed
normal to the substrate. The valuerd set at 200@m™, while F,, varies between £6 10 pN.

In order to simplify the modeling, these forces are m&slito not produce any deformation in

cells in the case of near touching and only affeciigannobilities.
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The presence of microvilli on the surface of the cell ansteric layer on the wall is
modeled as a uniform roughness indicatecebgnde,, respectively (Fig. 1.4). The values for
these two parameters were set to 175 and 50 nm, resghecBoth adhesive and non-adhesive
interactions occur at the tips of these roughness aismMoreover, since the dimensions of
these elements are much smaller in comparison withdiimensions of the cell, their effect on

the flow-field is neglected.
3.2 Lubricated Collisions

A thin film of plasma separates interacting cells @ratin close contact to one another (Goddard
(1977)) and the Poisseulle theory of elastohydrodyodnfirication is applicable to the current
study where deformations are considered to be in§imital. The theoretical background for cell-
cell lubrication is based on the works of Nasseri e(26100) and Rognon and Gay (2009). The

ability of a cell to deform is expressed in terms ofdlmeensionless elasticity numlégiven by

1.5
p=A00R " (3.2)
EO

2

- . - . 1-v
where u, - initial velocity,&,- initial separationd =

, E-Young’s modulusa-particle radius

and p-viscosity of medium. For leukocytéstypically ranges between $0- 10 (Chang and
Wang (1998)), indicating that the cells are reasonabigpliant. Although the Poiseulle theory
of lubrication is synonymous with small deformationdhe the same has been introduced to

highlight its influence on modulating the intercedlutontact area.

For pairwise interactions, the force inducing defornmafig,s is expressed as a sum of

fluid shear and lubrication forces,
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+ I:Iubr (3 3)

elas — ' shear

The lubrication theory has been strictly applied e teformation of spherical cells with
identical radii and its effect on particle mobilitieas been excluded. Moreover, this study adopts
a minimum film thickness and assumes that the filrstadble with negligible variations in film-
thickness arising from cell deformation. For two equaédispherical cellsA” and ‘B° moving

relative to one another in a viscous medium, the feregted by particleB’ on ‘A’ is given by,

I:Iubr = Fljt:rAB + FI:grAB (34)

where the subscriptsh and sq indicate shearing and squeezing, respectively (Masseal.
(2000)). A unit vectotag is introduced to define the line joining the centarparticlesA andB.

Additionally, vectorgag andgag are defined as follows

| s O | X O TR
- AB —AB i AB —AB | — X y
Pre = 1t | Ve Tk (3.5)
\/IAB +IAB \/lAB +IAB

15 s

q | (3.6)
AB \/|X2+IX2 \/|x2+|y2

where superscripts vy, z represent global Cartesian co-ordinate systeni,gnkl are unit vectors

in the respective directions. The squeezing andrsigeaomponents are given as

_ 3ma?

FllﬂrAB - uAB |:I]ABlAB (37)

a
FljgrAB = Wam(zjum [quB Pas * qABqAB) (3.8)
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whereuas = Ua - Ug iS the relative velocity of cellA’” with respect to B'. Note that the squeeze
component arises due to the cells approaching edudr,oivhile the shear component is
generated by the cells moving past one another. Tt hand side of Eqg. (2.25) is suitably
augmented as per the traction on local elementsrpuate a converged traction distribution on

the cell surface.

3.3 Numerical Validation

The numerical code has been appropriately modifiecctownt for non-adhesive interactions.
An adaptive time step of T0- 10° is employed based on the proximity of the collidiels.

The integration of the double layer and the adjoinibde layer over the singular element is
carried out as per the strategy proposed by Phan-HmérFan (1996) with the exception that

the adaptive discretization of the singular eleméatsnot been included in this thesis.

The combined effect of colloidal and lubrication forees illustrated through numerical
simulations for equal sized cells wigh= 5 um, = 8 kPa,y = 0.33 for the first case arad= 5
um, n = 4 kPa,y = 0.33 for the second case. Figure 3.1 indicatetutirecation gap for the two
cases at the same time instant. Figure 3.1b ireicatlarger lubrication gap stemming from the
compressive deformation of the more compliant cells & kPa). The deformed profiles have a
distinct parabolic profile (Fig. 3.2) (Davis et al. (198&nd the consequence of the deformation
is an increased intercellular contact area. Similaeganvolving elastic capsules (Jadhav et al.

(2007)) and droplets (Loewenberg and Hinch (1997)) baen studied previously.
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Fig. 3.1Lubricated collisions between two spherical cellthe proximity of the reactive substrate. Fortbot
simulationsa = 5um, = 100 &, v = 0.33: (a) stiff particles; = 8 kPa (b) relatively more compliant particles; 4
kPa.
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Fig. 3.2Lubricated collisions between elastic spheres.

Such deformations between colliding neutrophils haaenbobserved in vitro by Kadash
et al. (2004) in order to understand the influence ofinker-cellular contact area on the shear
thresholding of leukocytes. The asymptotic variationghe shear and squeeze components with

surface separation is indicated in Figure 3.3.
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Fig. 3.4Trajectories of free-stream cells undergoing hjir@llisions in the proximity of the reactive sutase.
Owing to its position above the wall, the upper @periences a lower resistance and
translates at a higher velocity as compared to itelamsunterpart. Eventually, upon catching up

with the lower cell, the short-range repulsive forceshpthe cells apart and the lower cell is

nudged closer to the wall where adhesive interacoagossible (Fig. 3.4). This idea of driving
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cells towards a reactive substrate via binary colisibas been demonstrated previously (Melder
et al. (1995, 2000)Electrostatic repulsion forces introduced in this chapte also employed in
simulations involving single cell rolling as thisgments membrane substrate overlap. Moreover,
the presence of lubrication forces between collidindscel also acknowledged through the

aforementioned test cases.
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4 ADHESIVE INTERACTIONS

4.1 Modeling Biochemistry

When a leukocyte is in close proximity to inflamedletinelium, there exists the possibility of an
antigen on one cell interacting with an antibodytlo@ other cell thereby generating an adhesive
bond. Bell (1978) studied such adhesive interactimmd formulated a theoretical model that
describes these types of interactions. The modelndispen the rates of bond formation and

breakage, number of receptors per unit area, and the thaomah forces.

The present study models adhesive bonds as Hookeizgs and associates the rate of

bond dissociatiok; with the magnitude of the bond forEg,ng as

o O Fiong
k =k exp KT (4.1)

wherek?, r° have been determined experimentallyis Boltzmann’s constant, aridis absolute
temperature (King and Hammer (2001a)). Similarly, the cdtbond formatiork: follows from

the Boltzmann distribution for affinity as

o|x, —/\|(r° ~0.5/x, —/\|)
kT

k., =k’ exp 4.2)

where o is the spring constant, the equilibrium bond Iength|,xb—/1|is the deviation bond

length. Unlike the studies conducted by Dong anid(2@00) and Ward et al. (1994), the spring

constant remains unchanged throughout the simulation.
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The transient nature of selectin mediated leukocytangohas been described as a stop-
and-go motion (Chen and Springer (1999), Kim and Ser¢R004), Schmidtke and Diamond
(2000) and Yago et al. (2002)). This stochastic fornmatiad breakage of adhesive bonds is

modeled using a Monte-Carlo technique.

The position vector of the microvillus tip, = {Xm YmZn} is tracked as the cell rolls on the
substrate, while the same for the surface attachmentpoF {X, Yo Zo} remains fixed. The time
varying vector describing each borg= X, - Xy, is used to determine the force and torque on

each bond as follows:
F :a(|xb|_A)[M] @3

Tbond = (Xo - Xc) X Fbond (44)

wherex. is the position vector of the centroid of the spheroedll. The bond forces and torques,
as well as the colloidal forces, serve as an inpuEdoation 2.16 to determine the particle

mobility, from which the length and orientation oéthonds are updated.
4.2 Interfacial Compression

A rolling leukocyte may encounter contact stressesgthe interface and deform as a result of
the interaction. Interfacial compression can increhsecontact area (Subramaniam DR (2012))
and thereby enhance adhesive interactions (Fig. 4ie theory of contact mechanics is
revisited with a view to explain the modulation tetcell-substrate interface. The distances
separating the cell and substrate are of the order omi@Othereby permitting a dry contact

formulation (Rognon and Gay (2008) and Villaggio (1996)).
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Fig. 4.1Interfacial compression of an elastic sphere atintg a rigid wall.

The forces acting on a tethered cell are indicatedgar€ 4.2 and for static equilibriuraf = 0,

2T =0(Alon et al., 1995)).

For equilibrium,

Foond = Foona COSO= Fyey (4.5)
Fornd = Foona SING = F, (4.6)
Fow (a+e)sind+T,, =F. (a+e)cosd (4.7)

where@ is the inclination of the bona is the cell roughness. The vertical component of the
bond forceF%ong tends to restrain the cell against the solid wallle Tesulting reaction force
(Chen and Springer (1999), Smith et al. (1999)) producesngressive deformation. Similar
ideas have been proposed by King et al. (2005) andkiiéale et al. (2006) in relation to

leukocytes modeled as elastic spheres.
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Fig. 4.2Force and torque balance on a tethered cell.

In the absence of tangential traction, using Bonddsesquation for small contact angles,

the normal traction distribution on the bottom facgiien by Villaggio (1996),

{ =P he (4.8)

2

2778

whereas is the contact radius, afder, is the normal reaction. The contact radius is expdesse

terms of the cell radiug, the normal reaction and the corrected Young’'s modalgse (Chang

8, = g ot (4.9)
4Ecorrec’[
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whereEgrex = E / (14%). Equation (4.8) is used to supplement the right fsde of Eq. (2.25)
as a traction on local elements to compute a coedetgiction distribution on the cell surface.
The area of the interface is then calculated ascalair disk which serves as an input to the bio-

chemistry loop. The logic of the simulation proceadggollows:

1. In the first time step, the number of receptors avaldébt bond formation is calculated
based on the area of a hemispherical cap in the priyxiohithe substrate (Cozens-

Roberts et al. (1990)). This step serves to “anchortétigo the substrate.

2. In the subsequent time steps, the sum of the noromaponents of all surviving bonds is
computed in order to determine the interfacial trachod the contact radius given by
Eq. (4.8)-(4.9). The resulting contact area is multiplled the receptor density to

determine the number of potential bonds that could fareubsequent time steps.
4.3 Numerical Validation

Solitary cell rolling simulations were conducted &s@ss the efficiency of the modified contact
area logic. The time steps for adhesive interactiorre waintained in the range of 460 10°,
while the number of iterations employed for pairwiserat@ons between free-stream cells were

adopted in this study. The parameters employed sethenulations are given in Table 4.1.
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PARAMETER DEFINITION VALUE

a Cell Radius 3-um

y Shear Rate 100's

7 Viscosity 1cP

p Fluid Density 1 gm/cc
Pq Cell Density 1.05 gm/cc
€ Cell Roughness 175 nm
€ Substrate Roughness 50 nm
o Spring Constant 0.5-100 dyn/cm
A Equilibrium Bond Length 30 nm
k° Unstressed Off-Rate 24s

ro Reactive Compliance 0.39 A
ke Intrinsic On-Rate 365%

n, Receptor Density 20 moleoi?
n Shear Modulus 0.5-10 kPa
v Poisson’s Ratio 0.33

*Note, some values of shear moduli have been detedmusing atomic force microscopy

(AFM) for non-adherent HL-60s, PMNSs, and Jurkat cellqiwit 0.5 (Rosenbluth et al. (2006)).

4.3.1. Preliminary Run

A series of simulations were performed to demonstrataltiigy of the area modulation sub-
routine to predict more receptors for deformable cells agpaoed to their rigid counterparts.
Adhesive interactions involving two compliant celih a = 5um, » = 0.508 - 1 kPa and =
0.33, and a third rigid cell of the same radius werefour2000 time steps witlr= 100 dyn/cm.
Figure 4.3 indicates the effect of the normal reactiortvam cells of varying compliance. The
compliant cell (Fig. 4.3a) is substantially deformedhva flat interface as compared to its rigid

counterpart (Fig. 4.3b).

The contact area was found to increase sharply for tis¢ compliant cell, and gradually
for its stiffer counterparts (Fig. 4.4). Moreover, Figure élistrates the direct proportionality

between the contact area and the normal reactiorhdfarore, the inverse relationship between
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contact area and compliance is also highlightethis plot. The average contact area for the
highly deformable and moderately deformable cell was &h@ 1.9um? respectively. The
increased contact area could result in more receptirgy lavailable for bond formation, and

subsequently slower rolling velocities for more comglizealls.
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Fig. 4.4 Variation in contact area of compliaf) @nd stiff @) cells with time.
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Besides, the translational velocities dropped to 488 140um/s from a free-stream
velocity of 350um/s; for the compliant and stiff cells, respectivelyg(F.6). This implies that

compliant cells could roll considerably slower thaeitlstiff counterparts (Jadhav et al. (2005)).
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Fig. 4.6Drop in the translational velocities of stiff andmpliant cells with time. For all simulatioass 5um, y =

100 $', v = 0.33: cell compliance = 0.508, 1 kPa.
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4.3.2. Refinement of Results

Although cell membranes do not possess a yield pthet deformations resulting from these
simulations were large and may violate the theoryingfar elasticity, as well as the Hertzian
theory for small contact angles. One of the reasonthierlarge’ deformation appeared to stem
from the stiffness of the bond in relation to the meméralasticity. In order to circumvent this
problem, a series of simulations involving a much $nabond stiffness ¢ = 0.5 dyn/cm)
(Hammer and Apte (1992)) was run for cells with varyingiiréa = 3 - 5um) and lower
compliance 4 = 4 - 10 kPa). Besides, this parameter matching iwaeduced in order to

generate more stable and longer running simulations.
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Fig. 4.7Rolling sequence of a moderately compliant cgf @ kPay = 0.33,0= 0.5 dyne/cma = 5um).
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The progressive increase in contact area with tinodserved from the rolling sequences
indicated in Figure 4.7-4.8. As compared to the nédgkgcompression observedtat 250, the

cell appears to be more compressetd=a1000, thereby indicating the effect of the wall teac
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Fig. 4.8Rolling sequence of a relatively stiff cefl € 10 kPay = 0.33,0= 0.5 dyne/cma = 5um).

Figure 4.9 compares the drop in the rolling velocity tefo cells with identical
dimensions and varying compliances. The same drofspeda free-stream velocity of 3%0n/s
to 13um/s and 45um/s, for the compliant and stiff cells respectivelyg(F.9). This implies that
the adhesion subroutine is consistent irrespective afemal parameters. Moreover, the
translational velocities decreased to a value obseimedither in vivo or in vitro cell rolling

experiments.
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Fig. 4.9Drop in the translational velocities of cells déntical dimensions and varying compliance withetiffor

both simulations = 5um, )y = 100 §., v = 0.33: cell compliance = 4, 10 kPa.

Figure 4.10 compares the drop in the rolling velocitiesells with varying dimensions

and identical compliance. For a cell withudh radius, the velocity dropped to 1uB1/s,
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Fig. 4.10Drop in the translational velocities of cells déntical compliance and varying dimensions withetifor

both simulationg; = 4 kPay = 100 &, v = 0.33: cell characteristic radias= 4, 5um.
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compared to 13m/s for a 5um radius cell. This implies that smaller cells coptitentially roll

slower than their larger counterparts, primarily becalosie free-stream velocity is lower.

5+ O a=4pum,n=4kPa,v=033
O a=5um,n=4kPa,v=033

-

Contact Area (pum
W
T

I;D@% |
1 | 1 | |
2

3 4
Normal Contact Force (pN)

W

Fig. 4.11Variation in contact area for cells with identicaimpliance and different sizes= 4um (o), a= 5um (0)

with normal contact force. For both simulations 4 kPay = 100 &, v = 0.33.

The direct proportionality between the contact radiod the cell radius is indicated in
Figure 4.11. Although the higher contact area for @ngdr cell resulted in more bonds (39
surviving bonds) as compared to the smaller cell (33igagy bonds), the paradox that smaller
cells could potentially roll slower prevails (Patilat (2001)). Besides, the average contact area
recorded over the entire length of the simulation for4hen and 5um cells was 1.87 and 3.19

um?, respectively. The contact angleis determined using the relation
w=sin (ij (4.10)
a

For the two cases considered, the same was determoitedapproximately 11 degrees, implying

that the small angle approximation was reasonable.
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Fig. 4.12Drop in translational velocities for a compliantl agith adhesive bonds loaded in tension or congices

For both simulations = 8 kPay = 100 &', v = 0.33: upper panel — tensile bond forces, loveerep- tensile and

compressive bond forces.

In order to portray the noisy nature of leukocyte rolldescribed earlier, a final set of
solitary rolling results involving cells with a radiwf 3um, shear modulus 8 kPa and Poisson’s
ratio of 0.33 were run for a total of 10000 time stepsufper limit of 40 bonds was imposed on
the adhesion loop. In all the aforementioned cades,adhesive interactions were modeled
considering tensile bond forces only. Bond compressias included in these simulations to
illustrate its effect on the translational velocity bétcell. Figure 4.12 compares the drop in the
translational velocities for the 2 cases as the numibleonds grew from 0 to 40. It was observed
that for the test case involving only tensile borttig, velocity dropped to im/s, compared to
48 um/s for the second case involving both tensile amdpressive bonds (for the same number
of time steps). This result implies that bonds undenmression negate the effect of tensile

bonds to retard the cell rolling velocity.
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Fig. 4.13Noisy rolling for a compliant cell with adhesiverxs loaded in tension or compression. For both

simulations; = 8 kPay = 100 &, v = 0.33: upper panel — tensile forces, lower pamehsile and compressive bond

forces.
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Fig. 4.14Time varying contact area for a compliant cellhnatlhesive bonds loaded in tension or compresBmm.

both simulationg = 8 kPay = 100 &, v = 0.33: upper panel — tensile forces, lower panehsile and compressive

bond forces.

Since the limit on the number of bonds was set toth8, algorithm mathematically
‘broke’ any additional bonds that attempted to fornthia remaining time steps. The effect of this

artificially induced bond rupture on the rolling velgcdand the contact area is indicated in Fig.
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4.13-14. The ‘stop-and-go’ motion is quantified in terofsthe noisy rolling predicted by the
transient formation and breakage of the bonds. Moreokieraverage rolling velocity (RMS)
predicted during this period was reported as iB#s for the test case involving tensile bonds,
and 123um/s for the case involving tensile and compressivelbonhe forced breakage of bonds
also led to a noisy plot for the contact area thigfirmally appeared to continuously increase with
time. This noise in the trends for rolling velocity andntact area has been simulated and
observed previously by Hammer and Apte (1992), Jadhal. €2005), and Pappu and Bagchi
(2008). Moreover, the observation that the rolling vi&yoof adherent leukocytes is many times
smaller than the free-stream velocity is crucial to ghreulations conducted in the forthcoming

chapter on cell recruitment.
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5 RECRUITMENT OF IMMUNE CELLS

5.1 Overview of Physiological Problem

Cell trafficking is integral to inflammatory responser [Example, numerous in vivo experiments
have revealed large accumulations of leukocytes atsite of tissue injury or infection. For
instance, Zymosan-Activated Serum (ZAS) induced adhesf leukocytes occurred within 2
minutes of exposure in rabbits (Argenbright et al. (39%nd by the end of 10 minutes
following exposure, most of the endothelial cells wareered with white blood cells. In another
trial, acute inflammation in hamster cheek pouchesltegsdirom a 5 minute topical challenge
with ovalbumin (Raud et al. (1988)). After approximatglyninutes, an increase in marginating
and adhering leukocytes was observed in venules aizdk. Moreover, the accumulation was
sustained and even after 40 minutes, the number obdgts making adhesive interactions with

the inflamed substrate remained elevated.

A possible contribution for this cell accumulation ttrough a phenomenon termed
“hydrodynamic recruitment” which is defined by Kingdahlammer (2003) as the downstream
attachment of a previous free-stream cell resulting ftoenbinary collision with an adherent or
rolling cell. It is presumed to occur due to a vettaiaplacement of the free-stream cell induced
by hydrodynamic interactions with the adherent ofingl cell, and the probability of cell-
substrate interactions is enhanced due to the celg lsksplaced towards the reactive substrate.
The flow chamber assay has been employed to obsel/ehienomenon in vitro. King and
Hammer (2001b) coated polystyrene micro-spheres witilylSiewis® (a tetrasacccharide

expressed on the surface of circulating leukocytes ammivik to mediate dynamic adhesive
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interactions with P-selectin) (Rodgers et al. (2000)) suspended them in 1% BSAolution.
Polystyrene slides were coated with P-selectin e twashed with 2% BSA solution. The
substrate was assembled into a parallel plate flounbka and the microspheres were perfused
through the flow chamber using a syringe pump. Theecbhtads appeared to attach 3 to 4
diameters downstream of an adherent reference cell foshear rates employed in the

experiments.

King et al. (2003) also reported that adherent leutescyn post-capillary venules in
cheek pouches of anesthetized hamsters appeared taepravsmall nucleation site for
recruitment of additional circulatory cells. Moreovenly a small percentage of secondary
attachments appeared to stem from cell-cell adhedhat i&, the formation of adhesive bonds
between pairs of colliding leukocytes, mediated bgelectin) while a majority of these events
were attributed to the phenomenon of hydrodynamic recemt. St. Hill et al. (2003)
hypothesized that although binary collisions wittytlerocytes aided secondary recruitment,
some of these adhesion events could also be atwliliatéydrodynamic interactions between

adherent cells and free-stream cells.

5.2 Past Numerical Studies; Modeling Deformable el

Numerical simulations involving a series of in-pland ghancing collisions between rigid model
cells were conducted by King and Hammer (2001b) &teminine the most favorable

circumstances for secondary recruitment. They found dbliisions associated with glancing

" BSA was introduced into solution to block non-sfiecell-cell adhesion resulting in neutrophilisting
— an alternate form of secondary recruitment deedriby Kadash, K.E., Lawrence, M.B., Diamond, S2004.
Neutrophil String Formation: Hydrodynamic Threshotg and Cellular Deformation during Cell Collisions
Biophys J 86, 4030-4039.
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distances (separation between the centroids of tleeaitting cells in the lateral direction) of 5
um or lower resulted in the lifting of the free-stream céltbe surface resulting in little or no
possibility of capture. However, for glancing distasigreater than 74m, the probability of
downstream attachment appeared to be greatestslalsa reported that a stationary or firmly

adherent cell could generate a similar effect.

Numerical studies with deformable cells presents séebrdlenges including variability
in leukocyte characteristic diameter (Patil et al.0O{0 and cell compliances (Rosenbluth et al.
(2006)), and, subsequently, variability in the rollvgocities for solitary rolling cells (Section
4.3). Besides, dynamic deformations of the rolling akéir the flow field continuously, resulting
in higher computational time arising out of the compiature of the updating process (Jadhav et
al. (2005), Pappu et al. (2008), Pappu and Bagcli§g0This problem has been circumvented
by simplifying the numerical code discussed in thevipus chapters to one involving particle
mobility. A computational strategy proposed by Hosket al. (2009) suggested holding the
shape of a pre-deformed, rigid adherent polymorphonu¢®dN) leukocyte while simulating
interactions with a circulating cancer cell. A simifdrategy has been adopted in this thesis by
applying known fluid and chemistry induced externesses and holding the resulting deformed
cell shape over the entire length of the simulatioranGSchmidt orthogonalization for non-
spherical particles (Section 2.2) has been utilizedetiermine the disturbance in the flow field

arising out of arbitrary shaped particles.

Such a simplification of the problem permits compariseith fundamental flow
problems and the adoption of computational strateggegssary to solve them. In this case, the
problem reduces to that of a shear flow over bluff bodresryding from a plane horizontal

wall. Previously, two-dimensional finite difference prdaess have been formulated to study the
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disturbances in the flow-field around semi-circular and isghptical bodies (Kiya and Arie
(1975)). This strategy was extended by Brooks and TnzZ&@96) to adherent cells of a variety
of shapes including circular and cone-shaped celleyTiased their computations on the
assumption that the flow-field around stationary celsild be representative of one that
dynamically varies (due to cell deformation and movejngince rolling velocities are orders of
magnitude smaller than free-stream velocities. Besideaslytical solutions for velocity fields
have been derived for hemispherical protruberances byooebdf Legendre polynomials
(Sugiyama and Sbragaglia (2008)) and spherical obstnscti®'Neill (1968)) using Bessel

functions.

The boundary element method has been employedite somilar problems involving
axisymmetric protruberances (Pozrikidis (1997), Pozriki@00), Blyth and Pozrikidis (2006)).
The free-space Green’s function for the fluid domain wasaiately modified to account for
no-slip boundary conditions at the plane wall (Sett2.2). A similar problem involving the

force distribution on raised endothelial cells was igidby Hazel and Pedley (2000).

5.3 Results

The strategy of holding the shape constant for theradheell in a binary interaction over the
entire length of the simulation enabled results t@géeerated for multiple cells at time steps as
large as 10 s. Although deformable cells with low viscous numheawve been simulated, the
numerical code is capable of simulating cells wittaiage of viscous numbers (Section 2.3). In
the simulations, cell radius was fixed apu® and three different adherent cells were modeled:

spherical, moderately deformed or “dome-shaped”, andhhideformed or “box-shaped” (Fig.
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5.1). A slight bulge is observed in the meshes fordigfermed cases owing to the compression

of the cell.

() (b)

Fig. 5.196 element discretization of (a) moderately defirtb) highly deformed cells.

Moreover, the deformed cell-shapes (Fig. 5.1a,b) are septative of those observed by
Tozeren and Ley (1992). The following sections dis¢hesresults obtained for binary collision

events involving one or more firmly adherent cells intBrg with a free-stream cell.
5.3.1. Binary collisions (free-stream cell at leastenpell diameter above substrate)
I. Binary interaction with adherent cell

A stationary, spherical, adherent cell was maintaini¢gd center of gravity at 5.2bm above the
substrate. The initial position of the free-stream wels 13um above the substrate andu&
upstream of its adherent counterpart (centroidal separalistance ~ 12um). Simulations
involving out of plane collisions at glancing distas fy) of 2, 3.5, 5 and 6..um were
performed at a shear rate of 108 $he binary interaction for a glancing distance qfr2 is

shown in Figure 5.2 and Z(t) of the free-stream cell forgidhcing distances considered is
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plotted in Figure 5.3. Figure 5.2 demonstrates thaethctrostatic repulsion forces are sufficient

to prevent membrane overlap during such interactions.
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Fig. 5.2Binary interaction between a firmly adherent, spfa cell and a spherical free-stream cell

(6x=-9um, 8y = 2um, 8z = 7.75um,a = 5um, ) = 100 &).

As indicated in Figure 5.3, the apparent “roughness’the trajectories for glancing
distances of 2, 3.5 andun arises from the repulsion force being non-negligibletdygoximity
of the cell surfaces. Moreover, for the simulation timasidered the vertical displacement of the
cells for these cases was greater than its initisitijpo which indicates that such collisions would
not be suitable for recruitment. On the other handc#se involving a 6.;um offset revealed a
lower influence of the repulsive forces due to minimafese-surface interference. At the end of

the simulation, cell vertical displacement was lowlean its initial vertical position above the
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wall. These results suggest that binary interactargdancing distances &f6.5um is suitable for

recruitment and are consistent with those predicteldibg and Hammer (2001b).
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Fig. 5.3Cell trajectories for binary interactions involgia firmly adherent spherical cell and a

spherical free-stream cell with increasing glanaffgets.

In order to facilitate a comparison between rigid ateformable adherent cells,
simulations involving moderately and highly deformedherent cells were performed at
glancing distances of 2 and 3:B1. The center of gravity for the adherent cells vastied at 4.5
and 3.25um above the wall for the moderately and highly deforroellls, respectively. The
shear rate and the starting position of the free-stredmwese identical to the test cases
considered previously. The comparison between thdtirgstrajectories of the free-stream cells
for the 2um glance is indicated in Figure 5.4, while that fog 8.5um glance is shown in Figure
5.5. For either offset distance, the free-stream celbsinyppassed over the highly deformed cell
and descended closer to the reactive substratask af the moderately deformed cell, for an

offset of 2um the free-stream cell was displaced further away fromethetive substrate. On the
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other hand, for a 3.pm glance, the free-stream cell eventually descentiesgcto the reactive

substrate.
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Fig. 5.4 Cell trajectories for binary interactions involgia firmly adherent spherical, moderately or highly
deformed adherent cell and a spherical free-stiehfior a fixed CGz (13um) & fixed 3y (2 um).
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Fig. 5.5Cell trajectories for binary interactions involgia firmly adherent spherical, moderately or highly
deformed adherent cell and a spherical free-stieshfior a fixed CGz (13im) & fixed 8y (3.5um).
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This indicates that for the same initial position loé free-stream cell, binargollisions
with deformed adherent cells drives the free-stream lmecto the substrate for small glancing
distancesThe shapes of these trajectories illustrate the doofaimfluence of adherent cells or

obstructions whose shapes deviate from a spherical wiogh

II. Effect of membrane separation distance for moderatelgrmed adherent cell
Note that as the vertical CG of the free-stream cellxisdfiand the adherent cell changes from
spherical to moderately or highly deformed, the initte@mbrane separation distance increases,

possibly affecting the simulation results.
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Fig. 5.6Binary interactions between a firmly adherent, srately deformed cell and

a spherical free-stream ced(= -9 um, 8y = 3.5um, 8z = 7.75um, a = 5um, y = 100 ).
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In order to maintain similar membrane separations ashtrspherical case, the initial
displacement of the free-stream cell was brought dowh2t@5 um above the substrate. A
stationary, adherent, moderately deformed cell wasitaiaied at CGz = 4.pm and the frees-
tream cell was located @m upstream of the adherent cell. A series of simulatiouslving
glancing collisions witldy = 3.5, 5 and 6.;um were performed at a shear rate of 180Note,
for 8y > 10 um, there is no membrane overlap between the adherdrftestream cells. The
binary interaction for a glance of 3u#n is indicated in Figure 5.6 and the resulting trajees
of the free-stream cell are shown in Figure 5.7. In l@du6, the apparent intersection of the cell
membranes is observed at lateral (Y-direction) centroiifiséts of 3.5 and fim. In actuality, no
membrane overlap occurs as the free-stream cell is passiind and over the adherent cell. As
may be seen in Figure 5.7, the free-stream cell ddsdedoser to the substrate iy =5, 6.5
um as compared to the corresponding cases for bintanastions with a spherical adherent cell

(Fig. 5.3).
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Fig. 5.7 Cell trajectories for binary interactions involgia firmly adherent moderately deformed

cell and a spherical free-stream cell with increggilancing offsets.
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lll. Effect of membrane separation distance for highly deéatmdherent cell

For a highly deformed adherent cell (CGz = u®%), in order to maintain a similar membrane
separation as the previous two cases, the initiplaiement of the free-stream cell was brought
down to 11um above the wall. As before, the free-stream cell weatéd um upstream of the
adherent cell. A series of simulations involving giagacollisions withdy = 3.5, 5 and 6.5m
were performed at a shear rate of 100 Ehe binary interaction for a glancing distance of 3.5

um is indicated in Figure 5.8 and the resulting trellectories are illustrated in Figure 5.9.

Fig. 5.8Binary interactions between a firmly adherenthhigdeformed cell and

a spherical free-stream ced(= -9um, 8y = 3.5um, 6z = 7.75um, a = 5um, y = 100 &).

As compared to the previous two scenarios, the roughnebe trajectory plot is observed only
for the simulation involving &y = 3.5um offset. Note that the cell was displaced vertic@lby,

Z direction) by a smaller amount as compared to theasaeinvolving a spherical, adherent cell
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and approached closer to the substrate following ttegaiction. For the cases involving 5 and
6.5 um offsets, the observed trajectories were similar to ghevious scenario involving
moderately deformed cells. Moreover, the trajectoriesadllaundergoing binary collisions with
a highly deformed cell at various offset distances appeade favorable, from the point of

secondary recruitment, since the free-stream cell,quiistion, descends closer to the substrate.

Furthermore, glancing collisions at a gu# offset resultedn a nearly identical reduction
in the Z position (i.e., ~500 nm) for the scenarioolang spherical, moderately deformed and
highly deformed adherent cells. This indicates thahunicreasing offset in the lateral direction,
the profile of the streamlines around a spherical obsbmchearly coincided with ones
corresponding to an arbitrary shape. In the absenceolsien, the trajectory of an infinitesimal
free-stream cell would coincide with streamlines aroumel ¢bstruction (King and Hammer

(2001b)).
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Fig. 5.9Cell trajectories for binary collisions involvingfiamly adherent highly deformed

cell and a spherical free-stream cell with increggilancing offsets.
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The primary goal of running these simulations wagpreict glancing distances and cell
morphologies that were most favorable for an alterndtiira of secondary recruitment involving
‘rolling over of the free-stream cell as described by BaBcand Lawrence (2008). These
simulations indicate that for the same membrane separdiinary interactions occurring at a
glancing distance (i.egy) of > 6.5 um is most favorable for recruitment. With increasing
deformation of adherent cells, collisions occurrintgpater glancing distances resulted in the free-

stream cells to be driven towards the reactive substrate

5.3.2. Effect of multiple binary collisions with two oderately deformed adherent cells (free-

stream cell at least one cell diameter above sudisiy

During inflammatory response, a free-stream cell is yikel interact with many rolling or
adherent cells. In order to study the influence of aurtsd cell (predecessor) on a free-stream
cell (successor) undergoing binary collisions with riberuiting cell, a second deformed cell was
fixed to the substrate 3dm downstream and the effect of 2 obstructions on thecti@jy of the

free-stream cell was observed.

l. Collisions with two moderately deformed adherettisce

Two in-plane, moderately deformed cells were spacegn3@part with CGz = 4.5m for both
adherent cells. The initial X-displacement of the frieeasn cell was @um upstream of the first

adherent cell (i.e. CGx = 49m) with CGz = 12.2um.

Two simulations involving glancing distances of &bd 6.5um were performed. A
snapshot from the simulation involving an offset of @b is shown in Figure 5.10 and the

corresponding trajectories of the free-stream cell arstifited in Figure 5.11.
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Fig. 5.10Collisions involving two firmly adherent, moderataleformed cells and a spherical

free-stream celldy = -9um, 6z = 7.75um, a= 5um, y = 100 &).
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Fig. 5.11Cell trajectories for binary interactions involvihgo firmly adherent,

moderately deformed cells and a spherical freestreell for various glances.

The two “peaks” indicate instances of repulsionhia trajectory. Upon comparison with
the trajectory for a binary collision with a singlehadent cell, it was observed that the final
particle elevation for the free-stream cell for a sequeh&@nary collisions was slightly higher,
by 60 - 150 nm, at the end of the simulation. Tlopelof the trajectory (i.e., dZ/dt) féy = 6.5
um is non-zero unlike the corresponding trajectory fwraky interactions involving a single
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moderately deformed adherent cell (Fig. 5.7). This suggést the free-stream cell would

continue to descend towards the reactive substratastomam of the second cell.

[I. Collisions with two highly deformed adherent cells

Two in-plane, highly deformed, adherent cells were sp&@0Oum apart with CGz = 3.2pm for
both adherent cells. The initial X-displacement of tree-stream cell was 1im above the
substrate and @m upstream of the first adherent cell. Simulations lsimio the previous
scenario for two moderately deformed adherent cells waferpeed and the trajectories of the

free-stream cell are plotted in Figure 5.12.

Upon comparison with the trajectory for a binary calliswith a single adherent cell, it
was observed that the final particle elevation for ausege of binary collisions was slightly
higher, by 90 - 170 nm, at the end of the simulatigmlike the nearly asymptotic trajectories for

binary interactions involving a single highly deformatherent cell (Fig. 5.9), the trajectories in
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Fig. 5.12Cell trajectories for binary interactions involvihgo firmly adherent,

highly deformed cells and a spherical free-streathfar various glances.

66



the present scenario suggest that the cell wouldimmantits descent towards the reactive
substrate. The trajectory plots from the preceding teemarios indicate that the presence of a
second cell attached three diameters downstreamegsrimary cell drives the free-stream cell

towards the substrate.

One of the motives for simulating test cases away flmmatall was to assess the ability
of the code to generate a disturbed flow field aroundyibetances of arbitrary shapes. Besides,
the effectiveness of the Gram-Schmidt orthonormalizasoitiustrated from the shapes of the
trajectories of cells flowing in the vicinity of the stiuction. The results from the simulations in
Section 5.3.1 suggests that with increasing lewéldeformation and glancing distances, free-
stream cells are driven towards the reactive substatequence of binary interactions results in
the free-stream cells to be driven closer to the reacsstrate as compared to collisions

involving a single adherent cell.
5.3.3. Binary collisions (free-stream cell less thard@ameter above substrate)

In Sections 5.3.1 and 5.3.2, the glancing distahe¢ is most favorable for recruitment was
assessed where it was found that dgr> 6.5 um, the free-stream cell descended towards the
substrate. In the present and subsequent sectiongjliaresent and discuss results for free-
stream cells initially closer to the substrate (wHile dffset distance between the free-stream and

adherent cell is fixed).

Two sets of simulations for free-stream cell elevationg.5 and Gum were performed at
shear rates of 100'sA glancing distance of 10,5m was maintained in all the simulations in
order to negate the effects of trajectory changes stegifrom cell-cell repulsion and thereby
assess the effect of streamlines around the adheréohdék trajectory of the free-stream cell.
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Fig. 5.13Cell trajectories for binary interactions involgia firmly adherent spherical, moderately or highly

deformed adherent cell and a spherical free-stigdhfCGx = -O9um, CGy = 10.5im, CGz = 7.5um,a=5um, y
=100 &Y.
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Fig. 5.14Cell trajectories for binary interactions involgia firmly adherent spherical, moderately or highly

deformed adherent cell and a spherical free-stiehfCGx = -9um, CGy = 10.5um, CGz = 6um,a=5um,y =
100 sh).

The free-stream cell was maintainedufh upstream of the adherent cell and simulations
involving spherical, moderately and highly deformetiscevere studied. The resulting particle
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trajectories are illustrated in Figure 5.13 for an inigl@vation of 7.5um, and Figure 5.14 for an
initial elevation of 6um. Figure 5.13 indicates that for binary interactiovith a moderately
deformed cell, the free-stream cell was lifted off by 50 folfowing which it descended to an
elevation that was 275 nm lower than its startinggiei The corresponding values for
interactions with a highly deformed cell were 100 @80 nm, respectively. On the other hand,
for collisions with the spherical cell, the upward meat experienced by the free-stream cell
was negligible and it subsequently descended twighhthat was lower by 230 nm. Figure 5.14
indicates that for the highly deformed case, the freeustreell was lifted off by 70 nm while the
same for the spherical and moderately deformed cell iagsanegligible. The cell eventually
dropped by heights of 90, 120 and 140 nm for binamgradtions with a spherical, moderately
deformed, and highly deformed adherent cells, respégtiddthough these displacements are
small, they are indicative of the effectiveness of dmeaeht cell to drive a free-stream cell closer
to the reactive substrate. The final elevations algggest that binary collisions with deformed
cells could potentially cause the free-stream cellcomtact the endothelium nearer to the

adherent cell.

The streamlines around a protruberance in the lateMldirection are influenced by the
shape of the obstruction. In order to illustrate tthe,lateral displacement of the free-stream cell
i.e. Y(t) is plotted for binary collisions of a freaesam cell (initial CGz = um) with spherical,
moderately and highly deformed adherent cells (Fith)5.These plots are representative of the
flow field as observed in the top view or X-Y plane. Bateformed adherent cell, the interfacial
compression arising out of adhesion (Section 4.2),tses8uktell spreading in the Y direction. As

observed in Figure 5.15, at nondimensional time -{f®free-stream cell is displaced to a larger
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extent in the lateral direction while interacting witleformed adherent cells as compared to

binary collisions involving spherical adherent cells.
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Fig. 5.15Lateral displacement of cells for binary interans involving a firmly adherent spherical, modelsate
highly deformed adherent cell and a spherical #teeam cell (CGx = -@m, CGy = 10.5um, CGz = 6um,a=5
um, =100 sh).

In order to test the validity of the claim that effeetiess of secondary capture was
profile dependant, some additional simulations wendopmed. While most of the setup was
retained from the previous test case, the shear ragevavaed and the cells were made neutrally

buoyant.
I. Influence of Shear Rate

All other things being equal, with increasing sheag,rparticle deformation increases, and vice
versa. Subsequently, the particle shape is alteredtaménter of gravity is either lowered (for
higher shear rates) or raised (for lower shear rates) (Dong (@©89)). Meshes for moderate

and highly deformed cells were generated for shear ra8& < and 120 3. Simulations for a
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Fig. 5.16Cell trajectories for binary interactions involgia firmly adherent spherical, moderately or highly

deformed adherent cell and a spherical free-stigdhfCGx = -9um, CGy = 10.5um, CGz = Gum,a=5um,y =
80 sY).
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Fig. 5.17Cell trajectories for binary interactions involgia firmly adherent spherical, moderately or highly

deformed adherent cell and a spherical free-stiehfCGx = -9um, CGy = 10.5um, CGz = 6um,a=5um,y =
120 sh.

free-stream cell elevation of 8 were performed and the resulting free-stream cell trajesto

are illustrated in Figure 5.16-17 for shear rates of 88rsl 120 $, respectively.
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It was observed that at lower shear rates, the free-steliiwas displaced by a smaller
value as compared to the corresponding displacemehigher shear rates. With the above
exception, the trends were more or less similar to &selme case involving a free-stream cell
with initial CGx = -9um, CGz = 6um at a shear rate of 100 anddy = 10.5um (Fig. 5.14). In
both cases, the highly deformed cell was the mosttéfée “recruiter”. Thus, the deformed cell

shape continued to significantly impact recruitméaneéspective of shear rate.

II. Influence of Buoyancy

In order to assess the role of gravity in driving thé tmbards the wall, the cell density was
made equivalent to the surrounding plasma densitytesticcases were studied at a shear rate of
100 ¢, while retaining the rest of the setup. The resultiajectories of a free-stream cell

flowing at a height of @um are indicated in Figure 5.18. The cell descendediOhy5 and 90 nm
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Fig. 5.18Cell trajectories for binary interactions involgia firmly adherent spherical, moderately or highly
deformed adherent cell and a neutrally buoyantrépdidree-stream cell (CGx = 49m, CGy = 10.5um, CGz = 6
um,a=5um,y =100 &Y.
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following collisions with spherical, moderately defomneand highly deformed cells,

respectively. This indicates that although gravitgists sedimentation, the cell trajectory
following binary collision is more significantly inflieed by the shape of the obstruction.
Moreover, the similarity in the trends enables onednoclude that the highly-deformed cell

continues to be the most effective recruiter, even uomiaditions of neutral buoyancy.

The domain of influence of the adherent cells wagssssl by increasing the glancing
distances to 15 and 26n, while retaining the initial position of the free-streaell (shear rate =
100 $Y. Figure 5.19-20 indicate the resulting trajectoriesheffree-stream cell. For a glancing
distance of 15um (Fig. 5.19), while the trajectories corresponding imaty collisions with
spherical and moderately deformed adherent cells follaviednd similar to that for a 10.6n

glance (Fig. 5.14), the cells descended by only@D+im. For binary collisions with a
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Fig. 5.19Cell trajectories for binary interactions involgia firmly adherent spherical, moderately or highly

deformed adherent cell and a spherical free-stiedhfCGx = -9um, CGy = 15um, CGz = um,a=5um,y =
100 sh).
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Fig. 5.20Cell trajectories for binary interactions involgia firmly adherent spherical, moderately or highly

deformed adherent cell and a spherical free-stiedhfCGx = -9um, CGy = 25um, CGz = Gum,a=5um,y =
100 &Y.

highly deformed adherent cell, the descent of thedtemam cell nearly coincided with that for a
moderately deformed cell. For an offset distance ofu25 the trajectory of the free-stream cell
was nearly independent of the shape of the adheren{kigl 5.20) implying that with an

increasing glance, the adherent cell morphology hies iimpact on the trajectory of free-stream
cells. Moreover, the free-stream cell descended by 556ndicating that the strength of the

disturbance flow-field decreases with increasing distémee the source.

The results from the test cases discussed in thisesuggest that for a fixed glancing
distance, binary interactions involving highly defesinadherent cells present the most favorable
scenario for recruitment of free-stream cells. Although Janatin the shear rate and cell
buoyancy are found to affect the free-stream cell trajedpradherent cell deformation

significantly impacts the process of secondary recwentt. Moreover, for offset distances5
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times the cell radius, the trajectories of the free-strealis is independent of adherent cell

shapes.
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6 CONCLUSIONS AND FUTURE DIRECTIONS

This thesis presented a different perspective in coatipntl biology through boundary element
techniques. Results of the treading simulation reintbtbe validity of the kernel functions for
the relevant computational domains and were in ggodesment with similar studies conducted
in the field of emulsions and biorheology. While mally buoyant particles translated almost
parallel to the wall, dense particles appeared to wnfards the wall. Besides, the Jeffrey’s orbit
for spheroid inclusions was slightly modified as comgate an unbounded shear flow.
Deformable and initially spherical particles were foumd exhibit a tank treading motion
(Section 2.3) while initially spheroid particles welgown to portray either a tumbling motion or
a trembling motion that was dependant on the aspéotand the viscous number (Section 2.3,
Appendix B). When the hydrodynamic forces were muchllsma@ompared to the elastic
restoring forces, the transition to the breathing moaeiroed at higher aspect ratio. Conversely
the swinging mode was observed at lower aspect raties the viscous number was doubled.
Moreover, a linear elastic constitutive model was sigfit to represent the infinitesimal
deformations stemming from weak hydrodynamic forces aedtrdmsition from tumbling to

trembling appeared to be independent of the consgtatodel.

Binary collisions between free-stream leukocytes regdutiethe free-stream cells being
driven closer to the substrate. Moreover, the slighdutation in the contact area offered insights

into neutrophil string formations through L-selectin ma¢ed cell-cell adhesion (Section 3.3).

Solitary cell rolling studies indicated that the niwamne compliance should be
comparable to the bond stiffness in order to be comsigtgh the theory of linear elasticity and

the theory for Hertzian contact. Small deformations teduln more bonds and potentially
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slower rolling amongst compliant cells, as comparethé rigid counterparts (Section 4.3.2).
Moreover, cells with smaller diameter were observeslcslowly, while the inclusion of bonds
under compression increased the rolling velocity (8ac4i.3.2). These results are particularly
significant in the context of the large variabilityaall sizes, as well as material properties of the
membrane. The drop in translational velocity was oleskta be deterministic, albeit for a small
fraction of time. Once the upper limit on the bondgdhset to 40) was reached, the variations in
rolling velocities and contact area became noisy. e the number of receptors on the cell
could certainly limit the number of bonds formed in atual physiological scenario. Although
these results seem quite feasible, additional &estcwould have to be run in order to validate

this claim.

Binary collisions between spherical, moderately, ghhi deformed, adherent cells and
free-stream cells located away from the reactive zone swen@lated for several glancing or out
of plane offset distances. With increasing offset, thésamns became smoother and the free-
stream cell displaced closer to the substrate. Thdtseeu the highly deformed adherent cell
indicated that the free-stream cell descended closethdéosubstrate as compared to the
moderately deformed or spherical adherent cell, irrespedi the glancing distance (Section
5.3.1). A sequence of binary collisions involvingltiple deformable cells showed that although
the presence of the second cell altered the final #tevaf the free-stream cell, the difference
was of the order of nanometers. Although the presenctheofsecond cell appears to be
detrimental to recruitment, the slope of the trajectofythe free-stream cell indicates an
enhanced descent towards the wall, as compareohdte Dinary interactions (Section 5.3.2).

Test cases involving more than two cells were sprtifi introduced to demonstrate the abilities
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of the code. Significantly, one can introduce an itéimumber of obstructions to predict the

trajectories of free-stream cells.

Binary collisions between adherent and free-strealls  the proximity of the reactive
zone were conducted at a fixed glancing distancevthatchosen to avoid the effect of repulsive
forces and assess the domain of influence of the olsimudt was observed that a slight
deviation from the spherical morphology had a profourftiénce on the descent of the free-
stream cell and the highly-deformed cell emerged asntbst effective recruiter. Moreover,
neither shear rate nor gravity was found to signifigamthpact this trend (Section 5.3.3).
Besides, with an increasing glance, the cell trajgcivas almost independent of the shape of the
adherent cell. Furthermore, the reduced displacemehedfee-stream cells implied a vanishing

effect of the disturbance flow-field with increasing dmsta from the source (Section 5.3.3).

Although hydrodynamic recruitment appears to be an itapb mode of secondary
recruitment of leukocytes, it does not correspondltsecondary attachment events. Binary
collisions with red blood cells and leukocyte-leudagc adhesion have also been found to
contribute to cell accumulation on activated endaihe Therefore, one could conclude by
stating that although multiple modes of secondaryurenent have been identified, it is difficult
to quantify the relative importance of a single maagghout inhibiting the other two possibilities.
Moreover, the inherent difficulties in measuring thenglag distances either in vivo or in vitro
presents an interesting challenge to experimentaiistthe field of cell adhesion, thereby

necessitating more research in this direction.
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Appendix A: Half Space Green’s Functions

A. NO SLIP BOUNDARY CONDITIONS

STOKESLET:
G”-(X,X):G”- (X,X)_G;; (X’X)+G|;E (X,X)

Where

G, (x,X) = L

dlj ne
i I B B
8\ r r®

. 1 /(0. RR.
G (x,X)=—| L+
"( ) SIT[R R j

2X 3
Gi;E(X’ X) :?33{5,3R +5i3Rj _25i:35j 3R3+X3{25|?j 3_5ij +?F12)(Rj - 251 Ba)}}

ASSOCIATED STRESSTENSOR:

zijk(xix):zijk(x’x)_z;}k(x’x)+ziljzk x,X)

Where
3rirjrk
Zijk(x’ X)= _ﬁ
. 3RR R,
Zijk(xl X)= _4—]71_1\,5
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szxr { J;:RR +Rd, (20, ,R,~R ) +x[9R +3,R 25, (d R +4, R)

5RR. _ _
{iw dJ@%& R

B. NO DISPLACEMENT BOUNDARY CONDITIONS

KELVINLET:
G”-(X,X) :Glj (X,X)_G;; (X’X)+G|;E (X,X)

Where

G, (x,.X)=——— 3-4) %4 10
007 oty =) 3

CxX) = L _4) % RR
G”(X'X)_16777(1—V){(3 VIRV R }

£ 2X, X5 3R
GE(x,X) = —16m(1 R [JSR O4R - 2535]3R+( 4}){2535]3 5|+ (R - 2553)}}

ASSOCIATED STRESSTENSOR:

|]k(X X) z|Jk(X X) lek(x x)+zljk(x’x)
Where

1

i ) 3rrin,
8(1l-v)? ‘
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. _ 1 _ _ 3RRR
zijk(x’x)_ 87T(1_V)R3 |:(1 2/)(5”':2‘( +5ikR JikRj)+ RZ :|

£ _ X, 1-2v 3 3 _
P00 = R 130,0,40,0, 0.0, 40 0,4 4 SO R+ AR RoR)

_a5 RR., &R, _ 3 _
s o DR R G R AR F AR - 205(AR+ O:R)

5RR. _ _
+( = Jikj(ZJ,»ng R}

The vectors andR are defined as = x — X andR = x — X* wherex — integration variable of
particle surfaceX - source pointX* - image source point,=|r|, R =|R| andd;; - Kronecker delta

(Fig. 2.2).

87



Appendix B: Supplementary Trembling Results
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Fig. B-1 Tumbling sequence of a deformable oblate spheroide proximity of a rigid wall

(@a=5um,n=1Pay=0.33,a=n/2,x=0.5) =200 §).
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Fig. B-2 Trembling sequence of a deformable oblate spheéndite proximity of a rigid wall

(@=5um,n=1Pay=0.33,0 =n/2,x = 0.75,) = 200 §).
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Appendix C: Binary Collisions Front Views

0
Y (um)

Fig. C-1Binary interactions between a firmly adherent,esptal cell and a spherical free-stream cell
(8x=-9um, 8y = 2pm, 8z = 7.75um,a = 5um, ) = 100 §).
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Fig. C-2 Binary interactions between a firmly adherent, sradgely deformed cell and
a spherical free-stream ced(= -9um, 8y = 3.5um, 6z = 7.75um, a = 5um, y = 100 &).
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Fig. C-3Binary interactions between a firmly adherenthihygdeformed cell and

a spherical free-stream ced(= -9 um, 8y = 3.5um, 8z = 7.75um, a = 5um, y = 100 ).
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